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ABSTRACT: The Miocene Coastal volcanic belt in central-
south Chile (37-42°9S) is geochemically similar to the
calc-alkaline suite of Circumpacific island arcs.
Andesites from central-south Chile do not have the high
abundances of large-ion-lithophile elements that
characterize northern Chile andesites. These geochemical
differences correlate with differences in Benioff zones;
in the north, intermediate-depth earthquakes are abundant
and the down-going slab dips ~25°, whereas in the central-
south, the dip is<15° and intermediate-depth earthquakes
are rare.

Unaltered Nazca plate basalt does not contain enough
K, Rb, Sr, and Ba to generate andesites by fractional
melting of amphibolite or eclogite. Amphibolite models
also fail to account for the fractionated rare earth
element (REE) distributions of andesites. Partial melts
of garnet-bearing assemblages, e.g., eclogite, have
fractionated REE distributions, and two calc-alkaline
suites (Ancud in central-south Chile, and the Cascades)
have decreasing heavy REE with increasing 5Si0O, as expected
in such melts. Small amounts (<10%) of peridotite (with
REE two times chondrites) melting can also account for
the REE distribution of andesites, but peridotite melts
are likely to be deficient in K, Rb, Sr, and Ba relative
to andesites. None of the simple melting models of
oceanic ridge basalt (altered or unaltered) or peridotite
account for all aspects of andesite trace element
geochemistry.

In the High Andean Range, the plateau series at Pino



Hachado is alkali-rich (Na,0 > K,0) and has trace element
abundances similar to differentiated rocks of the alkali-
olivine basalt series. Stratovolcanoes are superimposed
on the plateau series. Partial melting of peridotite
(2-10%) offer the best explanation for the REE abundances
in the high-alumina basalts from these stratovolcanoes.
The high-alumina basalts have undergone extensive
plagioclase fractionation. Such differentiation does

not develop andesitic composition.

Granodiorite is the most abundant rock type in the
Central and Andean batholiths outcroping in the central
part of Chile between latitudes 33-340S. These grano-
diorites have geochemical characteristics similar to
the average circumpacific granodiorite (Taylor, 1969).
They are also similar to granodiorites from the Sierra
Nevada batholith. Some eastward chemical trends, similar
to those observed in the western USA batholiths, are also
observed between the Central and Andean batholiths.
Geochemical similarities between Chilean plutonic and
volcanic rocks suggest a similar origin for both kinds
of rocks. The Coastal batholith granodiorites can be
derived by a fractional crystallization process, involving
mainly plagioclase and amphibole, from the Coastal
batholith tonalites. These tonalites can be derived by
a fractional crystallization process, involving plagioclase
and clinopyroxene, from andesitic magmas. The REE of
the Central Chile plutonic rocks are not consistent
with a generation by fractional melting of the subducted
Nazca Plate tholeiitic basalts.
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CHAPTER I

ANDESITES FROM CENTRAL-SOUTH CHILE:
TRACE ELEMENT ABUNDANCES AND PETROGENESIS

INTRODUCTION

The Andes can be divided into three main regions:
the Southern Andes, south of 47°S; the Central Andes
from 47°S to near the Peru-Ecuador border; and the
Northern Andes (Gansser, 1973). The Central Andes are
characterized by the north-south trending Coastal
Cordillera and the parallel High Andean Cordillera which
are typically separated by a longitudinal valley. 1In
central-south Chile (37°30'-42°S), a deeply-eroded
Tertiary Coastal volcanic belt borders the western side
of the valley (Illies, 1970; Vergara, 1974). This belt
which overlies Paleozoic metamorphic rocks contains
andesitic lava flows and pyroclastics which form volcanic
necks and nearly horizontal layers occasionally inter-
fingered with Miocene marine sediments (Vergara, 1970;
Vergara and Munizaga, 1974). Approximately 100 km east
of the Coastal volcanic belt is the High Andean Cordillera.
Here two volcanic units are distinguished: 1) an
andesitic plateau series composed of subhorizontal
andesite flows and pyroclastics resting unconformably on

Mesozoic basement, and 2) stratovolcanoes superimposed on



the plateau series (Vergara and Munizaga, 1974). These
volcanoes are dominantly andesite and high alumina basalt;
the latter are not found in the High Andean Cordillera of
northern Chile (Pilcher and Zeil, 1969, 1972; Katsui, 1972).
In central-south Chile both volcanic units of the High
Andean Cordillera are Pliocene to Holocene in age (Vergara
and Munizaga, 1974).

The Peru-Chile Trench west of the continent is an
important geological feature, although its topography is
minimized south of 33°S because of sedimentary filling
(Hayes, 1966). Underthrusting of the Nazca plate in
central-south Chile is implied by numerous shallow-focus
earthquakes (up to 120 km) forming a 15° dipping Benioff
zone. Compared to northern Chile this region has abundant
shallow-focus earthquakes offset to the west with extensive
activity underneath the trench, fewer intermediate-focus
earthquakes, and no deep-focus ear{hquakes (Figures 9
and 10, Stauder, 1973).

The study in this chapter compares the geochemical
characteristics of Upper Cenozoic volcanics from the
central-south Chile Coastal Range with other continental
and island-arc calcalkaline provinces. The major objective

is an understanding of andesite petrogenesis.



EXPERIMENTAL

Ma jor elements were determined by wet chemical
analysis at the Department of Geology of the University of
Chile (Lopez-Escobar and Oyarzun, 1974). The precision
of this technique was estimated from the results of a
triplicate analysis of the USGS standard rock G2 (Oyarzun,
personal communication). The precisions are generally
better than ¥ 5%. For Ti0,, MnO and P,0 the precision is
better than * 15%. The accuracy of the measurements is
estimated to be equal to the precision. Ni was analyzed
by atomic absorption. Its precision is better than T 2oz.
Rb and Sr were determined by x-ray fluorescence. The
precision and accuracy of this technique 1is t 10%. The
rest of the trace elements were obtained by instrumental
neutron activation analysis (INAA) at M.I.T. The precision
of this technique was estimated from the results of a
triplicate analysis of the USGS standard rock G2 (Table 1).
The errors indicated in Table 1 are the standard errors
of the mean. These were calculated in the following way:

a) A number "n" of determinations for each element
was made. Generally the value of "n" was 3, but in those
cases, such as La, in which more than one peak was used
for its determination, the value of "n" was greater than 3.

b) The values "x;" obtained in those "n" determi-

nations were added and then divided by "n" in order to get
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an average value X.

c) The deviation of each determination from the
average, i.e. (xi-i), was calculated énd then squared.
These values were added, i.e.:Z(xi-i)z was obtained. This
sum was divided by (n-1) and the square root of the ratio
was calculated. This corresponds to the standard

deviation of the mean, "s", i.e.:

¥ (x;-%)°

n-1

d) The standard error of the mean, "e", which is a
measure of the precision of the measurements, was calculated
by dividing the standard deviation by the square root of

the number of determinations "n", i.e.:

The precision of the INAA is generally better than I 5%.
The precisions of Yb and Lu are respectively 7 and 8%.

The precision of Gd is poorer (¥ 20%#). The accuracy of
the measurements is believed to be equal to the precision.
Further details on the analytical procedure used at M.I.T.

are found in Appendix II.
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SAMPLE LOCALITIES

Four andesites and two dacites were obtained from
Temuco and Los Angeles, respectively. The seven Ancud
samples from the northern part of Chiloe Island are from
andesitic flows intercalated with large sequences of
sﬁbaerial pyroclastics (Figure 1).

Petrographic descriptions of all samples are included

in Appendix I.

MAJOR ELEMENT COMPOSITION

The majority of samples studied have chemical features
expected of calc-alkaline volcanics (Table 2). For example,
in an FMA diagram (Figure?2 ), central-south Chilean
volcanics fall within or below the field designating
Kuno's hypersthene (calcalkaline) andesite series (Kuno,
1968a). This field includes most of the Circumpacific
andesitic suites (Kuno, 1968b; Irvine and Baragar, 1971).
In a total alkalies versus silica plot, central-south
Chilean volcanics are intermediate betwéen the alkaline
and subalkaline fields (Figure 3); that is, within the
field of the high-alumina basalt series (Kuno, 1960). As
observed by Irvine and Baragar (1971), A1203 abundance 1is
the most prominent major element difference between the
basic members of the calcalkaline and tholeiitic series.

The high A1203 abundances of these Chilean volcanics
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relative to fresh and altered tholeiitic rocks (e.g.,
Nazca plate basalts) are seen in Figure 4.

Taylor (1969) proposed the following nomenclature
for calc-alkaline rocks: '

1. High-alumina basalt (<53% SiOz)

2. Low-silica andesite (53-56% SiOz, 0.7-2.5% K20)

3. Low-K andesite (53-62% Si0,,< 0.7% K,0)

k., Andesite (56-62% Sioz, 0.7-2.5% K20)

5. High-K andesite (53-62% 810,,>2.5% K,0

6. Dacite (62-68% SiOz)

7. Rhyolite (~68% Sioz)

Thus the Coastal belt volcanics (on an anhydrous basis)
include one high-alumina basalt, three low-silica andesites,
eight andesites, and two dacites.

Calc-alkaline rocks may also be subdivided by a plot
of normative color index (sum of mafic normative minerals)
against normative plagioclase composition (Irvine and
Baragar, 1971). On this basis, three samples are high-
alumina basalts since two of the previously defined low-
silica andesites have color indexes greater than 26, and
thus lie just above the andesite-basalt boundary (Figures ).
Several of these basalts contain calcic plagioclase
(>An 50) but have very low Mg/Mg+iFe. In fact, this ratio
varies only from 0.48 to 0.61 as the Sio2 varies from

L9.6 to 63.2%. Pichler and Zeil (1972) defined basalt as
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having a color index >40, and stated that true basalts

are lacking in both northern and central-south Chile.

TRACE ELEMENTS

For petrogenetic purposes trace elements can be
divided into two broad groups: 1) compatible elements
(Se, Cr, Co, and Ni) which are readily accommodated into
" mafic phases, and 2) incompatible elements, typically
large-ion-lithophile (LIL) elements such as Rb, Sr, Ba,
rare-earth elements (REE), Hf, Ta, Th, and U. The follow-
ing discussion outlines the trace element characteristics
of each sample locality.

Ancud

Several trace element abundance trends occur as 8102
and K20 increase in the sequence high-alumina basalt to
low-silica andesite to andesite (Tables 2 and 3).

1. Rb, Hf, Ta, Th, and U increase. The two andesites
(CH-15 and GV0-63) with groundmass biotite have unusually
high Rb abundances (300 and 120 ppm).

2. Sr and Ba decrease or remain approximately
constant probably as a result of plagioclase fractionation
since at Ancud, as in most calc-alkaline suites, plagioclase
is the principal phenocryst mineral.

3. Light rare earth elements (LREE) increase and a

negative Eu anomaly develops. However, the heavy rare
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earth elements (HREE) reach a maximum in the low-silica
andesites (Figure 6a ). The high-alumina basalt has a
positive Eu anomaly indicating preferential accumulation
of plagioclase phenocrysts.

4, Compatible trace elements decrease. Notable
exceptions are the anomalously high Cr and Ni abundances
in the andesites with very high Rb abundances.

Temuco

The samples with amphibole phenocrysts (T-3 and T-13)
are the most differentiated. They have the highest
normative quartz, LREE, Ba, Hf, and Th abundances, the
lowest Sc and Co abundances, and significant Eu depletions
(Table 2and3, Figureéb ). In all these aspects T-3 is
considerably more differentiated than T-13.

Compared to Ancud andesites, the Temuco andesites
have higher Sr abundances and similar Ba abundances
(except for T-3). Also Hf, Ta, and U abundances (except
for T-3) are comparable to or lower than in the Ancud
high-alumina basalt, whereas Rb and Th abundances are
intermediate between the Ancud low-silica andesites and
andesites. The average REE abundances in the Temuco
andesites are nearly identical to the Circumpacific
average (Figure 6b).

Los Angeles

The dacites differ significantly in major and trace
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element compositions. Relative to T-18, T-17 has higher
Mg, Fe, Ca, Cr, Co, and Ni abundances, but lower abundances
of Na, X, P, and LIL elements (Tables 2 and 3 ).

Compared to Ancud andesites, the dacites have higher
abundances of LIL elements (except Sr and Ta) and similar
relative Eu depletions (Figure 6c). Nevertheless, the
high Mg/Mgt+%Fe, Cr, and Ni abundances in T-17 preclude
derivation of these dacites by fractional crystallization

of Ancud or Temuco andesites.

DISCUSSION

Geochemical Comparison of Calc-alkaline Suites

Jakes and White (1972) summarized the major and trace
element abundance characteristics of island arc, calc-
alkaline rocks, and proposed gedchemical criteria to
distinguish calc-alkaline rocks of continental margins
(Andean-type) from those in island arcs. Data from
northern Chile were used to define the calc-alkaline
continental margin suite (Siegers et 2al., 1969;
El-Hinnawi et al., 1969; Pichler and Zeil, 1972). High
Fe0/Mg0, KZO/NaZO, and LIL-element abundances are associated
with continental margin environments (Table 4); however,
some continental margin areas, e.g. the North American
Cascades, are classed with island-arc suites.

Brousse and Oyarzun (1973) found that in Chile, K,0,



16

Rb, and Sr abundances in Pliocene and Quaternary andesites
increase from 37°S to 18°S (Sr 405 to 960 ppm, Rb 12 to

69 ppm). A difference between northern and central-south
Chile calc-alkaline rocks can also be seen in KZO—SiO2
trend lines (Figure 8 ). Based on other LIL-element
differences, northern Chile andesites are expected to

have higher REE abundances and La/Yb than the Circumpacific
average. No REE data is available for northern Chile
andesites, but average REE abundances in Temuco andesites
are nearly identical to the Circumpacific average (Figure 6
b‘). It is evident that the geochemical characteristics
(Figure 6, Table 4) of central-south Chile Coastal belt
andesites are more similar to island-arc andesites than
northern Chile andesites (continental margin or Andean
type of Jakes and White, 1972). An exception are the

very high Rb abundances and resulting low K/Rb of the
Ancud aﬁdesites. It is likely that the high Rb in these
biotite-bearing rocks results from alteration (Armbrust

et al., 1971).

Although abundances of compatible trace elements are
important in understanding andesite petrogenesis (Taylor
et al., 1969), no consistent differences between island-arc
and continental margin andesites have been established
(Jakes and White, 1972). Large variations in Ni abundance

and Ni/Co are found in Chilean andesites, but there is
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no correlation with latitude. In the central south
Miocene volcanics, Ni abundance ranges from normal

(20 ppm at Temuco) to high (25-90 ppm at Ancud and Los
Angeles), and Ni/Co ratios exceed unity which is unusual
for andesites (Taylor et al., 1969). Oyarzun (1971)
found an average Ni content of 35 ppm and Ni/Co of 1.9
in Chilean Tertiary andesites and 19 ppm Ni and Ni/Co
of 0.9 in the Chilean Quaternary andesites. Because of
41arge standard deviations, these differences may be
insignificant. Similar large variations are found in
northern Chile. Rhodes and Ridley (1971) determined an
Ni average of 21 ppm in 17 northern Chile andesites and
Siegers et al., (1969) reported an Ni average of 50 ppm
with Ni/Co=2.1 for 24 northern Chile andesites.

The geochemical differences between northern and
central-south Chile andesites correlate with marked
tectonic and volcanic differences (Brousse and Oyarzun,
1973). There is an absence of recent volcanism in Chile
between approximately 27°S and 3308; basic calc-alkaline
volcanics are more abundant south of this gap (Katsui
and Gonzalez, 1968; Pichler and Zeil, 1969, 1972; Katsui,
1972). 1In the north (18°-22°S), a well developed Benioff
zone with abundant intermediate depth earthquakes and a

few deep (600 km) earthquakes dips 25° beneath the continent.

In the central-south (34-42°S) intermediate and deep earth-
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quakes are absent; abundant shallow earthquakes indicate
a 15° dipping Benioff zone bottoming at 120 km (Figures 9
and 10, Stauder, 1973). Between north and central-south
Chile there is a silent zone (25-27°S) which lacks
intermediate depth earthquakes (Santo, 1969; Figure 10a,
Stauder, 1973). This silent zone nearly overlaps the lack
of recent volcanism between 27o and 3308. The subducting
lithosphere is apparently broken into discrete sections
“which behave differently north and south of the quiet

zone (Stauder, 1973). Therefore, the geochemical
differences between north and central-south Chile andesites
correlate with depth of the Benioff zone in a north-south
direction rather than perpendicular to the cordillera-
trench system. In fact, in the north there is ambiquity
concerning the presence of a relationahip between K20
abundance and depth to the Benioff zone (cf. James et al.,
1973; Rhodes and Ridley, 1971; Lefevre, 1973). 1In
contrast, Vergara (1970) has presented evidence for
increasing alkalinity towards the east in the High Andes
and extra-Andean region of central-south Chile and
Argentina.

Origin of Andesites

Two recent papers (Boettcher, 1973; Ringwood, 1974)

have reviewed alternative models for the origin of
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andesite. Constraints on theories of andesite petrogenesis
arise from geophysical, petrological, and geochemical
data. Trace element data provide sensitive tests for
alternative models (e.g., Taylor, 1969). A rapid increase
in trace element data for calc-alkaline rocks (Taylor
et al., 1969; Jakes and White, 1972; Ewart and Bryan, 1973;
Church, 1973b; Condie and Swenson, 1973; Gill, 1974;
DeLong, 1974) has led to increased discussion of trace
element constraints on andesite petrogenesis. The central-
South Chile trace element data has been evaluated in
relation to the following models for andesite origin:

1. fractional crystallization of basaltic magma,

2. anatexis of oceanic lithosphere in subduction
zones,

3. anatexis of hydrous peridotite.
Models involving sialic crust have not been considered
because central-south Chilean andesites are similar to
andesites developed in areas devoid of such crust (i.e.,
island arcs).

Fractional Crystallization of Basaltic Magma

Plagioclase is the dominant phenocryst mineral in
andesites, and at low pressures it is the only liquidus
phase over a wide temperature interval (Ringwood, 1974).

At the oxygen fugacities of andesitic magmas (Drory and
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Ulmer, 1974), plagioclase fractionation would cause
significant relative Eu depletions in the residual magma
(Weill and Drake, 1973). Nevertheless, calc-alkaline
rocks with Eu anomalies are unusual (Jakes and White,
1972; Condie and Swenson, 1973). Chilean samples with
relative Eu depletions have probably undergone low-

. pressure plagioclase fractionation (Figure 6).

The following discussion of fractional crystallization is
limited to the least differentiated andesites; that is,
those with the lowest LIL-element abundances and no Eu
anomaly (low-silica andesites of Ancud and T2, T9, and
T13 from Temuco).

Low pressure fractionation models for generating
andesites usually involve magnetite or amphibole. However,
magnetite fractionation is unlikely as a dominant process
(Boettcher, 1973). Two parent basaltic magma compositions
are conceivable: 1) high-alumina basalt and 2) oceanic
ridge basalt, possibly with an altered chemical composition.

Basalts termed high-alumina do not form a coherent
class, and they are the subject of considerable controversy
(summarized by Irvine and Baragar, 1971). TFor example,
the Warner basalt of California (termed high alumina by
Kuno, 1960) has mineralogical and chemical features quite
different from Japanese high-alumina basalts (Figure?7 ,

this paper, Smith and Carmichael, 1968). In calc-alkaline
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provinces the most distinctive chemical features of high-
alumina basalts are high A1203 and low Mg/Mg + SFe relative
to tholeiitic basalts (Wilkinson, 1967).

The Rayleigh fracticnation law, expressed in the
formula CD/CP = (l-x)a'J'(Gast, 1968; Haskin et al., 1970)
is valid in crystallization situations where crystals are
removed from contact with the liquid as soon as they are
formed. In this expression CP is the concentration of a
'given frace element in the initial liquid; CD is the
concentration of that element in the residual liquid;

X is the weight fraction of the crystals fractionated;

A is, in case that a single phase is crystallizing, the
partition coefficient for the trace element between the
phase crystallizing and the liquid; if more than one phase
is involved in the process, is the average of individual
partition coefficients weighed according to the proportions
in which different phases crystallize (Gast, 1968). The
application of this expression shows that the REE pattern
observed in Temuco andesites cannot be explained by
fractionation either of plagioclase or clinopyroxene or
amphibole (or any combination of these three minerals)
from a magma of REE composition of CH6 (high-alumina
basalt from Ancud). For example, relative to CH6, the

Temuco andesites are depleted in HREE. Fractionation
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involving the above minerals cannot explain this fact
since the partition coefficients for HREE between those
minerals and liquids of basaltic composition are generally
<1 (Schnetzler and Philpotts, 1970; Table 4, this work).
Therefore, a fractionation of these minerals enrich
(instead of deplete ) the residual magma in HREE.
Evidently, as concluded by Taylor et al. (1971) fractional
crystallization of high-alumina basalt does not commonly
‘yield andesite magma.

Fractionation of low-silica amphibole from oceanic
ridge basalt (or melting of oceanic ridge basalt in
amphibolite mineralogy) remains a viable mechanism for
andesite generation (e.g., Holloway and Burnham, 1972).

In order to evaluate oceanic ridge basalt as parental mat-
erial for andesite, trace element abundances have been
calculated for fractional melts of this basalt in amphibolite
and eclogite facies. If andesites are liquids derived from
oceanic ridge basalt, the models can be evaluated by
comparing the ratios: CA/CB (CA and CB are abundances of
trace element in andesite and oceanic ridge basalt,
respectively) and CL /CO (C1 = average concentration of
element in aggregate liquid formed during fractional melt-
ing (Shaw, 1970), Cy = concentration in initial solid).
Partition coefficients used for these calculations are in

Table 5.
Fractional Melting of Amphibolite
Approximately 30-40% melting of tholeiitic basalt in
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amphibolite facies yeilds liquids with the major element
composition of andesite (Holloway and Burnham, 1972).
Since amphibolite composed only of amphibole represents
the end member mineralogy of oceanic crust in a shallow
(<100 km) hydrous environment, the results of amphibole
melting were calculated (Figures 9 and 10). This model
accounts for the abundances of Sc, Cr, and Ni in andesites,
but Co in the calculated liquid is too high (Figure 9).
However, Co partition coefficients range widely (7.5,
Ewart and Taylor, 1969; 1.1, Gunn, 1972), and an average
value would provide better agreement.

Concordance between calculated and observed values
is very poor for K, Rb, Sr, and Ba; Rb and Ba abundances
in andesites are approximately a factor of 10 greater than
predicted. Such discrepancies decrease substantially if
the parent oceanic ridge basalt is highly altered. For
example, Frey et al. (1974) found a two-fold Sr enrichment
and a seven-fold Ba enrichment in some highly altered
Deep Sea Drilling Project basalt cores; similar enrichments
in K and Rb have been found (Hart, 1969). Altered basalt
also explains strontium isotopic differences between
andesites and oceanic ridge basalts (Church, 1973a; Dasch
et al., 1973). In addition, the lower K/Rb of andesites
can be accounted for since 1) alteration of oceanic ridge

basalts decreases K/Rb (Hart, 1969), and 2) liquids in
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equilibrium with amphibole have lower K/Rb than the source
rock (Figure 9). These results imply that only upper
altered portions of oceanic crust are involved in andesite
formation, perhaps as suggested by Fitton (1971).

However, REE abundances in liquids derived by
fractional melting of amphibole are not consistent with
andesite data. The slope of the calculated REE distribution
is not large enough to account for andesite REE abundances
(Figure 9 and 10), and, more importantly, the model does
not predict the HREE depletion (relative to oceanic ridge
basalts) of the Temuco andesites (Figure 6b). Similar
discrepancies for Tonga andesites led Ewart and Bryan (1973)
to discard an amphibolite model.

A more realistic, less hydrous, source rock than pure
amphibole would be composed of plagioclase and clinopyroxene
in addition to amphibole. Liquids formed in equilibrium
with plagioclase would be Eu depleted; thus residual
plagioclase could explain the Eu-depleted Los Angeles
dacites and Ancud andesites (Figures & and4). However,
in this model most andesitic liquids would coexist with
only clinopyroxene and amphibole since plagioclase is not
a near-liquidus phase at hydrous conditions (Green, 1972).
Inclusion of clinopyroxene as a residual phase has the
following effects on the derived liquid (Figure 9):

1) Cr abundance decreases markedly, 2) X, Rb, Sr, and Ba
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abundances increase, but are still far below levels in
andesites, and 3) REE abundances change only insignificantly.
For example, REE abundances were determined in a liquid
derived from partial melting of a Hawaiian tholeiite at
5kb and 1000°C (Holloway and Burnham, 1972). This liquid
which coexisted with a solid of 86% amphibole, 7% clino-

- pyroxene, and 7% olivine plus opaques has REE abundances
(normalized to the initial basalt) similar to those
'éalculated for pure amphibole melting (Figure 9). As a
result, amphibolite models of fresh or altered oceanic
basalt are not suitable for andesites such as at Temuco.

Fractional Melting of Eclogite

At high pressures (=25 kb) and under anhydrous
conditions subducted oceanic crust transforms primarily
to clinopyroxene plus garnet (eclogite facies, Green and
Ringwood, 1968; Green, 1972). Fitton (1971) and Ringwood
(1974) have proposed that eclogite-controlled fractionation
is important in the generation of calc-alkaline magmas.
Specifically, this mechanism is believed to cause an
increase in K/Na relative to the source rock and a
development of LREE enrichment relative to chondrites.

Relative to the Temuco andesites, a melt formed by
bo#% fractional melting of eclogite has one tenth the Rb
and Ba, less than one half the X, Sc, and Cr, similar Sr

and Co, and three times the Ni (Figure 9). Although
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subsequent olivine fractionation would lower the high Ni
abundance, the deficiencies in K, Rb, Ba, Sc, and Cr are
difficult to explain. For calc-alkaline magmas possibly
derived from the Nazca plate, it is tempting to cite the
abundant metalliferous sediments (Bostrom et al., 1973;
Dymond et al., 1973; Hart et al., 1974) as a source for
elements deficient in oceanic ridge basalt. However, when
.the role of sediment has been investigated by isotopic
.studies, the sediment contribution to calc-alkaline magmas
is 2% (Church, 1973a). Thus, as for the amphibolite model
altered basalt is required to account for K, Rb, and Ba
abundances of andesites.

Similar conclusions were reached by Gill (1974),
who evaluated the hypothesis that Fijian calc-alkaline
rocks have been derived by partial melting of average
oceanic ridge basalt in an eclogite mineralogy. He found,
1) altered basalt was required to generate the X, Rb,
Sr, Pb, Th, and U abundances and Sr isotopic data of the
calc-alkaline rocks. However, even altered basalt could
not account for the Ba abundance of andesites, 2) Sc¢, Cr,
and Co abundances in the theoretical melts were consistent
with andesite abundances, but V, and especially Ni,
abundances were too high. DeLong (1974) observed a similar
Ni discrepancy for Aleutian andesites.

The most sensitive test for eclogite fractionation



27

 is REE abundances. This is because in a basaltic composi-
tion at crustal and upper mantle pressures, garnet is the
only major mineral which has HREE solid/liquid partition
coefficients greater than unity. Thus, as an eclogitic
assemblage undergoes melting, the first dacitic liquids
(Green and Ringwood, 1968; Green, 1972), should be HREE

- depleted but LREE enriched relative to the source rock.

As melting increases, HREE and LREE abundances in the
iiquid approach the source rock abundances. A literature
survey (Gill, p. 42, 1974) showed that calec-alkaline
suites do not have this REE behavior. This result
precludes eclogite fractionation as an important model

for generating the range of compositions (basalt-andesite-
dacite) comprising calc-alkaline suites.

Nevertheless, eclogite fractionation is the obvious
and commonly invoked mechanism (e.g., Ringwood, 1974) for
explaininé HREE abundances in andesites which are depleted
in HREE relative to oceanic ridge basalts (e.g., Temuco
andesite average and Circumpacific average in Figure 6b).
There is considerable uncertainty about garnet HREE solid/
liquid partitioﬁ coefficients, but all likely eclogite
fractionation models predict HREE depletion relative to
the source rock (Figure 10). However, as Gill (1974)
observed, the predicted chondrite-normalized slope in the

HREE region is too steep to match observed andesites.
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Also, the chondrite-normalized LREE depletion of oceanic
ridge basalt is retained by the theoretical melts (Figure 10).
Such LREE depletion (La and Ce <Pr and Nd) is not observed
in andesites. Because neither garnet nor clinopyroxene
retain significant amounts of LREE, this feature is
inherent in an eclogite model (also the amphibolite model).
Thus, a simple eclogite partial melting model cannot
account for andesite trace element abundances if the
eclogite has formed from average oceanic ridge basalt.
Calc-alkaline magmas of the Cascades exhibit the HREE
trends expected for eclogite melting. For example, rocks
from Mount St. Helens (Washington) decrease in HREE from
basalts (HREE 11-14 x chondrites) to andesites (9 x
chondrites) to dacites (6.5 - 7.5 x chondrites; Figure 11).
The data of Condie and Swenson (1973) for Mt. Shasta,
Mt. Rainier, and Mt. Jefferson volcanics and the data for
Ancud exhibit the same trend: 1in each case the most
silicic rocks have the lowest HREE abundances. An
alternative explanation for these HREE trends is fractional
crystallization of an HREE enriched accessory phase such
as zircon or aﬁatite. Zircon fractionation is unlikely
because Hf abundances increase as HREE decrease (Table 3).
Al though P205 typically decreases from basalt to dacite
(Anderson and Gottfried, 1971), apatite fractionation is

unlikely because 1) P205 contents of calc-alkaline rocks
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rarely exceed 0.50 wt.%, 2) apatite phenocrysts are not
observed in the basalts and andesites, and 3) apatite
removal would not selectively deplete HREE (Nagasawa, 1970).
Among the calc-alkaline suites studied in detail, the
Cascades are the most likely to have been derived by
partial melting of eclogite. The Franciscan eclogites
(Coleman et al., 1965) may be representative of the source
rocks (Church, 1973b). Relative to oceanic ridge basalts,
‘fhese eclogites have higher alkali metal, Ba (factor of 10),
and LREE abundances (Figure 11, this study; Coleman et al.,
1965; Church, 1973b). Because of such differences, these
eclogites are more suitable source rocks than oceanic

ridge basalt.

Fractional Melting of Garnet Amphibolite and Garnet
Granulite

Oceanic ridge basalt contains aﬁphibole at inter-
mediate pressures in addition to garnet and clinopyroxene
(Green, 1972). Ewart and Bryan (1973) found that fractional
melting of such as assemblage (70% amphibole, 20% clino-
pyroxene and 10% garnet) is a feasible mechanism for
producing calc-alkaline andesite REE distributions. They
used very high HREE garnet/liquid partition coefficients
(Schnetzler and Philpotts, 1970); thus 10% garnet caused
HREE depletion in the derived liquids (Figure 5, Ewart and

Bryan, 1973). With lower garnet partition coefficients,
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the proportion of garnet in the residual solids can be
increased (Figure 10). However, garnet amphibolite is not
a significantly better model than eclogite because in
both models the melts are deficient in XK, Rb, Ba, and La
relative to andesites.

To account for K, Rb, and Sr abundances in Aleutian
Islands andesites, DeLong (1974) utilized a model of 10%
fractional melting of altered basalt as garnet granulite
(30% clinopyroxene, 35% garnet, 25% plagioclase, and 10%
quartz). This model closely matches the K, Rb, and Sr
abundance of the central-south Chilean andesites (Figure9),
but the melts would be relatively deficient in Eu. Thus,
the model is applicable only for the small number of calc-
alkaline rocks with negative Eu anomalies.

Fractional Melting of Peridotite

The controversy regarding the SiO2 contents of
equilibrium partial melts of hydrous peridotite has been
summarized by Boettcher (1973) and Ringwood (1974).
Kushiro et al. (1972) and Mysen et al. (1974) propose
that andesite is formed directly by small degrees (<20%)
of peridotite melting. If mantle peridotite trace element
abundances are estimated (see Figures 10 and 12) from
Mercy and O'Hara (1967), goles (1967), Gast (1968), Fisher
et al. (1969), Carter (1970), and Frey and Green (1974),

5% fractional melts of such peridotite are enriched
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" relative to circumpacific andesites (Taylor, 1969) by
factors of 1.8, 8, and 10 for Co, Cr, and Ni, respectively,
but depeleied in Rb, Sr, and Ba by factors of 0.5, 0.8,
and 1.2, respectively. However, the predicted K, Rb, Sr,
and Ba abundances are close to the average abundances in
the Ancud low-silica andesites (Figure 12). Moreover,
REE abundances in a 5% peridotite melt parallel the REE
abundances of andesites (Figure 10). It is evident that
fif the peridotite has twice chondritic REE abundances,
garnet fractionation is not necessary to account for
andesite REE distributions.

Nicholls and Ringwood (1973) believe that hydrous
melting of peridotite will not yield Sioz-rich andesitic
liquids. They propose that 10-30% melts of hydrous
peridotite'are quartz-tholeiites which differentiate by
olivine fractionation to form the island-arc tholeiite
series. 'Their model is consistent with REE abundances
because 210% melts of peridotite have the nearly un-
fractionated REE patterns characteristic of the island-arc
tholeiite series (Jakes and Gill, 1970). All degrees of
peridotite melting yield liquids enriched in Cr, Co, and
Ni relative to island-arc tholeiite or calc-alkaline rocks.
In order to generate andesitic liquids from peridotite,
extensive olivine (% spinel) fractionation is required

(Jakes and Gill, 1970; DeLong, 1974). It is the low
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concentration of ferromagnesian elements (e.g., Cr, Co
and Ni) in calc-alkaline andesites which led Taylor (1969)
to adopt a two-stage model for andesite origin.

Genetic Relationship Between Temuco Andesites

Sample T3, the most differentiated Temuco andesite,
has the highest normative quartz, LREE, Ba, Hf and Th
abundances, the lowest Sc and Co abundances and a significant
Eu anomaly (Table 2 and 3 ; Figure 6b). In this section,
I will evaluate the possibility that this sample was
derived by fractional crystallization from a magma composition
equivalent to sample T2, one of the most undifferentiated
Temuco andesites. REE abundances offer a way of testing
this hypothesis. Computations using the expression CD/Cp =
(l-x)a'l (Gast 1968; Haskin et al., 1970) show that it is
possible to derive a REE pattern similar to that of sample
T3 from a magma of REE composition similar to that of
T2 by fractionating approximately 50% of this magma as
clinopyroxene and plagioclase in equal proportions (Figure 35).
The partition coefficients for REE in clinopyroxene used in
these computations are shown in Table 5 and Figure 34.
The partition coefficients for REE in plagioclase are 0.4
for Eu and 0.1 for the rest. The model predicts for T3
a Ba, Co and Sc content of 490, 11.2 and 15.4 ppm respectively.
The Ba, Co and Sc contents in T3 are respectively 560, 11.2

and 18.7 ppm. The partition coefficients used for Ba, Co
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and Sc in clinopyroxene are those in Table 5. The
partition coefficient is 0.25 for Ba in plagioclase

and 0.06 for Co and Sc in plagioclase. The

partition coefficient shown for Cr in Table 5 is not
suitable to explain the Cr abundance observed in T3.

It would produce a strong Cr depletion. A value of 4

for the partition coefficient would yield a more realistic
number.

Ma jor élement abundances do not fit well with this
model, possibly because of the uncertainty in the major
element composition of the plagioclase and pyroxene
involved in this process. Computations using the chemical
composition of plagioclase An 40 and the composition of a
clinopyroxene from an andesite from the Islands of
Tonga (Ewart, et al., 1973) are shown in Table 22.

TiO2 is not explained by this model. Clinopyroxene and
plagioclase contain too little TiO, to account for the

2
abundances observed in sample T3.

SUMMARY AND CONCLUSIONS

Calc-alkaline rocks from Chile's central-south Coastal
volcanic belt differ significantly from those of the andesitic
suite in northern Chile, but they are similar to those in

island arcs. The marked geochemical differences between
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" northern and central-south Chile andesites correlate with
differences in their respective Benioff zones (Stauder,
1973).

Based on the occurrence of negative Eu anomalies,
plagioclase fractionation is more common in central-south
Chile volcanics than in the Cascades or Circumpacific
island-arc rocks. However, the Ancud high-alumina basalt
does not develop andesitic compositions by extensive
lﬁlagioclase and pyroxene fractionation.

It is apparent that the small amount of data available
for Andean calc-alkaline rocks precludes construction of
detailed petrogenetic models. The inherent difficulty is
demonstrated by the Cascade stratovolcanoes which do not
exhibit long-term, systematic compositionsl changes (Wise,
1969; Condie and Swenson, 1973). Moreover, each volcano
has unique geochemical characteristics, apparently reflecting
differences in source composition. Similar results have
been found in central-south Chile. For example, the Los
Angeles dacites are not related by igneous fractionation
to Temuco or Ancud andesites, and even at a single locality
(Ancud) low pressure igneous fractionation cannot relate
the andesites to low-silica andesites.

Although detailed models cannot be made, trace element
data for calc-alkaline rocks do provide broad constraints

on petrogenetic models. Results of fractional melting models



35

lead to the following conclusions:

1. Fractional melting of unaltered oceanic ridge
basalt in various assemblages (amphibolite to eclogite)
does not yield enough K, Rb, Sr, and Ba to account for
their abundances in andesites. As hypothesized by Armstrong
(1971) and Church (1973b), a source such as altered basalt
or sediment is required for these LIL elements. Amphibolite
melting can account for Sc¢, Cr, Co, and Ni abundances in
Ealc—alkaline andesites, but it cannot explain their REE
distribution. Ecogite models can intrinsically cause the
REE fractionation in andesites. In particular, the decreas-

ing HREE abundances with increasing SiO, content (observed

2
in Cascades and at Ancud) result from eclogite melting.
However, when compared to Temuco andesites, eclogite
fractional melts are too enriched in Ni and too depleted
in Cr and La. In several geochemical aspects (flat REE
distributions relative to chondrites, and enriched alkalies
relative to oceanic ridge basalt), Franciscan eclogites
are suitable sources for andesite magmas (Figure 11, this
paper; Church, 1973b). A combination of ocean ridge basalt
with other materials (alkali-olivine basalt? oceanic sedi-
ment? lower continental crust?) is implied.

2, Fractional melts (~53%) of peridotite, with

estimated trace element abundances for the upper mantle,

have LIL-element abundances similar to the Ancud low-silica
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" andesites. However, compatible trace element abundances
exceed those in andesites, and subsequent olivine fractiona-
tion is required. Major problems for this hypothesis are
threefold: a) even small amounts of peridotite melt are
deficient in K, Rb, Sr, and Ba relative to most andesites;
b) it is not proven that small amounts of hydrous peri-
dotite melting yield Sioz-saturated, andesitic liquids;

¢) in areas of shallow Benioff zones such as central-south
‘Chile, the model may not provide sufficient andesite
because only small quantities of andesitic liquid can be
derived from large amounts of mantle.

These conclusions, and those of Gill (1974), imply
that the geochemical details of calc-alkaline andesites
cannot be explained by simple melting of an oceanic
lithosphere slab. The petrogenetic processes must De
complex and a large amount of additional data are required

from areas such as Chile before the models may be improved.
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CHAPTER II

RARE-EARTH AND MAJOR ELEMENT ABUNDANCES IN SOME VOLCANIC
ROCKS FROM THE CHILEAN ANDEAN RANGE BETWEEN
LATITUDES 33° - 4208

INTRODUCTION

Three main physiographic units are characteristic in
Chile between latitudes 330 - 42°S: +the Andean range, the
Central valley and the Coastal range (Vergara, 1974).
Between latitudes 330 - 3?030'8 the Upper Cenozoic
volcanism is confined to the Andean range. Between
latitudes 37°30'S - 42°S two units of Upper Cenozoic
volcanism are distinguished: the Coastal volcanic belt
(Miocene) and the Andean volcanic belt (Pliocene and
Quaternary) (Vergara and Munizaga, 1974). Samples from
the Coastal volcanic belt were discussed in the previous
chapter.

In the Andean volcanic belt two volcanic series are
distinguished: a) an andesitic plateau series composed of
horizontal andesite flows and pyroclastics resting un-
conformably on Mesozoic basement and b) stratovolcanoces
superimposed on the plateau series (Vergara and Munizaga,
1974).

The volcanic activity in the Andean range began in

the Pliocene and continues today. This volcanic activity
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'has formed numerous stratovolcanoes, and twenty-one are
now active (Moreno, 1974). Andesites predominate from
latitude 33°S +to 37°S, but from 37°S to 42°S there is a
predominance of high-alumina basalt (Moreno, 1974a).
Rhyolites are scarce. This latitude variation in lava
composition seems to be related to the thickness of the
crust (~65 km at 33°30'S and 25-30 km at 41°30'S) and
subduction angle of the Benioff zone (Oyarzun, 1971;
Moreno, 1974a).

Nine samples from eight different stratovolcanoes
‘and three samples from the plateau series have been analyzed
for major and REE. Six samples were also analyzed for
Sc, Cr, Co, Ba, Hf, Ta, Th and U. The major objective of
this study is to obtain an understanding of Andean volcanic

rock petrogenesis.

SAMPLE LOCALITIES

Andesitic Plateau Series

Three samples from the andesitic pléteau series at
Pino Hachado pass (east of Temuco, Figure 1 ) were studied.
The samples are from flows outcropping on a nearly horizontal
volcanic plain formed by rhyolitic pyroclastics.

Stratovolcanoes

Nine samples from the following stratovolcanoes

were studied: Tupungato (~33°15'S), Antuco (~37°30's),
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Callaquen (~37°50'S), Llaima (~38°45'S), Villarrica
(~39°30'S), Lanin (two samples ) (~39°40'S), Puyehue
(#40°35'S, and Casablanca (~40°45'S). Except for Tupungato
sample, these volcanic rocks appear to be typical examples
of basaltic rocks from central-south Chile stratovolcanoes
(Kierkx. 1965).

Petrographic descriptions of all samples are included
in Appendix I. This appendix also includes a brief des-

cription of the stratovolcanoces.

RESULTS AND DISCUSSION

Ma jor Element Composition

The major element composition of the samples analyzed
is shown in Table 6 . The composition of samples GV164
(Lanin), GV170 (Puyehue) and GV177 (Casablanca) were
determined by wet chemical analysis at the Department of
Geology of the University of Chile. The precision and
accuracy of these analyses were discussed in Chapter T.
The rest of the samples, as fluxed glasses, were analyzed
by electron microprobe at the Department of Eartﬁ and
Planetary Sciences at M.I.T. A description of the method
is included in Appendix II. 1In order to determine the
precision and accuracy of this method the USGS standard
andesite (AGV-I) was analyzed. The AGV-I fluxed glass was

analyzed at 5 different points. The results are shown in
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Table 7 . The errors shown are the standard errors of
the mean calculated according to the procedure discussed
in the previous chapter. This table also includes the
results (on a volatile-free basis) recommended by Flanagan
(1973). The differences between the results obtained in
this work and those of Flanagan are less than 3% for most
~of the elements. Ca0 shows a difference of 5.4%; K,0 of
13.5% and MnO of 30%.
‘ In an FMA diagram (Figure 2 ) the samples studied
fall within or below (Tupungato) the field designating
Kuno's hypersthene (calc-alkaline) series (Kuno, 1968).
In a total alkali versus Si0, plot (Figure 3 ) the Pino
Hachado (plateau series) samples fall within the alkaline
field; the stratovolcanoes samples are intermediate between
alkaline and subalkaline fields; that is, within the field
of the high-alumina basalt series (Kuno, 1960). In an
A1203 versus normative plagioclase composition plot
(Figure 4 ) the stratovolcanoes samples fall within the
field of calc-alkaline rocks.

According to the classification of calc—alkaline rocks
. proposed by Taylor (1969) six stratovolcanoes samples
(Callaquen, Villarrica, 2 Lanin, Puyehue and Casablanca)
are high-alumina basalts (<53% Sioz), two (Antuco and Llaima)
are low-K andesites (53 - 62% Si02;<;0.7% K20) and one
(Tupungato) is andesite (56-62% $10,5 0.7 - 2.5% KZO)'



In the classification based on a plot of normafive color
index (sum of normative mafic minerals) against normativ
plagioclase composition (Irvine and Baragar, 1971; this
work; Figure 5), eight samples are basalts and Qne
(Tupungato) is a dacite. The basalts contain calcic
plagioclase (»An 50) and relatively low Mg/Mg + LFe
ratios (0.34 - 0.47).

The Pino Hachado rocks are not typical andesites.
Figures 2, 3, 4, and 5). They are quartz normative with
»8.7 wt% total alkalies, »18% normative orthoclase and
albite-rich normative plagioclase. Their alkali-rich
nature suggests analogy with shoshonitic rocks (Nicholls
and Carmichael, 1969; Jakes and White, 1972). However,
because of their high NaZO/KZO' they have been classed
as trachyandesites and trachytes (Vergara, 1970).

Rare-earth element composition

The REE abundances for the plateau series and
stratovolcanoes were determined by INAA (Gordon et al.,
1968; Appendix II this work) at M.I.T. The results are

shown in Table 8. The errors based on counting statisti

L1

e

cs

(see Appendix II) are given for three of the high-alumina

basalts.

Plateau Series.» In their absolute REE abundances

and marked light REE enrichment (Figure 13) the Pino

Hachado samples (plateau series) are similar to the
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Gough Island tracﬁyandesites (zielinski and Frey, 1970)
and to some shoshonites (Nicholls and Carmichael, 1969;
Jakes and Gill, 1970). The trachytic welded tuff (TH 40)
has a large Eu depletion and lower REE abundances than
TH 31 and TH 34. These geochemical features may be a
result of the clastic nature of this sample. However,
low REE abundances have been observed in some trachytes
(Price and Taylor, 1973). As expected of alkali-rich
rocks with low Mg/Mg + ¥ Fe ratios, the Pino Hachado
rocks have very low compatible trace element abundances
(elements, such as, Sc, Cr, Co, Ni that are enriched in
Ma jor rock-forming minerals relative to coexisting silicate
liquid) and high LIL element abundances (Tables 6 and 8).

Stratovolcanoes. According to the La/Yb ratio, it is

possible to divide the stratovolcanoes samples into three
broad groups: those with La/Yb ratio ~10; those with La/Yb
ratio ~5 and those with La/Yb ratio—~2-3. The Tupungato
samplé belongs to the first group; Callaquen and the two
Lanin samples belong to the second group and the rest belong
to the third group. These trends are represented graphically
iﬁ Figures 14 énd 15. In these diagrams, the REE abundances
normalized to a chondritic average (Frey et al., 1968)
have been plotted against the atomic number. The following
features characterize these diagrams:

1. The Tupungato volcano sample has a La/Yb ratio

equal to 11.6. This value is similar to the average La/Yb
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ratio ( 10) for the circumpacific island arc dacites (Jakes
and White, 1972). However, the La/Yb ratio observed in
the Tupungato volcano is more than a factor of 2 higher
than the La/Yb ratio observed in the Los Angeles dacites
(Chapter I). The REE distribution of the Tupungato sample
is similar to the average REE pattern of the granodioritic
rocks from the Andean batholith between latitude 33°-34°s.
Both the Los Angeles dacites (Figure 6c) and fhe Tupungato
~éample have significant negative Eu anomalies.

2. Callaquen and Lanin samples have light REE
abﬁhdances similar to the Tupungato sample, but they are
relatively enriched in HREE. Sample GV164 from Lanin and
the Callaquen sample also have significant negative Eu
anémalies.

3. The high-alumina basalts from Antuco, Llaima,
Villarrica, Puyehue and Casablanca stratovolcanoes have a
REE pattern with La/Yb~2-3. This ratio is similar to that
of the high-alumina basalt from Ancud (sample CH6, Chapter I).
However, the Ancud high-alumina basalt is slightly
enriched in total REE and has a significant positive Eu
anomaly. Within the experimental errors, no Eu anomaly 1is

observed in the high-alumina basalts from the Andean range

with La/Yb~2-3.
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Origin of the high Andean range calc-alkaline rocks

Ma jor element data, such as K20 - SiO2 trends,
indicate no distinctive difference between high Andean
range calc-alkaline rocks and Coastal belt voleanic
(Figures 6c and 15; this work, Vergara, 1970). Notable is the
similarity in most of the major and trace elements between
samples CH6 (high-alumina basalt from Ancud) and GV170
(high-alumina basalt from Puyehue).
The plateau series at Pino Hachado is quite different.
It is characterized by high Na20 and K20 abundances. These
samples are furthest from the Peru-Chile Trench (Figure 1 ).
According to %he systematics of the subduction zones,
their alkalic nature is expected. However, the distinct
geochemical features of these rocks imply that it is unlikely
they ére related to the calc-alkaline series.
The stratovolcanoes trace element data have been
evaluated in relation to the following petrogenetic models:
1) anatexis of oceanic lithosphere in subduction zones
2) anatexis of hydrous peridotite.
As in Chapter I, the estimated average trace element values
of Nazca plate were used as initial solid concentrations
(Co) for models involving fractional melting of amphibolite
and fractional melting of eclogite (Figure 9 caption,
this work; Schilling and Bonatti, 1974). Initial REE

concentrations for the peridotite model (Figure 10 caption)
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are twice chondritic abundances and for the other trace
element are those shown in Figure 12 caption. The procedure
followed in the calculations is the same as in Chapter I.
The discussion of the petrogenesis of the Andean strato-
volcanic samples will be initiated with the less differenti-
ated ones, i.e., those samples with La/Yb —~ 2-3.

Samples with La/Yb~2-3. This group includes the

samples from Antuco, Llaima, Villarrica, Puyehue and
Casablanca. Fractional melting of amphibolite (either as
pure amphibole or as amphibolite composed of plagioclase
and clinopyroxene in addition to amphibole) does not
explain the REE pattern observed in these samples. Melts
produced according to these models are richer in HREE
(Figure 16) and Co by factor of ~2 and 1.5 respectively and
are depleted in K20, Ba, Sc, and Cr by factors of 3.1,

~10 (or more), ~2 and ~4, respectively.

Melts produced by fractional melting of eclogite
(Figure caption 10) are depleted in K, 0, Ba, Sc, Cr, and
Co relative to GV170 (Puyehue) and GV177 (Casablanca) by
factor of 1.7, ~10, ~4, ~7 and ~2 respectively. These
melts also fail to explain the REE patterns observed in
the sample under discussion (Figure 16).

Melts produced by ~10% partial melting of peridotite
(Figure 10 caption) have a REE pattern that parallels the
REE pattern shown by samples with La/Yb~2-3 (Figure 16 ).
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These melts also have K,0 (0.6%) and Ba (200 ppm)

abundances that are similar to those of the samples GV170
and GV177 (Tables 6 and 8). However, these melts are
enriched in Cr and Co by factors of~4 and 1.3 respectively,
and depleted in Sc by a factor of ~2 when compared with the
Casablanca dnd Puyehue samples.

Samples with La/Yb~5. Samples from Callaquen and

Lanin belong to this group. The following discussion will
be centered on the samples 800 and GV164 since both belong
to the same volcano (Lanin). Sample GV164 is richer in
total REE than sample 800 and has a negative Eu anomaly.
No Eu anomaly is observed in sample 800.

Melts produced by fractional melting either of
amphibolite or eclogite do not account for the REE pattern
observed in sample 800 (Figure 17). But this pattern can
be explained by ~2% fractional melting of peridotite
(Figure 17). The peridotite model, however, does not explain
the K20 abundance observed in Lanin. The melts produced
according to this model are about a factor of 3 richer in
K,0 than sample 800.

The REE pattern observed in the sample 800 is not
consistent with a derivation of this sample from a magma
of REE composition similar to that of the Villarrica sample

by fractional crystallization of clinopyroxene. For

example, liquids derived by 50% fractional crystallization

of clinopyroxene (using the partition coefficients in
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Table 5) have HREE abundances similar to that of

sample 800, but they are depleted in LREE.

A model including plagioclase in addition to clinopyroxene
would produce a negative Eu anomaly, that is nof observed
in sample 800.

Table 9 suggests that the major element composition
of sample GV164 may be derived from a magma composition
similar to that of the sample 800 by fractionating 30%
of such magma as plagioclase (composition~An 60). The
REE are also consistent with such differentiation (Figure 17).
The plagioclase partition coefficients are 0.1 for all the
REE, but for Eu is~1.

Sample with La/Yb~10. Liquids derived by fractional

melting either of amphibolite or eclogite are not consistent
with the REE pattern of the Tupungato sample (Figure 18).
The slope of the calculated REE distribution in liquids
derived by partial melting of amphibolite is not large
enough to account for the HREE depletion (relative to
oceanic ridge basalts) of the Tupungato sample. " Liquids
derived by 40% fractional melting of eclogite have HREE
abundances similar to the Tupungato sample, but such
liquids are depleted in LREE relative to Tupungato sample
(Figure 18). Also, liquids derived by fractional melting
of eclogite are depleted in K,0 by a factor of ~6, (Even
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an altered oceanic basalt cannot account for the K abundance
of the Tupungato sample) and do not reproduce the Eu
anomaly observed in the sample under discussion.

Liquids produced by ~2% fractional melting of
peridotite have K,0 and LREE abundances similar to the
Tupungato sample. However, these liquids do not have Eu
. anomaly and they are enriched by almost a factor of 2,
in HREE (Figure 18 ).

In Chapter ITI, I will present a model
for deriving liquids with major elements and REE
abundances similar to that of the Tupungato sample from a
magma composition equivalent to that of sample T2 (andesite
from Temuco, characterized by a lack of Eu anomaly and by
a REE pattern similar to the average circumpacific andesite)
by extensive fractionation of clinopyroxene (>10%)
feldspar (220%), amphibole (~12%), biotite (~6%), and
magnetite (~0.2%).

SUMMARY AND CONCLUSIONS A change in the composition
of the lavas is observed in the Andean range as one goes
from latitude 33°S to latitude 42°S. Up to about latitude
37°S the volcanic rocks are predominantly andesitic;
further south, they are predominantly basaltic (Moreno,
19743). The volcanism in this area began in the Pliocene
and continues today. Most of the volcanoes whose samples

were studied are superimposed on andesitic plateau series
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(Figure 1 ). The plateau series at Pino Hachado is
alkali-rich (Na20 > K,0) and has trace element abundances
similar to differentiated rocks of the alkali-olivine basalt
series. The plateau series at Pino Hachado seems to be
unrelated to the calc-alkaline volcanism represented by
the stratovolcanoes.

Peridotite models offer the best explanation for the
REE pattern observed in the sample 800 (Lanin) and in
those samples with La/Yb~2-3. But in the case of sample
800, this model does not explain the K20 abundances observed
in the rock and in the case of samples with La/Yb ~2-3
the peridotite model does not explain the Cr, Co and Sc
abundances. Potentially difficult to explain by this model
is the A1203 content of these rocks. However, Mysen (1973)
has obtained experimentally liquids with A1203 abundances
similar to those of the samples under discussion by hydrous
partial melting of peridotitic rocks. The low Ng/Ng +EFe
values of these basalts almost certainly preclude that
they are direct melts of mantle peridotite. However,
if the melts of hydrous peridotite precipitate olivine
and spinel (Ringwood, 1974) as they rise, one would get

low Mg/Mg + £Fe, and low Ni, Co, Cr.
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CHAPTER IIT

GEOCHEMISTRY AND PETROGENESIS OF CENTRAL CHILE
BATHOLITHS BETWEEN LATITUDES 33° - 34°S

INTRODUCTION

Chile represents an example of a destructive plate
margin. Most of the country faces the Nazca Plate and
the Peru-Chile Trench. Features such as the Chilean
—.Andes, Central Valley and Coastal Range are probably a
result of Nazca Plate underthrusting beneath the South
American Plate. Between latitudes 25° - 27°S there exists
a seismic quiet zone which lacks intermediate-depth
earthquakes (Santo, 1969; Stauder, 1973). This silent
zone nearly overlaps the lack of recent volcanism between
27° and 33°S (Katsui and Gonzalez, 1968). North of this
region (18° - 22°S) the Benioff zone dips at 25° and
intermediate-depth earthquakes are abundant. South of
the seismic quiet zone the Benioff zone dips only 15° and
intermediate-depth earthquakes are absent. Apparently,
the subducting lithosphere is broken into discrete
sections which behave differently north and south of the
seismic quiet zone (Stauder, 1973). The present study
will be centered on the Chilean plutonic rocks localized
between latitudes 33° - 34%, i.e. immediately south of

the seismic quiet zone.



Three batholiths (composite masses of granite

rocks having areas ranging from tens of square kms. to

tens of thousands of square kms., Hamilton and Myers, 1967)

are exposed between latitudes 33° - 3403 (Figure 19).
Similar to other geological features of Chile, these
batholiths exhibit a N-S elongation parallel to that of
the Peru-Chile trench. Their age varies systematically
from west to east: +the coastal batholith (Upper
Paleozoic) is to the west, along the Chilean coast; the
Andean batholith (Tertiary), localized in the Andes, is
the easternmost, and the Central batholith (Upper
Cretaceous) is localized between the Coastal and Andean
batholith (Lopez-Escobar and Oyarzun, 1974). A plot of
seventeen modal abundances on the APQ (alkali feldspar,
plagioclase and quartz) diagram (Figure 20 ) indicates
that the rocks analyzed are predominantly tonalites abd
granodiorites. According to Corvalan (1974) tonalite is
the predominant rock type in the Coastal batholith;
adamellite and granodiorite also occur. Aguirre et al.
(1974) found that the most common Mesozoic and Cenozoic
granitoids between latitudes 30O - 35°S are granodiorite,
tonalite aﬂd granite; quartz-monzonite, adamellite, and
gabbro are also present.

Mineralogical, major and trace element data were

obtained in seven samples from the Coastal batholith,
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four from the Central batholith and six from the Andean
batholith. These samples were selected on the basis of
minimum alteration. Trace element determinations include
compatible and incompatible elements. Compatible trace
elements (elements that are easily accommodated in
plagioclase and mafic minerals) include some members of

the first transition series, S¢, V, Cr, Ni, and Co.
Incompatible trace elements (elements that are enriched

in silicate melts relative to coexisting rock-forming
minerals) include the alkali metals Rb and Cs, the alkaline
earth metals Sr and Ba, some members of the third tran-
sition series(La, Hf and Ta), lanthanides and the actinides
Th and U. These trace element data in conjunction with

the mineralogy and major element composition of the samples
are used:

1. to establish a relationship between the Chilean
intrusive and extrusive rocks.

2. to compare the geochemistry of the Central Chilean
batholiths with that of the more extensively studied
western USA batholiths (Sierra Nevada and Southern California).

3. to discuss a model for the origin of the Central
Chilean batholiths and compare this model with the current
models proposed for the origin of other circumpacific
batholiths.

L. +to provide information on the relationship of
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calc-alkaline rock petrogenesis to subduction processes.

COASTAL BATHOLITH

The portion of the Coastal batholith to be discussed
is part of a continuous belt extending along the Chilean
coast between latitudes 30°S and 38°15'S (Ruiz et al.,
1965; Munizaga et al., 1973). North of latitude 30°S
up to latitude 25035'8 the Coastal batholith crops out
discontinuously. Between latitudes 33°% - 34°S only the
eastern border of the batholith is inland. The outcrops
of the batholiths occupy an area of about 2800 Km? .
Compositionally, tonalites are predominant, although
granodiorite are important (Oyarzun, 1971; Corvalan, 1974).
Geochronological studies yield the following preliminary
results (Corvalan and Munizaga, 1972): Pb/U ages
range from 386 to 405 my. Measured samples were taken
on a traverse through the width of the batholith, between
Quintay and Cuesta Ibacache (location of sample Gll, see
Figure 19). The most significant Pb/alpha values obtained
for samples were from different sectors of the Coastal
batholith range between 160 and 368 my. K/Ar age deter-
minations on biotite from tonalites exposed at E1 Quisco
(location of sample G3, see Figurel9 ) give an average
of 287 ¥ 20 my. Corvalan (1974), considering: a) that in

its northeastern part the Coastal batholith intrudes

stratified rocks of late Paleozoic age; b) the great
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dispersion shown by Pb/alpha values and ¢) that at least,
in part, this batholith could be considered of Early
Devonian age on the basis of the Pb/U values, suggests
that the Coastal batholith may correspond to a complex
pluton representing more than one intrusive cycle. On
the basis of the close age relationship shown by the Pb/U
values obtained for rocks of the Coastal batholith (383-
405 my) and for the metamorphic rocks of the Quintay
formation (383 my), Corvalan (1974) suggests an epoch of
batholitic emplacement and metamorphism of Early Devonian
age. Munizaga et al., (1973) made eleven whole rock Rb/Sr
age determinations on metamorphic rocks in contact with
the Coastal batholith between latitudes #° - 40%S.

They obtained two limiting reference isochrons of 342

and 273 my with a 57Sr/30sr initial ratio of 0.711. They
concluded that the metamorphism of these rocks occurred
during the Upper Paleozoic and probably is related in

time with granitic intrusions. The Coastal batholith
intrudes a pre-Middle Devonian (possible Pre-Cambrian)
complex of amphibolite, gneiss, schist and minor quartzite

(Bateman, 1974)

CENTRAL BATHOLITH
This batholith constitutes a longitudinal belt
parallel to and to the east of the Coastal batholith.
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Outcrops of this batholith have been recognized, at least,
from latitude 20°S in the north to latitude 41°S in the
south. Unlike the Coastal batholith, the Central batholith
outcrops discontinuously between latitude 330 -'3408.

Five units, ranging in area from 15 km2 up to 550 km2

have been mapped in this zone (Figurel9 ). The total
exposed area of the Central batholith between latitudes
33° - 34°S is on the order of l?OO.ka. Compositionally,
this batholith is mostly constituted by granodiorite with
minor proportions of tonalite and adamellite (Corvalan,
1974).

Thirteen K/Ar ages on biotite, hornblende, and plagio-
clase and ten Pb/alpha ages have been obtained in Central
batholith granitoids (Aguirre et al., 1974). K/Ar ages
vary from 118 my to 66 my; most of the values range between
90 my and 110 my. Pb/alpha age determinations range
between 136 my and 89 my. This batholith is associated
with the Andean orogenic cycle (Aguirre et al., 1974).

The contact between Coastal and Central batholiths are
not always clear (Oyarzun, 1971). North of latitude 33°S,
i.e., between latitudes 32°25' and 32°40'S, Coastal and
Central batholiths are separated by Jurassic intrusives
(Aguirre et al., 1974). The Central batholith intrudes

continental volcanic and sedimentary rocks of Lower and

Upper Cretaceous age. The Lower Cretaceous formations
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consist of marine sediments intercalated with thick

sequences of rhyolitic and andesitic volcanic rocks.

The Upper Cretaceous formations are composed mainly of
volcanoclastic andesitic sediments with sparse intercalations
of acidic volcanic rocks (Vergara, 1972). Levi (1969)
studied extensively the alteration phenomena related to

the country rocks and concluded that the alteration

pattern reflected burial metamorphism and are unrelated

" to local granitic plutons.

ANDEAN BATHOLITH

The Andean batholith is the eastermmost and youngest
batholith. It is localized in the pre-Andean and Andean
region. It has been recognized between latitudes 18%s
and 35° (Ruiz, et al., 1965). Its outcrops are generally
of minor area extent. Nine outcrops have been mapped in
the area under study (Figure 19). The largest have areas

of about 120 and 180 km?

; the others have areas less than

30 kmz. Between latitudes 330 - 349%S the total outcrops

of the Andean batholith are about 210 km®. Granodiorites
and tonalites are the most important rock types. Seventeen
Pb/alpha age déterminations on Andean batholith rocks

range between 68 my and 14 my (Aguirre et al., 1974).

The Tertiary batholith is also associated with the Andean
orogenic cycle (Aguirre et al., 1974). The Andean batholith

intrudes lower Tertiary sedimentary sequences consisting
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of about 90% of rocks of andesitic composition and about
10% of ignimbrites and rhyolitic lavas with intercalations

of continental clastic sediments (Vergara, 1972).

RESULTS AND DISCUSSION

Sample Localities

Figure 19 , shows the localities where the analyzed
samples were collected. Seven samples belong to the
Coastal batholith, four to the Central batholith and six
to the Andean batholiths. The samples and their specific
localities (in parentheses) are the following: Coastal
batholith: G2 (Algarrobo), G3 (E1l Quisco), G5 (Rocas de
Santo Domingo), G6 (Rapel), G10 (El Salto), Gll (Cuesta
Ibacache) and Gl15 (Casablanca). Central batholith: Gl12

(NW of Penaflor), G13 (Cuesta Zapata), G17 (Penaflor) and
G18 (Melipilla). Andean batholith: G27 (La Obra), G22

(Romeral), G25 (N of Romeral), G26 (Rio Colorado), G29
(Estero Plomo) and G30 (Disputada).

Mineralogy

The modal composition of the samples analyﬁed is
given in Table 10 . The results are based on 1000
point counts per sample. Following the recommendations
suggested by the IUGS subcommission on the Systematics
of Igneous Rocks (Streckeisen et al., 1973), the modal
proportions have been plotted on the APQ (alkali feldspar,

plagioclase and quartz) diagram (Figure 20 ). On this
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basis, the Coastal batholith samples are one quartz

diorite (G3), two tonalites (G10 and Gl1), two granodiorites
(G5 and G6) and two granites (G2 and G15); the Central
batholith samples are two tonalites (G18 and G12), one
quartz monzodiorite (Gl7) and one granodiorite (G13);

Andean batholith samples are three quartz monzodiorites
(G25, G29, and G30) and three granodiorites (G22, G26,

and GZ?).. This classification modifies slightly a
classification adopted previously for these samples
(Lopez-Escobar and Oyarzun, 1974).

Ma jor Element Geochemistry

The major element composition of the plutonic rocks
analyzed are shown in Table 11 . These results were obtained
by wet chemical analysis in the Department of Geology of
the University of Chile (Lopez-Escobar and Oyarzun, 1974).
The molecular normative compositions are in Table 13. The
samples from the Coastal batholith exhibit a wide range
of Si0, composition (58 - 73 wt%). The SiO, content of
the samples from the Central and Andean batholith fall

within the SiO, range of the Coastal batholith.

2
Most of the samples analyzed plot around the polybaric

granitic minima line in the Ab-Q-Or normative -

diagram (Figure 21). This suggests that the Chilean

batholith are igneous in origin and that equilibrium

between a liquid silicate melt and crystalline phases such
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as feldspars and quartz has played a dominant role in
the evolution of these rocks (Turner and Verhoogen, 1970).
In an FMA diagram (Figure 22 ) the majority of samples
fall within the field designating Kuno's hypersthene
(calc-alkaline) series (Kuno, 1968a), i.e., these samples
have chemical features expected of calc-alkaline rocks.
As a comparison, this diagram also includes andesite
samples from Chile and Cascades.
In order to search for chemical variations across
the batholiths, the major element composition of the samples
analyzed were plotted as a function of the longitude
(Figure 23 ). If samples with similar $i0, content
(67.3 £ 0.5) are compared, the few data available suggest
that only Fe203 tends to increase eastward while Ca0 tends
to decrease. However, if only the batholiths associated
with the Andean orogenic cycle (Central and Andean are

considered, the data available suggest that Fe NaZO, P 05,

203+ 2

and K,0 increase in passing from the Central to the

2
Andean batholith, while FeO, Ca0 and MnO decrease in the
same direction. Aguirre et al. (1974) have also observed
an eastward increasing in K,0 among the Chilean batholiths
associated with the Andean orogenic cycle. The chemical

trends suggested for the Chilean Mzsozoic and Cenozoic

batholiths have been observed in other circumpacific
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Mesozoic batholiths. For example, in the Sierra Nevada
batholith KZO increases systematically eastward (Bateman
and Dodge, 1970). Fe203 and TiO, seem to behave as K0
while FeO, MgO and Ca0 may decrease. In the Southern
California batholith, if the batﬁolitic rocks are considered
as a whole, SiOZ’ Na20 and X,0 increase eastward while
Ca0, Fe0 and NMgO decrease (Baird et al., 1974). 1In the
latxer batholith, the K,0 trend is exceptionally strong;
in a distance of approximately 170 km, the K/Si ratio
increases eastward by a factor ~10.

In order to compare the major element composition
of Chilean plutonic and velecanic rocks, the oxides
were plotted as a function of the Sio2 content of the
rocks (Figure 24 ). It is observed that the Si0, content
of the granitoids is intermediate between that of Chilean
andesites and that of Northern Chile acidic volcanics.
The SiO2 content of tonalites overlapspartially with the
SiO2 content of andesites and dacites. In general, there
exists a continuum between the chemical composition of
plutonic and volcanic. Except for rare cases, the Na20
content for andésites, plutonics, and ignimbrites falls
within the range 4 ¥ 1 wt%. The Na20 content is apparently

independent of the SiO2 content. This fact was also

observed in the Sierra Nevada batholith (Bateman and Dodge,
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1970). 1In general, the Na, O content of the Chilean

2
plutonic rocks is slightly higher than that of the Sierra
Nevada plutonic rocks.

Trace Element Geochemistry

Petrogenetically the trace elements can be divided
into two groups: a) compatible elements (Sc, V, Cr, Co
and Ni) which are enriched in mafic minerals and plagio-
clase; and, b) incompatible elements (typically large-ion-
iithophile, LIL elements such as Rb, Cs, Sr, Ba, REE,

Hf, Ta, Th, and U) which are enriched in silicate melt
relative to coexisting rock forming minerals. Table 13
shows the trace element abundances in the samples studied.

Compatible trace elements. Nickel exhibits an

eastward variation (Figure 25 ). It increases from about
9 ppm in the Coastal batholith to about 15 ppm in the
Andean batholith, i.e., the Ni content

differsby a factor of approximately 2. Table 14 shows
that differences in Ni abundances are controlled by the
ferromagnesian minerals. The magnetite in Chilean
granitoids contains, on the average, 130 ppm Ni; the

Ni abundance in amphiboles average 54 ppm and in biotite
average 36 ppm. These values are relatively high com-
pared with the Ni abundance in quartz and feldspar

(<5 ppm). The ferromagnesian minerals contain large
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amounts of Ni because they have a relatively high number

of octahedral sites in their crystal structure and

because Ni has a relatively high crystal field stabilization
energy in octahedral coordination (Burns and Fyfe, 1964

and 1969; Burns, 1973).

The increase in Ni abundance from west to east
parallel the increase in magnetite (Table 10 ). This
mineral increases by approximately a factor of two in
passing from the Coastal to the Andean batholith. Table 14
shows that the main cause for higher Ni abundance in the
Andean granitic rocks is amphibole. This mineral contri-
butes about 4.9 ppm to the total Ni content of the Coastal
batholith rocks and about 9.5 ppm to the total Ni content
of the Andean batholith rocks. The amphibole of the
Andean batholith rocks are richer in Ni, by almost a
factor of three, than the amphibole of the Coastal
batholith rocks. Magnetite contributes about 1.1 ppm to
the total Ni content of the Coastal batholith rocks and
about 1.9 ppm to the Ni content of the Andean batholith
rocks. Biotite contributes about 3 ppm to the total Ni
content of the Andean batholith rocks. The biotite of
the Andean batholith rocks is richer in Ni by almost a

factor of three, than the biotite of the Coastal batholith

rocks.

The average Ni content of the Andean batholith is
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equal to the average Ni content of the circumpacific
granodiorites (the average circumpacific granodiorites
are based on data from Turekian and Wedepohl (1961) (high
calcium granites), Kolbe and Taylor (1966) (Austfalian
granodiorites, Towell et al. (1965) and Taylor and
Capp (in prep.), Taylor, 1969) and is also similar to the
average Ni content of the intruded Tertiary andesites
which is 18 ppm (Oyarzun, 1971). However, the average
Ni content of the Central batholith (10 ppm) is slightly
more than a factor of two lower than the average Ni
content (24 ppm) of the intruded Cretaceous andesites.
The cobalt abundance in Chilean granitoids is
practically independent of the longitude (Figure 25 ).
Table 15 shows that magnetite, amphibole and biotite
have relatively similar Co abundances. This explains
why the Co content is approximately the same for the
three batholiths. The average Co content in Chilean
granitoids (10 ppm) is identical to the average Co
content in the circumpacific granodiorites (Taylor, 1969)
but is lower than the average Co content (18 ppm) of the
intruded Cretaceous and Tertiary andesites (Oyarzun, 1971).
The chromium abundance in Central Chile granitoids
shows a tendency to increase eastward (Figure 25). On
the average, the Tertiary granitoides (Andean batholith)

are a factor of two richer in Cr than the Upper Paleozoic
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granitoids (Coastal batholith){ Arguments similar to
those used to explain the behavior of Ni can be used to
explain the behavior of Cr. TFrom Table 16 it is possible
to deduce that the contribution of biotite, amphibole and
magnetite to the average Cr content of the Paleozoic

rocks are approximately 4.9, 2.2 and 2.9 ppm respectively;
their contribution to the average Cr content of the
Cretaceous rocks are about 3.4; 7.1 and 4.4 ppm respectively,
and in Tertiary rocks 1.5 ppm of Cr comes from the biotite,
9.2 ppm comes from the amphibole and 7.6 ppm comes from
magnetite. Thus, amphibole and magnetite contribute to
increase the Cr eastward, while the contribution of
biotite is opposite to that of magnetite and amphibole.

The Coastal batholith granitoids have Cr contents
similar to the Northern Chile ignimbrites. The Cr
abundance in the latter rocks average 8 to 15 ppm (Oyarzun,
1971). The Coastal range andesites are about a factor of
four richer in Cr than granitoids of Central Chile. In
some andesites from the Coastal Range the Cr content
reach 300 ppm. These andesites are localized in a
metamorphic belt which also contains ultrabasic rocks
(Oyarzun, 1971). In the andesite formation of Northern
Chile the Cr abundance of the rocks varies from 15 to
500 ppm with an average of 90 ppm. The Cretaceous andesites

intruded by the Central batholith have an average of 34 ppm
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of Cr (Oyarzun, 1971) which is approximately a factor

of two higher than the Cr content in the Central batholith,
but is similar to the Cr content in the Andean batholith.
The average Cr content (29 ppm) cf the latter batholith

is similar to the average Cr content (30 ppm) of the
circumpacific granodiorites (Taylor, 1969).

Similar to Cr and Ni, Vanadium has a tendency to
increase eastward (Figure 25 ). On the average, the
Coastal batholith has 50 ppm V, the Central batholith has
93 ppm and the Andean batholith has 117 ppm, i.e., there
is a difference of about a factor of two between the V
content of Coastal and Andean batholith. A similar fact
was observed for Ni and Cr. Also, one expects that the
behavior of vanadium in the batholiths of Central Chile
is controlled mainly by ferromagnesian minerals.

There is no vanadium data available to compare grani-
toids and central-south Chile andesites. The northern
Chile andesites, however, have an average of 135 ppm V
(Pilcher and Zeil, 1972) which is higher than the average
observed in the Central Chile granitoids; On the other
hand, the V content of the rhyolite formation of northern
Chile average 40 ppm, which is slightly lower than the
average of the Coastal batholith, although it is similar
to the vanadium content observed in some Paleozoic

granodiorites. On the average, the V content of the
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central Chile granitoids (82 ppm) is relatively similar
to the average content (75 ppm) of the circumpacific
granodiorites (Taylor, 1969).

Similar to Co, Scandium does not show any systematic
trend with the latitude (Figure 25). In the Coastal
batholith the scandium content of the rocks range between
4 and 27 ppm with an average of about 14 ppm. Central
and Andean batholith exhibit a lower degree of scattering
than the Coastal batholith and their average are,
respectively, 16.6 ppm and 9.3 ppm. No analysis of Sc
for the individual minerals is available. Similar to
what was observed in Co, a constant concentration of Sc in
the ferromagnesian minerals could explain the lack of east-
ward variation in the central Chile batholiths.

On the average, the Sc abundance (13.3 ppm) in the
central Chile granitoids is slightly lower than the average
Sc content (18.7 ppm) of the central-south Chile Coastal
Range andesites and dacites, and is lower by almost a
factor of three than the average Sc content (35 ppm) of
the andesite formation of northern Chile (Pilcher and Zeil,
1972). However, the average Sc abundance in these’
granitoids is similar to the average (14 ppm) of the

circumpacific granodiorites (Taylor, 1969).
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Incompatible trace elements -- Rubidium and Cesium.

Coastal batholith tonalites have lower Rb abundances than
granodiorites. On the average, the tonalites have 40 ppm
of Rb, i.e., more than a factor of two lower than the
corresponding granodiorites. If both types of rocks are
related by a fractional crystallization process, no mineral
with a high solid/liquid partition coefficient could be
involved in a major way. Rb partition coefficients between
plagioclase (An 40) and silicate melt are of the order of
0.05 (Philpotts and Schnetzler, 1970). Therefore,
plagioclase fractionation would increase the concentration
of the Rb in the residual melt. Rb partition coefficient
between K-feldspar and melt is of the order of 0.7. There-
fore, K-feldspar fractionation can contribute, although to
a lesser extent than plagioclase, to increase the Rb
concentration in the residual melt. Biotite is the only
major mineral that has partition coefficient for Rb>1.

In general, the Coastal batholith granodiorites are
also richer in Cs than the tonalites.

The Andean batholith rocks tend to be richer in RD
and Cs than the Central batholith rocks. This trend
parallels the KZO trend observed between both batholiths.

The Coastal batholith tonalites have Rb abundances
similar to the Temuco andesites (35 ppm), but they are

depleted by approximately a factor of two with respect
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to the northern Chile andesites whose average Rb content

is 80 ppm (Pilcher and Zeil, 1972). The average Rb

content of the Cretaceous and Tertiary andesites intruded
respectively by the Central and Andean Batholith is

70 ppm for the former and 63 ppm for the Tertiary volcanics
(Oyarzun, 1971). Thus, the Central and Andean batholiths
granodiorites are, on the average, richer in Rb than their
respective country rocks.

The average Rb content (96 ppm) of the central Chile
granodiorites is similar to the average Rb content (98 ppm)
of the Sierra Nevada batholith granodiorites (from Kistler
and Peterman, 1973). The average Rb (96 ppm) and Cs
(3.6 ppm) content of the central Chile granodiorites are
slightly lower than the average Rb (110 ppm) and Cs (4 ppm)
content of the circumpacific granodiorites (Taylor, 1969).

Strontium and Barium. In the Coastal batholith,

tonalites and granodiorites have similar Sr contents,

but the granodiorites tend to be richer in Ba than the
tonalites. If tonalites and granodiorites are genetically
related, the observed trends are consistent with a fraction-
al crystalization process involving mainly plagioclase and
amphibole. The Ba partition coefficients in both minerals
are<1 (Philpotts and Schnetzler, 1970). Therefore,

crystallization and separation of plagioclase and amphibole

tend to increase the Ba content in the residual magma. The
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Sr partition coefficient for plagioclase is >1, but for
amphibole is<1. Therefore, while plagioclase fractionation
tends to deplete the residual magma in Sr, amphibole
fractionation producesthe opposite effedt. The resultant
of these two effects could give a bulk Sr partition
coefficient equal to 1 which would be consistent with the
similarity in Sr abundances between tonalites and granodiorites.
On the average, the Andean batholith granodiorites
are richer in Sr and Ba than the Central and Coastal
batholiths rocks. The latter two batholiths have similar
Sr content (~ 400 ppm), but, on the average, the Central
batholith rocks are richer in Ba than the Coastal batholith
rocks. The Sr and Ba trends observed between the Central

and Andean batholiths parallel the trend in K, 0, Rb and Cs.

2

The average Sr (~470 ppm) and Ba (510 ppm) content
of the central Chile plutonic rocks are similar to the
average Sr (440 ppm) and Ba (500 ppm) content of the
circumpacific granodiorites (Taylor, 1969). The average
Sr content of the central Chile batholithic granodiorites
(~ 475 ppm) is similar to the average Sr content (460 ppm)
of the granodiorites from Sierra Nevada batholith (see

Kistler and Peterman, 1973).

Lanthanides (REE). The rare earth element abundances

for the samples under study are presented in Table 13

The longitude variation diagrams for REE, Eu and La/Yb
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ratio are shown in Figure 25 . The Eu content and the
total REE do "not exhibit any systematic
variation trend from west to east. The La/Yb ratio is
scattered; however, 1t is possible to divide the samples
in three broad groups: those with La/Yb greater than 10,
those with La/Yb less than 10 but greater than 4 and those
with La/Yb less than 4. The granodiorites and the sample
Gl5 (granite) from the Coastal batholith and the samples
from the Andean batholith (excepting G27) belong to the
first group. The tonalites and quartz diorite from the
Coastal batholith, the samples from the Central batholith
(excepting G12) and the sample G27 (granodiorite) from the
Andean batholith belong to the second group. The samples
G2 (granite) from the Coastal batholith and Gl2 (tonalite)
from the Central batholith belong to the third group. These
two samples will be discussed later.

Thé two kinds of trends in REE pattern suggested by
the La/Yb ratio are represented graphically in Figure 26
In these diagrams, the (REE in samples/REE in chondrites)
ratios are plotted as a function of the atomic number.
The following features characterize these diagrams?

a) compared with the Coastal batholith quartz diorite
and tonalite samples, the Coastal batholith granodiorites
samples (including in this term G15) are slightly enriched

in La, have similar Ce and Nd abundances, are slightly
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depleted in Sm, exhibit larger Eu depletions and are
strongly depleted in HREE.

b) on the average, the Central batholith samples
(excepting G12) exhibit a REE pattern almost identical
to that of the Coastal batholith tonalitic samples. They
differ in the magnitude of the Eu depletion, the Central
batholith samples have a slightly larger negative Eu
anomaly.

¢) the average REE pattern of the Andean batholith
samples (excepting G27) is identical, within the experi-
mental errors, to the average REE pattern of the Coastal
batholith granodioritic rocks (Figure 27).

d) the REE pattern of sample G27 (granodiorite
from the Andean batholith) is similar to the other samples
of the Andean batholith in XREE and in Eu depletion,
but is similar to the samples from the Central batholith
in HREE'abundénce (Figure 26), This sample is similar to
the Woodson Mt. granodiorite of Southern California
batholith (Towell et al., 1963; this work, Figure 28 ).

e) +the average REE pattern of the Coastal batholith
tonalitic rocks and Central batholith samples is similar
to the REE pattern of some andesites from the Central-
south Chile Coastal Range especially that of sample T3,
the most differentiated from Temuco (Figure 29).

f) the average REE pattern for samples with



72

beLa/Yb< 10 is similar to that of the circumpacific
granodiorites (Taylor, 1969). The latter are more
enriched in La, Sm and HREE (Figure 28 ).

g) the average REE pattern for those samples with
La/Yb>10 is similar to the REE pattern exhibited by
some granodiorites from the Sierra Nevada batholith
(Figure 27 ), (H. Noyes, personal communication).

Large highly charged cations are elements characterized

Ey a relatively large ionic radil. For these reasons,
they are generally rejected from the common rock-forming
minerals and are typically concentrated in the later
differentiates and in volatile rich magmas (Taylor, 1969).
Hf, Ta, Th and U were determined in this work. The three
central Chile batholith have similar Hf concentrations
(Figure 25 ) and their average (4.9 ppm) is higher than
the average exhibited by the central-south Chile Coastal
Range andesites (3.9 ppm) and by the circumpacific
granodiorites (3 ppm, Taylor, 1969). The data for Ta are
scattered and no systematic trend is observed from one
batholith to the other. The Ta concentration averages 0.6
ppm which is similar to the average concentration observed
in the central-south Chile Coastal Range andesites (0.54% ppm).
The Th abundance is also similar in the three batholiths
and their average (10.4 ppm) is almost identical to the

average abundance of the circumpacific granodiorites (10 ppm),
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but is higher than the average abundance of the central-
south Chile Coastal Range andesites (4.7 ppm). The U is
more abundant in the Andean batholith than in the Central
and in the Coastal batholiths . The average U abundance
in these intrusives (2.6 ppm) is higher than the average
abundance observed in the central-south Chile Coastal
Range andesites (1.7 ppm), but is almost identical to the
average determined for the circumpacific granodiorites
(2.7 ppm, Taylor, 1969) and is similar to the average U
content in granodiorites from the Southern California
batholith (2 ppm) and Idaho batholith (2.4 ppm) (Larsen
and Gottfried, 1960).

Samples G2 and G12 exhibit the lowest La/Yb ratios
of the plutonic rocks analyzed. They are similar to the
samples with La/Yb 10 in HREE (Figure 29), but they are
depleted with respect to them in LREE. Gl2 and G2 are
also characterized by K, Rb, Ba and Cs depletions. Since
the minerals containing XK, Rb, Cs and Ba also tend to
concentrate REE, it is possible that such anomalies have
_a common cause. Biotite, hornblende and K-feldspar are
minerals able to concentrate such elements. None of
these minerals seems to be anomalous in these samples
when compared to other samples exhibiting "normal” abundance

of K, Rb, Cs, Ba and REE. These facts suggest that the
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reason of the above anomalies could be leaching caused

by hydrothermal solutions (Condie and Lo, 1971).

A peculiar characteristic of Gl2 is its Fe0/Mg0<£ 1.
Relationships between tonalites, granodiorites and

granites of the Central Chile batholiths -- evidences
for a fractional crystallization model

Tonalites and granodiorites are the most abundant
rocks in the batholiths of central-south Chile. In this
sense, the Chilean batholiths are similar to most of the
circumpacific batholiths. The most abundant plutonic rock
type around the Pacific Ocean is granodiorite, followed by
tonalite and quartz monzonite or adamellite; true granite is
rare (Roddick, 1974). It has already been
mentioned that the samples from the Coastal batholith present

a wide range of SiO, content (58 - 73 wt%).

2
In this batholith are represented the main rock types found
in the other two batholiths. The two main types of REE
patterns found in the Chilean batholiths between latitudes
33% - 34°S are also found in the Coastal batholith. Thus,
the REE patterns observed in the Central batholith samples
are also observed in the tonalites of the Coastal batholith
and the REE patterns exhibited by most of the Andean
batholith samples are observed in the granodiorites of

the Coastal batholith. On this basis, the Coastal batholith

can be considered as a model to discuss the origin of

these batholiths.
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The Ab-Q-Or variation diagram (Figure 21 ) shows
that, within the Coastal batholith, the samples G10
(tonalite), G6 (granodiorite) and G15 (granite) are the
closest to the polybaric granitic minima line, i.e., they
are the closest to the equilibrium conditions of igneous
differentiation. In the AFM diagram (Figure 22 ) they
follow the trend expected in the differentiation of calc-
alkaline magmas. For these reasons these three samples
are selected in order to investigate a possible genetic
relationship between tonalites, granodiorites and granites
of the Chilean batholiths.

The following features characterize the transition
from G10 to G6 to Gl5:

1. SiO2 and KZO increase while the other major and
minor elements (TiOz, P205, and MnO) decrease (Table 11 ).
These trends in major and minor elements are characteristic
during the differentiation of a calc-alkaline magma (El
Hinnawi, et al., 1969). |

2. Ni, Co, Sc and V decrease in passing from G10
to G6 to Gl5 (Table 13 ). These trends are consistent with
a fractional crystallization process involving ferromagnesian
minerals. Cr does not show any systematic trend. This
could be due to analytical errors in the determination of
this element Cr, or this means that the bulk solid Cr

partition coefficient is about 1.
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3. Rb, and Ba increase, but Sr decreases in passing
from G10 to G6 +to G15 (Table 13). The affinity of Rb and
Sr for K-feldspar and that of Sr for plagioclase are well
known and were already mentioned in a previous section.

The observed trends are consistent with a plagioclase
fractionation process.

L, Hf decreases and Ta has a tendency to increase.

Th and U do not follow any systematic trend (Table 13).
Probably other factors, such as tendency to form complexes,
have controlled the abundance of these elements and have
obscured the tendency for these elements to increase during
a fractional crystallization process.

5, The REE patterns change in passing from G10
to G6. There is an increase in La/Yb ratio and in Eu
depletion. The latter feature is correlated with decreasing
Sr abundance and can also be explained by a plagioclase
crystal fractionation model. The first characteristic,
depletion of HREE in G6 compared with G10, requires the
fractionation of a mineral with affinity for HREE. Among
the minerals observed in these rocks, hornblende has
partition coefficient values (Figure 30) that could explain
the REE pattern exhibited by G6 as derivative of Gl0.

6. ‘Various element ratios, (Tablel? ) confirm that

a process of plagioclase crystal fractionation may have
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played a significant role in the evolution of the central
Chile plutonic rocks. Thus, Rb/Sr, Ba/Sr, and K/Sr ratios
increase in going from G10 to G6 to G15 while K/Rb, Ba/Rb
and Eu/Eu* decrease in the same direction.

In conclusion, qualitatively, the behavior of
ferromagnesian elements, alkali and alkaline earth elements,
REE and petrogenetically significant ratios are consistent
with a process of fractional crystallization involving
plagioclase, biotite, hornblende, and magnetite in going
from tonalites to granodiorites to granites in Chilean
batholiths.

It would be interesting to determine how much of
these minerals must crystallize from a magma of composition
or rock GlO0 in order to obtain a magma composition of
rocks G6 and Gl15. Table 18 shows that the minerology
exhibited by rock G6 can be explained by substracting 20%
of feldspar, 5.5% of biotite, 12% of amphibole and 0.23%
of magnetite from a magma of composition of G10.

Similar calculations show that in order to pass from
G6 to G15 it is necessary to fractionate about 10% feldspar,
1.7% biotite and 0.17% magnetite.

The major element composition can be used to test
this model of fractionation. Unfortunately no major
element determinations were carried out on the minerals.

However, a good approach would be to use the major element
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composition of pure minerals, or the major element compo-
sition of minerals of similar rocks. Thus, the chemical
composition of plagioclase can be obtained by using the
following procedure: the normative plagioclase composition
of these rocks is An~30 (Figures 4 and 5 ). A plagio-
clase composition of An 30 is made of 30% An and 70% Ab.
Pure An consists of 43.2% SiOz, 36.7% A1203 and 20.1% Ca0
2O3 and 11.8%
Na,O0. Therefore, a plagioclase of composition An 30

2
consists of 61.0% 810,, 24 7% A1203, 6% Ca0 and 8.3%

and pure Ab consists of 68.7% Si02, 19.5% Al

Nazo. The composition of biotite was obtained from analysis
of biotites in granitic rocks of the Sierra Nevada batholith
(Dodge et al., 1969; Hietanen, 1971). The biotite composition
used (normalized to 100% volatile free) is shown in Table

19 . The composition of hornblende was obtained from

the chemical composition of hornblende-biotite granitic

rocks of fhe Sierra Nevada batholith (Hietanen, 1971).

The hornblende composition used (normalized to 100% volatile
free) is shown in Table 20 ). For magnetite (FeBOh) was
assumed a composition equal to 100% FeO*. Table 19 shows
that using these compositions it is possible to explain

quite well the composition of rock G6 as derivative of a
magma of composition of rock GlO by substraction of 20%
plagioclase (An 30), 6% biotite, 12% hornblende, 0.5%

magnetite and 0.1% apatite. The latter mineral was
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introduced to account for the difference in P205 between
Gl0 and G6. The composition of pure apatite was used in

these calculations. Mg0 and Na,0 are the only two oxides

2
that are not explained by this model. Similarly, G15 can be
derived from a magma composition of rock G6 by fractionation
of about 10% plagioclase (An 30), 1.6% biotite and 0.1%
magnetite. Fe and Ca do not fit well in this model. The
model predicts 3.3 wt% Ca, but G15 has only 2.4 wt%. To
explain Fe it would be necessary to fractionate 1% magnetite
instead of 0.1%.

A further way of testing the fractionation model is
through the REE composition. The expression CD/CP = (l—x)a'l
(see Chapter I) was used in the calculations. The partition
coefficients were taken from the literature (Schnetzler
and Philpotts, 1970, Philpotts and Schnetzler, 1970;

Dudas et al., 1971, Nagasawa and Schnetzler, 1971). These
partition poefficients are shown in Figures 30, 31, 32, and
33. The REE composition of sample G6 can be explained as
derived from a magma of REE composition of rock Gl0 by
fractionation of 20% plagioclase, 12% hornblende and 5.5%
biotite (Figure 38 ). However, the REE data are not consistent
with the possibility of a transition between G6 (granodiorite)
and G15 (granite). None of the minerals present in both

rocks has partition coefficient for REE (excepting Eu) greater

than 1. This means that a fractional crystallization
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process in which any of these minerals would be involved

would increase the REE abundance in the residual magma.

Now, the REE abundance of Gl5 is lower than that of G6

(Figure 26). However, the REE do not eliminate the possibility
that G15 be derived from G1l0 by fractional crystallization

of about 26% plagioclase, 12% amphibole and 6.4% biotite if

the partition coefficients mentioned above are used (Figure 38 ).
Except for Ca and Na, this model explains quite well the major
element composition observed in G15 (Table20 ). In conclusion,
in order to explain the REE pattern observed in granodiorites
as derived from the REE pattern observed in tonalites, amphibole
must be involved in the fractional crystallization process.

Relationships between Chilean Tonalites and Andesites

Having determined that in central Chile batholiths
it is feasible to derive granodiorites and granites from
tonalites it would be interesting to investigate the possible
origin of tonalites.

Compared with Temuco andesites, the tonalites exhibit
a REE pattern similar to that of sample T3 (see, for example,
' Gl0 and T3 in Figure 35). Further investigation shows
that tonalites and Temuco andesites are relatively similar
in major, minor and other trace elements; they are even
similar in petrogenetically significant element ratios
(Table 21). Levi (1973) has demonstrated that in the Bustamante
Hill area (Central batholith area) minor intrusions and their

volcanic host rocks exhibit similar petrography.
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These facts imply a similar origin for tonalites and andesite
volcanics. Forbes et al. (1968) found that the quartz
diorite which composes the subvolcanic basement of many
Alaskan Peninsula volcanoies, was compositionally similar
to the andesites erupted by those same volcanoes. They
proposed that the genesis of continental andesites from
quartz dioritic melts of the same composition requires no
manipulation of compositional data, other than remelting
pre-existent quartz diorite, or venting the same magma to
the surface. They admit as a possibility that both quartz
diorite and andesites are generated by the anatexis of
lower crustal material. Kistler and Peterman (1973) and
Doe and Deleraux (1973) based, respectively, on Sr-isotopic
and Pb-isotopic data proposed that the granitic rocks of
the Sierra Nevada batholith can be derived from lower

crust (especially of andesitic or quartz dioritic composit-
ion) and continental upper-mantle (low velocity zone)
sources. Hamilton and Myers (1966) believe that the
andesitic volcanics are the extrusive portions of a deep
batholith of calc-alkaline nature. Based on gravity data
combined with seismic information and corroborated with
heat flow measurement, Hamilton and Myers (1967) concluded
that batholiths are thin and form from magmas which typically
rise completely through the crust and spread out laterally

beneath a cover a few kilometers thick of their own volcanic
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ejecta. Hamilton (1969) points out that Andean volcanic
and batholithic rocks are cempositionally similar calc-
alkaline assemblages. He also believes that in some
places, as the Andes, batholiths are now being formed.

In order to test the above arguments geochemically,
the genetic relationships between GLO (tonalite) and T2
(andesite) were investigated. This pair was chosen because
Temuco andesite T2 is less fractionated than the Coastal
batholith tonalites, and it is similar to the average
circumpacific andesites (Figure 35). Note, that the most
evolved Temuco andesite (T3) is very similar to these
tonalites (Table 21 and Figure 35). Computations for REE,
similar to those discussed in Chapter I for the transition
T2-T3, show that it is possible to derive G10 from a magma
with the REE abundances of T2 by fractionating approximately
50% of the magma as clinopyroxene and plagioclase in
equal proportions (Figure 35). The partition coefficients
for clinopyroxene used in this calculation are shown in
Figure 34. The partition coefficients for plagioclase
_are 0.1 for all the REE but Eu that is 0.4. Similar computation
for Sr and Ba give U467 ppm and 490 ppm respectively. These
values agree quite well with the observed Sr and Ba values
in G10 (Table 21). The Sr and Ba partition coefficients for
clinopyroxene are those in Table 5; for plagioclase are~l

and 0.3 respectively (Figure 36 and 37). RDb does not fit well in
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the model. The model predicts for G100 a Rb content of
about 66 ppm and the Rb content in G10 is only 55 ppm.
The Rb partition coefficients are 0.05 for clinopyroxene
(Table 5) and 0.08 for plagioclase (see Philpotts and
Schnetzler, 1970). Major element abundances do not fit
well with this model possibly because of the uncertainty
in the major element composition of the pyroxene and plagio-
clase involved in this process. Computations using a
clinopyroxene from an andesite from the Islands of
Tonga (Ewart, et al., 1973) and plagioclase An 40 give the
best approach for the major element composition of G10
(Table 22). The Ti content in G10 is particularly
difficult to explain. Major and trace element models
differ in the degree of fractional crystallization (~50%
is required by the trace elements and ~20% by the major
elements).

The above results indicate that Chilean volcanic
and plutonic rocks may have a similar origin. In general,
the trace element abundances are consistent with a fractional
crystallization model, involving mainly plagioclase and
pyroxene, to explain samples T3 (the most differentiated
andesite from Temuco, Chapter I) and Gl0 (tonalite from
the Coastal batholith) as derived from a magma of trace
element composition similar to that of T2 (andesite from

Temuco characterized by a lack of Eu anomaly and by a REE
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pattern similar to that of the average circumpacific
andesites (Figure 35). However, some major elements are
difficult to explain by this model. In the transition
T2-T3 the model does not explain the K and Ti abundances
observed'in T3 and in the transition T2-G10 the model
fails to explain the Ti abundance observed in G1O0.

The similarity between volcanic and plutonic rocks
that has been discussed with reference to the Coastal
batholith and Temuco andesites, seems to be also true
in the Andean region. The Tupungato volcano andesitic
sample (latitude 33015'), for example, has geochemical
characteristics similar to those of the granitoids from
the Andean batholith between latitudes 33° - 34°S. TIts
REE pattern is similar to the average REE pattern of these
granitoids (Figure 14). The Tupungato sample is particularly
similar in major element composition to the sample G30
(quartz-monzodiorite) (Table 23 ) collected only a few
kilometers from the Tupungato volcano (Figure 19). The
Tupungato volcano is part of a volcanic complex that
includes also the Marmolejo volcano. One sample of the
latter volcano was analyzed for REE (Figure 1l4; Table23 ).
Its REE pattern is also similar to that of the nearby
granitoids of the Andean batholith. The similarity in
ma jor and trace elements between volcanic and plutonic

rocks between latitudes 330 - 3408 also favor the hypothesis
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that plutonic and volcanic rocks from central Chile have

a similar origin.

SUMMARY AND CONCLUSIONS

Three batholiths outcrop in the central part of Chile
between latitudes 33° - 34°S. They exhibit a N-S
elongation parallel to that of the Peru-Chile trench.
Their ages vary systematically from west to east: the
Coastal batholith (Upper Paleozoic) is to the west; the
Andean batholith (Tertiary) is to the east, and the
Central batholith (Upper Cretaceous) is located between
the Coastal and Andean batholiths. The few data available
suggest that some major and trace elements show eastward
variations between the Central and the Andean batholith
(both batholiths are associated with the Andean orogenic
cycle). Elements such as X, Na, Rb, Sr, Ba, V, Cr, and
Ni are more abundant in the Andean batholith than in the
Central batholith while elements such as Ca and Mn are
more abundant in the Central batholith. Similar eastward
variations in chemical composition have been observed in
other circumpacific batholiths (Sierra Nevada and Southern
california).

Coastal batholith granodiorites are generally similar
to the Andean batholith granodiorites (Table 24). Exceptions

are Fe, Ti, Sc, V and Ni which are more abundant in the
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Andean batholith granodiorites and Ca and Ta which are
more abundant in the Coastal batholith granodiorites.

Table 25 shows that the trace element abundances in
Chilean batholiths are similar to the trace element
abundancés of the average circumpacific granodiorite.

Most of the trace element abundances determined in Chilean
batholiths fall within the respective range of trace
element abundances determined in the Sierra Nevada
batholith.

There exists similarity in major and trace elements
between volcanic and plutonic rocks. The Coastal batho-
1ith tonalites are similar in most of the major and
trace elements to some Temuco andesites. The Tupungato
sample (andesite) is also similar in major and REE
composition to some nearby Andean granitoids. These
similarities in geochemical characteristics between
plutonic and volcanic rocks suggest that both kinds of
rocks have a similar origin. However, no trends comparable
to those observed between Cretaceous and Tertiary batholiths
are observed between Cretaceous and Tertiary volcanoes
(Table 26).

Most of the major and trace elements (particularly
REE) are consistent with a derivation of the Coastal
batholith zranodiorites from a magma composition similar

to that ‘*ne Coastal batholith tonalites by fractional
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crystallization of plagioclase, amphibole biotite and
magnetite. In turn, the Coastal batholith tonalites are
genetically related to a magma of andesitic composition,
similar to that of the sample T2 (andesite from Temuco)
through a fractional crystallization process involving
mainly plagioclase and pyroxene. REE are not consistent
with an origin of the central-south Chile andesites by
fractional melting of subducted Nazca plate tholeiitic
basalts. However, liquids derived by fractional melting
of upper mantle peridotite have REE patterns that parallel
those of the less differentiated andesites. Therefore, if
the Chilean granitoids are derived from magmas of andesitic
composition they are also not genetically related to the
subducted Nazca plate tholeiitic basalts.

Based mainly in strontium isotope data, Kistler and
Peterman (1973) have also concluded that the Sierra Nevada
igneous rocks are not consistent with a derivation from
subducted oceanic tholeiitic basalts and sediments.
According to these investigators, most of the products
that arrived in and on the upper crust were melted, or
at least began their differentiation, in the region
that intersected both upper mantle and lower crust.
Similar conclusion was reached by Doe and Delevaux (1973)
on the basis of lead-isotopic compositions. According to

these investigators an attractive origin for the Mesozoic
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granitic rocks from the Sierra Nevada batholith involves
derivation from the lower crustal (especially of andesitic
or quartz dioritic compositional and continental upper
mantle (low velocity zone) sources. Doe and Delevaux

(1973) also concluded that an origin of the batholith

from subducted material, if such material can be represented
by graywackes and blueschists of the Fransiscan formation,
is permitted by the lead-isotope data, but, as pointed

out by Kistler and Peterman (1973), apparently not by

strontium-isctope data.
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APPENDIX T
PETROGRAPHY AND STRATOVOLCANOES DESCRIPTION

COASTAL RANGE VOLCANIC ROCKS

Temuco

T2 is a porphyritic andesite from Nielol Hill with
phenocrysts of plagioclase (An 40), clinopyroxene, and
orthopyroxene. The groundmass is hyalopilitic with
plagioclase, clinopyroxene, orthopyroxene, magnetite,
chlorite, and glass.

T3 is a porphyritic andesite from Nielol Hill with
phenocrysts of plagioclase (35% of An 40), clinopyroxene
(3%), orthopyroxene (7%), hornblende (4%) and magnetite
(1%). The hyalopilitic groundmass contains plagioclase,
orthopyroxene, magnetite, tridymite and glass.

T9A is a porphyritic andesite from 21 km north of
Temuco. Phenocrysts are 33% plagioclase (An 35-40) and
0.7% clinopyroxene. The groundmass is dominantly plagio-
clase with quartz, alkali feldspar, magnetite and glass.

T13 is a porphyritic andesite from 9 km south of
Temuco. Phenocrysts are 42% plagioclase (An 45), 2%

'hornblende, and 0.5% magnetite. The groundmass is
dominantly plagioclase with quartz, alkali feldspar,

amphibole, magnetite, and chlorite.
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Los Angeles

T17 is a porphyritic dacite with phenocrysts of 12%
plagioclase (An 40), 5% quartz, and 4% magnetite. The
hyalopilitic groundmass is plagioclase, clinopyroxene,
magnetite and glass.

T18 is a porphyritic dacite with phenocrysts of 23%
plagioclase (An 45), 2% orthopyroxene, and 1.5% clino-
pyroxene. The groundmass is hyalopilitic with minor cal-
‘cite veins.

Ancud |

CH6 is a porphyritic high-alumina basalt with plagio-
clase phenocrysts (An 35) in a groundmass of plagioclase,
clinopyroxene, magnetite and chlorite.

CH8 is an aphyric low-silica andesite with 67%
plagioclase, 15% quartz and alkali feldspar, 10% chlorite,
5% magnetite and 3% alteration products.

CH21l is an aphyric low-silica andesite with 40%
glass, 8% pyroxenes, 51% plagioclase and 1% sphene plus
chlorite.

CH30 is a porphyritic low-silica andesite with
phenocrysts of 5% plagioclase (An 50), 1% clinopyroxene
and 1% orthopyroxene. The intersertal groundmass is
plagioclase, clinopyroxene, magnetite, chlorite and glass.

CH19C is a porphyritic andesite with phenocrysts of

plagioclase (2.4%) and orthopyroxene (0.1%). The
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hyalopilitic groundmass is glass (40.4%), plagioclase
(36.7% pyroxenes, magnetite, and chlorite.

CH15 is a porphyritic andesite with phenocrysts of
20% plagioclase (An 40) and 5% orthopyroxene. The
groundmass is glass (53%), plagioclase (40%) with clino-
pyroxene, orthopyroxene, biotite, and alkali feldspar.
GV063 is an aphyric andesite with 25% plagioclase (An 15),
70% glass and quartz, magnetite, and biotite.

HIGH ANDEAN RANGE VOLCANIC ROCKS

Pino Hachado

TH31 is an aphyric trachyandesite with an intersertal
groundmass of 93.5% plagioclase with olivine, amphibole,
magnetite, alkali feldspar and glass.

TH34 is a porphyritic trachyandesite with 1.5%
plagioclase (An 40) phenocrysts in a groundmass of plagio-
clase (An 15), alkali feldspar, clinopyroxene, hornblende,
magnetite and apatite.

TH40 is a trachytic welded tuff with vitroclastic
texture. The rock is 20% clastic plagioclase (An 15 and
35), 41% glass, 37% volcanic clasts, 1% biotite and 0.5%
clinopyroxene.

Stratovolcanoes

797 is a porphyritic andesite from Tupungato Volcano.

It consists of ~65% groundmass; 15% of pagioclase phenocrysts
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(An ~68 near the core and ~30 in the rim); 15% of brown
hornblende phenocrysts (sometimes altered to opaques);
~5% phenocrysts of clinopyroxene; 1% phenocrysts of
biotite and ~1% phenocrysts of orthopyroxene. Apatite
and opaques are observed as accessory minerals.

The Tupungato Volcano is located approximately at
latitude 33° 15'S (Figure 1 ). Tupungato is a strato-
volcano with lava flows and pyroclastic material that
'is part of a volcanic complex which also includes the
Tupungatito, San Jose and Marmole jo Volcanoes (Moreno,
1974). The volcanic activity in this area began in the
Pliocene and continued up to the recent. The main rock
types are calc-alkaline andesites and possibly trachytes.
Oxihornblende is a typical phenocryst in the lavas.
Plagioclase and clinopyroxene are also present as
phenocrysts. Sometimes augite, olivine and biotite
are observed in the groundmass.

801 is a porphyritic low-K-andesite from Antuco
Volcano. It consists of ~25% groundmass; 60% plagioclase
phenocrysts (An 65-60); 10% olivine phenocrysts and ~ 5%
clinopyroxene phenocrysts.

The Antuco Volcano is located approximately at
latitude 37030'8. This volcano is part of a volcanic
complex formed by the Sierra Velluda, Cerro Condor and

Antuco volcanoes (Vergara and Katsui, 1969; Vergara, 1974).
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Two units are observed in the Antuco Volcano: the Somma
(also called Laja Volcano) and the Central cone (which is
properly the Antuco Volcano). According to Vergara and
Katsui (1969), the activity of the Antuco Volcano

started with the formation of a large strato volcano

(~10 km in diameter). Subsequent to its formation, the
area around the crater collapsed forming a caldera type
structure (Antuco I). After the formation of this caldera
a new cone developed inside the caldera (Antuco ITI)

and a parasitic cone appeared in the NE flank of the
volcano. The main cone consists of a central crater and
two subsidiary craters. The principal cone is a typical
stratovolcano whose lavas and pyroclastic flows are mainly
of olive basaltic andesite composition. Typical of these
volcanic materials are phenocrysts of plagioclase,
clinopyroxene and olivine (Vergara and Katsui, 1969).

79§ is a porphyritic high alumina basalt from Callaquen
Volcano. It consists of ~70% groundmass; 25% plagioclase
phenocrysts (An~70) and ~5% olivine phenocrysts partially
altered to iddingsite.

The Calla@uen Volcano is located at latitude 37°50'S
(Figure 1 ). It forms a volcanic complex with the Copahue
Volcano. The volcanic activity began in the Pliocene
and continues today (Moreno, 1974). The activity of

Callaquen is of fumarollic type. The lavas of these
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volcanoes are basalts with phenocrysts of labradorite,
augite and Mg-olivine in a intergranular groundmass,

and andesites with phenocrysts of labradorite and augite
in a hyalopilitic groundmass.

798 is a porphyritic low-K andesite from Llaima
Volcano. It consists of ~60% groundmass; 35% plagioclase
phenocrysts (An~55) and~5% olivine phenocrysts.

The Llaima Volcano is a large stratovolcano that
form a volcanic group with the Villarrica and Quetrupillan
and Lanin Volcanoes (Figure 1). It is located at latitude
39%43'S., Its volcanic material is mainly of basaltic
composition although andesites and dacites are also found
(Moreno, 1974).

802 is a porphyritic high-alumina basalt from
Villarrica Volcano. It consists of 50% groundmass; 35%
plagioclase phenocrysts (An 53) and 15% olivine phenocrysts.

The Villarrica Volcano is located approximately at
latitude 39°30'S (Figure 1). It is a well-shaped
stratovolcano with a large somma displaced toward the
SE (Moreno, 1974). Today the volcanic activity is
manifested thfough parasitic cones since the main crater
is blocked up (Moreno, 1974). Its lavas are mainly of
olivine andesites and olivine basaltic andesites (Klerkx,

1965). Rhyodacite and alkaline rhyolite have also been
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found. Similar to other volcanoes of this zone, the lavas
are porphyritic with phenocrysts of plagioclase, clino-
pyroxe and olivine. The plagioclase phenocrysts are
generally zoned (An~55 in the center and An~30 in the rim)
and corroded. The clinopyroxene is augite and the olivine
phenocrysts are generally small and surrounded by a rim
consisting of small grains of pyroxene. Sometimes this
'rim is double, the internal rim consisting of opaque
minerals and the external of clinopyroxene.

800 is a porphyritic high-alumina basalt from Lanin
Volecano. It consists of ~30% groundmass; ~55% plagioclase
phenocrysts (An~58) and ~15% olivine phenocrysts.

GV164 is a porphyritic high-alumina basalt from
Lanin Volcano with phenocryst of 40% plagioclase (An 75-
80) and 10% olivine. The plagioclase phenocrysts (1-2 mm)
are subhedral with glassy inclusions, and the olivine is
euhedral to subhedral. The groundmass is 10% plagioclase
microlites, 4% olivine, and 86% glass (refractive index
1.57). ‘

The Lanin Volcano is a large stratovolcano that form
a volcanic groﬁp with the Villarrica, Quetrupillan and
Llaima Volcanoces (Figure 1). It is located at latitude
39°h3'S. Its volcanic material is mainly of basaltic
composition although andesites and dacites are also found

(Moreno, 19743.



96

GV177 is a porphyritic high-alumina basalt from
Casablanca Volcano with 25% plagioclase (An?O),v5%
olivine and scarce clinopyroxene.

The Casablanca Volcano is located at latitude
40%s5'S (Figure 1 ). It forms a volcanic complex with
the Antillanca, Fiucha and Sarnoso stratovolcances.
Volecanic activity extends from late Pliocene to Holocene
(Morena, 1974a). Volcanic materials are of basaltic
composition and they rest unconformably on Mesozoic
and Paleozoic bedrocks consisting mainly of granitoids
rocks (Moreno, 1974a). 1In general the basalts contain
phenocrysts of Mg-olivine, augite and labradorite in an
iron-rich groundmass with clinopyroxene, olivine and
lahradorite.

GV170 is a aphyric high alumina basalt from Puyehue
Volcano with scarce microphenocryst (less than 0.5 m)
of plagioclase (8%, An7o) and olivine 90.5%) partially
altered to iddingsite. The groundmass is plagioclase
microlites (25%, clinopyroxenes (5%), opaque (0.5%) and
glass (61.9%).

The Puyehue Volcano is located at latitude 40°35'S
(Figure 1 ). It.forms a volcanic complex together with

the Carran, Los Venados, Mencheca, Cordon Caulle and

Cordillera Nevada Volcanoes (Moreno, 1974a). The volcanic

activity in this area began in the late Pliocene and
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continues up to date. Moreno (1974c) has distinguished
three different sets of volcanic rocks: basalts, andesites
and dacites. Carran, Los Venados and Mencheca consist

of basalts, Cordillera Nevada is composed mainly of
andesites and Puyehue Cordon Caulle volcanic group 1is

mainly dacitic.
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APPENDIX II

ANALYTICAL PROCEDURE: INSTRUMENTAL
NEUTRON ACTIVATION ANALYSIS BY USING Ge (Li) DETECTORS

INTRODUCTION

The determination of the abundances of the elements
studied was carried out by Instrumental Neutron Activation
Analysis. The Neutron Activation Analysis technique, its
importance and its applications, has been discussed in
different works and papers (Wahl and Kramer 1967; Wayne-
Meinke, 1955; Mapper, 1960; and Schoeder et al., 1966).
The Instrumental Neutron Activation Analysis and its
applications to the study of igneous rocks has been discussed
by Gordon et al. (1968) and Hertogen and Gijbels (1971).
This technique allows the exact and precise determination
of some 25 to 30 elements to the ppm level.

Radioactivation Analysis is any process of nuclear
bombardment which enables a particular element in a sample
to be determined by its induced radioactivity. When neutrons
are used as the bombarding particles, the method is generally
called neutron activation analysis (Wayne-Meinke, 1966).

The interaction between a neutron and a target nucleus
depends upon the energy of the neutron and the nature of
the target nucleus. The nuclear reaction proceeds in two
steps, both being separated by an interval of time of

about 10"16 sec. During the first step, neutron and target
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nucleus form a compound nucleus. This is highly energetic,
since it contains the kinetic energy of the incident
neutron plus its binding energy which is about 7 MeV.

This high energy content makes the compound nucleus unstable
and in a second step it starts decaying by emission of one
or more particles or by emission of gamma radiation. The
kind of radiation emitted by this compound nucleus depends
in great part on the energy of the incident neutron. The
.greater the incident neutron energy the greater the
probability that the emitted radiation is a particle instead
of a gamma ray. Therefore if one's interest is centered

in a (n,Y¥) process, the sample must be irradiated with

slow neutrons.

The intensity of the gamma radiation emitted by the
compound nucleus is proportional to the amount of element
present in the sample, irrespective of its state of chemical
combinafion since the process is entirely nuclear in nature.

The activity which has been induced in a given isotope
at the end of an irradiation time, ti, is given by the
following relation:

1
Ao

o8N ML x w l-exp(-pti) (1)

¢ = neutron flux at which the sample has been

subjected. This quantity is expressed in

2 1

neutrons x cm™“ x sec™* .,
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0" = cross sections of the given isotopes expressed
in barns.
8 = isotopic abundance of the isotope that is
activated. ‘
N_'= Avogadro's Number.
M = Atomic weight of the element.
w = amount of the element in the sample irradiated.
= radioactive decay constant of the isotope
formed during the irradiation time = 0.693/t%.

ti = irradiation time.

The product of (¢'G'9'NO'M'1) for a given ¢ and a
given isotope is generally tabulated under the name of
"saturation activity". So, the expression (I) can be

written simply as:

A =SA - w- l-exp(-Ati) (11)

A given radioactive nuclei emits a gamma ray or a
set of gamma rays whose energies are characteristic of
that particular nuclei and thus it is possible to distinguish
one isotope from another. Sometimes the gamma rays emitted
by different radionuclides are so similar in energy that
they cannot be adequately resolved in the gamma ray spectra.
When this happens, it is necessary to isolate the radio-
nuclei by using chemical methods such as precipitation,

solvent extraction, ion exchange separation etc. The
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application of Instrumental Neutron Activation Analysis
with high-resolution lithium-drifted germanium detectors
gives very good resolution for gamma ray energies,

reducing the need for wet chemistry after irradiation.

This means that the neutron irradiation is followed by
counting without any chemical separation and it is possible
to determine by this method at least 30 elements in rocks
(Allen et al., 1962). |

The activity, Ac, after a time tc after the irradiation
is given by the following relation also derived from the
rélationship for the radiocactive decay process:

A, = Ao-exp{fhtc) = SA-w[l-exp(-Ati)] - [exp(-htc)]
(I11)

If equation IT is remembered it is possible to see
that, at least theoretically, meutron activation analysis
is an absolute technique, since it is possible to calculate
w if all the other quantities are known. In practice, |
complications arise from uncertainties connected with the
irradiation process, such as variation in the flux during
the irradiation time, changes in the energy distribution
of the bombarding neutrons, etec. For this reason neutron
activation analysis is carried out in a comparative way:

a standard containing a known amount of the nuclide to be
determined is irradiated together with the unknown. Since

all the terms in equation III, but w and Ac are the same
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for the sample and for the standard, the unknown amount
of nuclide can readily be calculated from the relative
activities (or some other quantity that is proportional
to the activities such as the relative intensities) at
a common time tc.

The relative character of the neutron activation
analysis also requires that sample and standard be counted
~in the same position relative to the radiation detector,
so the fraction of the emitted radiation which is detected
is the same for sample and standard. Since it is not
possible to count the radiation from one sample and
standard at the same time, it is necessary to correct
the counts to the same time. Later on in this chapter

this point will be discussed again.

EXPERIMENTAL
The present work was carried out through the following
steps:
1. Preparation of samples and standard for irradiation.
2. Irradiation. '
3. Gamma ray spectrometry.
4, Determination of elemental concentrations.

1. Preparation of samples and standard for irradiation

This step can be subdivided into the following steps.

1.1 Preparation of stock solutions. Before starting
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with this substep one has to have in mind the following
three factors: First, Instrumental Neutron Activation
Analysis is a comparative method and the best results are
obtained when the amount of the element of interest in

the standard is approximately equal to the amount of the
same element in the amount of sample to be irradiéted.

This means that it is necessary to have an idea of the
abundance of that element in the rock to be studied. In
this work it was assumed that the abundance of the elements
of interest in the Chilean plutomic rocks was approximately
edualix)that of the average circumpacific granodiorites
(Taylor, 1969).

Second it is necessary to know what the concentration
of the standard solution will be for the element of in-
terest. The procedure to determine this is: into one of
the polyethylene vials used for irradiation was put about
0.5 gr of rock sample. 1In another vial of the same
dimensions silica (specpure) was added to reach the same
height that the rock sample attained in its respective
vial. Then, a minimum volume of water necessarj to wet
the silica was added. The same volume of standard solution
must have the element of interest in about the same amount
as is found in the 0.5 gr of rock sample. With this in
hand one knows the concentration that the standard solution

must have in a given element.



104

Silica is used as the carrier because it is a low
cross section material and is the dominant oxide in rocks.
This reduces one of the principal errors that can be
produced during the irradiation, the self shielding or
lack of uniformity of the flux within the sample. This
error is proportional to the cross section that a given
material offers to incident neutrons. On the other hand
the requirement that the height of the silica in the vial
must be equal to the height of the sample in its respective
vial, assuming both vials are equal, is due to geometric
reasons mentioned before.

Third, before starting the preparation of the stock
solutions it is necessary to determine the volume of the
standard solution to be prepared. It is advisable that
this volume be greater (in ml.) than 10 x the number of
elements that the standard solution is going to contain.
The reason for this will be discussed next.

Now one is ready to start the preparation of the
different stock solutions. The concentration of each of
the stock solutions must be such that 10 ml. contains the
amount of element necessary to prepare the volume of
standard solution in the required concentration for that
element. The reason for this is simple; the error one
makes when pipetting 10 ml. of solution is less than the

error one makes when pipetting 5 ml. or less. With this



105

reasoning one might think: why not pipette 15 ml. or
more instead of 10 ml.? The error one can make pipetting
10 ml. is already small enough that it is not justifiable
to pipette a volume greater than 10 ml.

The method used to prepare the stock solutions was
the following:

A. The stock solutions of REE were prepared from
their respective oxides of high purity (99.99%). Since
some of the REE can form non-stoichiometric oxides,
ultimate standardization was by titration.

The necessary amount of REE oxide was weighed to
five places and then transferred to a teflon beaker. The

oxide was dissolved with 1:1 vycor distilled HNO. and the

3
solution was evaporated almost to dryness. The solution
was then diluted in a volumetric flask, to 250 ml. with
deionized water and transferred to a clean, dry, poly-
ethylene bottle.

B. To obtain a stock solution of Th, the necessary
amount of this element was weighed and transfered to a
Teflon Beaker. About 10 ml. of HCl concentrate was added
and the result is a black precipitate of ThC1,? This is
treated with about 10 ml. of HNO3 and the formation of a
green residue is noticed. With a further addition of one

drop of HF appears a white precipitate. The addition of
10 ml. of Hzo and heating makes the solution completely



106

clear. Then the procedure continues as before: evaporation
to almost dryness, dilution to 250 ml. and transferring to
a clean, dry, polyethylene bottle.

C. The stock solutions of Hf and Ta were prepared
by dissolving the necessary amount of Hf and Ta in HF.
This solution was evaporated almost to dryness, diluted to
250 ml. with deionized HZO and then transferred to a
polyethylene bottle.

D. The stock solutions of Cs and Rb were prepared
from Cs and Rb acetate respectively 99.9% pure. These
acetates are very hygrosopic, therefore it is necessary
to subject them to successive heating to 110°C and cooling
to reach constant weight. Then the substances were
transferred to a teflon beaker to be subjected to the
same treatment given to the REE oxides.

E. The stock solution of Fe was prepared from Fe
wire standard. Iron was not determined because the samples
were contaminated with Fe during their preparation. The
Fe wire was treated with very dilute HNO3 in order that
the only possible reaction be that of electronic inter-
change between H and Fe. It is difficult to accomplish
this. The absolute standardization of Fe was by Atomic
Absorption.

F. Stock solutions of Ba and Mg were not prepared

because the abundance of these elements in rhyolites is
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high and one must use a lot of reagent. The necessary
amount of Ba (as BaCOB) and Mg to prepare the standard
solution were weighed accurately, then treated with an
adequate amount of HNO3 in order to get a solution of

Ba++

and Mg++ nitrate and this solution was transferred
directly to the volumetric flask containing standard
solution.

1.2 Standardization of stock solutions. In most

of the cases the definite determination of the concentration
of the stock solution was done by back titration of copper
standard solution against EDTA. The method applied were
those described by Welcher (1958). Reagent grade copper
foil was carefully weighed to five places, dissolved in

1:1 vycor distilled HNO.,, and diluted with distilled

3
* water to a convenient volume. This solution was trans-
ferred to a clean, dry polyethylene bottle and was used
as the copper standard solution. An EDTA solution was
prepared and standardized with respect to the copper
solution. After that most of the stock solution was
standardized with respect to the copper solution by
titration.

An illustration of the procedure used to standardize
the stock solution of REE is described; to a 50 ml

erlenmeyer flask was introduced a small amount (10-20 ml.)

of water. The pH value was adjusted to ¥ with a concentrated
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solution of acetic acid and NaOH. The success of the
titration depends on proper adjustment of pH. Then a
given amount of stock solution is added. As one has an
idea of the concentration of the stock solution the

amount 6f it used in the process must be such that EDTA
reacts mainly with the element of interest and only the
excess of EDTA reacts with cutt. An excess of EDTA is
added together with two or three drops of PAN indicator.
The solution is heated to facilitate the reaction of

EDTA with the element of interest. The normal concentration
of the stock solution is calculated by applying the follow-

- ing relation:

_ NEDTA x VEDTA - NCu'' x Veu'"

Nss v )
ss (IV)
where ss means stock solution.
The normal concentration expressed in equl’l is

later expressed in (ygr x ml'l) by applying the following
relation: '
C(yer x ml';) = %ﬁig;ce (er eq'l) x N(eq x 1'1) x 1073
(1 x mt )x loé(qgm x m 1)

' -1y _ At.w, 3 :
Clyer x m177) = 3once X N X 10 (V)

As EDTA always reacts with REE, Th, Hf, etc. in the
ratio 1:1 the value of the valence is the unity and there-

fore for these cases one has:
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Clyer x ml—l) = atomic weight x N x 10° (VI)

1.3 Preparation of standard solution or flux monitor.

This procedure is very simple. It consists in taking

from the stock solution the volume containing the necessary
amount of the element of interest to prepare the standard
solution and adding this volume into the volumetric flask
in which the standard solution is being prepared. After
all the elements to be analyzed are in the volumetric

flask in the required amount, the final volume of the
standard solution is completed with deionized water.

Even when the process itself is simple it is advisable
to follow the following order when adding the different
elements: First, introduce all those solutions containing
F~. Second, introduce the solution of Ba''. After this
the formation of a white precipitate of BaF2 occurs. This
is soluble in HNOB. Third, introduce those solutions
containing N03_.

1.4 Preparation of vials to be irradiated. Into

three vials of polyethylene were put approximately 0.5 gr
of powdered rock sample. Assuming that the diameters of
the vials are equal, it is important that the height of
the sample be equal in all three. It must be remembered
that the NAA is a comparative method of analysis and for
this reason, the geometry is an important factor. Then

the amount of sample in each vial was weighed accurately.
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Into a fourth vial was put silica (specpure) to reach
the same height as the samples have in their respective
vials (in order to keep the same geometry). Then the vials
are placed under the infrared lamp to e&aporate the water
present; This process must be carried out carefully.
Placing the lamp too close to the vial can cause deforma-
tions of the capsule which affects the geometry in
subsequent counting.

In all the processes carried out in this step, one
has to avoid any kind of contamination of the samples
and of the reagents used.

2. Irradiation

The four vials were sealed, placed in a sample
carrier ("rabbit") and subjected to a flux of 2 x 1013
neutrons x cm > x sec”t in the core of the M.I.T. nuclear
reactor. Following the irradiations the rabbit was
delivered from the reactor within a few seconds via a
pneumatic tube. After short irradiations (2 minutes)
the samples were allowed to "cool” two hours before
observation of .species with half lives from 2.32 h (Dy)
to 15 H (Na). After long irradiation (2 hrs.) the samples
were allowed to "cool” 5 days before observation of species
with half lives from a few days to many years.

3. Gamma Ray Spectrometry

Before counting, each vial was placed unopened in
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another special vial that fits in the holder in front of
the detector.

Gamma ray spectra of each sample were taken several
times after irradiation in order to study each of the
elements of interest according to their respective half
lives. Following the experiences of Gordon et al. (1968)
and Buma (1970) the schedule of counting is given in
Table 27.

This table also contains the detector and photo-
peak (expressed in kiloelectron volts) used in the
determination of the abundance of the element of
interest.

A block diagram of the counting equ%pment is shown
in Figure 39 (Zoller and Gordon, 1970). Two different
Ge (Li) detectors were used: one of effective volume
of 18 cmB and the other of effective volume of 0.5 cm3.
The first one has greater efficiency than the small one
and was used for observing high energy gamma rays.

The FWHM (full width at half maximum) of the photopeak
produced by 661.6 KeV gamma rays from 13705 was abvout
2.5 KeV. The émall detector, LEPS, (low energy photon
spectrometer, FWHM approximately 0.4 KeV at 14.4 KeV
(Zoller and Gordon, 1970), has better resolution than

the 18 cc and is most effective for photons from about 10 to
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150 KeV. It was used up to 400 KeV.

Pulses from the detector were passed through
preamplifiers and linear amplifiers which include a base-
line restorer to maintain better resolution of the pulses
at high count rates. The amplifier pulses were fed to a
4096-channel analog to digital converter (Packard) and
the digital information was stored in a 4096-word core
memory (Packard) (Zoller and Gordon, 1970). The information
from the analyzer memory was printed and it took about two
minutes to empty the full memory. The output information
is a tape that exhibits the number of the channel and the
number of counts in that channel.

Radioactive nuclides were identified on basis of
energies and intensities of the peaks. Most species emit
several gamma rays, so the intensity pattern of the
several gamma rays can be used as a help for identification.
Energy calibration is determined from a calibration curve
for each detector. These calibration curves were obtained
by making use of the standards given in Table 28. This
table also includes the detector used to get the curves, and
the energy of the gamma rays emitted from the different
standards. The last column includes the relative

intensity of the 241 Am peaks.

The calibration curve is nothing other than an energy
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vs. channel curve. This is indispensable in the identifi-
cation of the species. 1In these curves it was assumed
that the variation of the energy with the channel number
is linear over small energy regions. A

In order to maintain constant geometry, samples and
standard were placed in the same position for counting.

L, Determination of elemental abundances

In order to determine the abundance of the elements
of interest, the data given by the instrument were treated
following the method proposed by Denechaud (1969). In
this method, instead of comparing the total area under a
given peak in the sample and standard (this area is
proportional to the activity induced during the irradiation
in the particular isotope) only a fraction of the peak is
analyzed. This fraction generally corresponds to one FWHM.
This method tends to minimize the statistical counting
error and the error in the placement of the baseline. The
fundamentals of the method are discussed by the mentioned
author. Therefore I will describe only briefly the mechanics
of the method.

The data output is graphed on a three-cycle semilog
paper. Thé axis of the ordinates represents the number of
counts per channel, and the axis of the abscissas the
channel number.

The number of counts in each channel of a given peak
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includes those that are associated with gamma rays of the
isotope of interest and those which are associated with
higher energy gamma rays (via Compton interactions).
Therefore it is necessary to subtract from the total

number of counts in each channel those counts in that channel
at the base of the peak. It is very important to trace

the baseline as exactly as possible. The first step in
this task is to find the peak channel, X which is
.generally the channel with the highest number of counts,
but in those cases where the peak is not smooth. X, is
taken as the channel which corresponds to the maximum of a
smooth curve drawn through the data. When everything works
properly, X, is the same for each sample (i.e., no gain
shifts).

Smooth curves are then penciled in through the data
points at the beginning and end of the peaks. Tentative
baselineé are drawn in such a way that they start at
the last channel before the peak and are tangent to the
curve just past the peak. These tentative baselines are
then compared between the four samples and the definitive
baseline is drawn from the best value for the last channel
before the peak and the best point of tangency to the curve
just past the peak.

The half maximum of the peak under study is calculated

in the standard. This is given by the following relations
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B is the number of counts corresponding to X,
B' is the number of counts under the baseline at b S

B' is read from the graph.

Once HM has been calculated, one determines the number
of channels in the peak which have a number of counts
‘equal or greater than HM. This number is W. The area
under the peak in the range of W and above the baseline
is the area that is compared between sample and standard.
W must be equal for samples and standard and correspond
to those channels in the peak with the largest individual
counts.

To calculate the peak areas (Gordon et al., 1968)
it is necessary to determine the median channel in the
range W. From the graph, the number of counts under the
baseline at the median channel is read. This number is
designated as Y. Then the product Z = W « Y is determined.
This number represents the area under the baseline in the
range of W. Then the sum of the gross counts in the range
W is calculated. This number, that is designated as V,
represents the area under the peak in the range W. There-
fore the net peak area of interest, S is equal to the
difference V-Z.

Samples and standard are counted at different times
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(always the standard was counted first). Therefore if one
wants to compare the net area of the sample with that of
the standard, one has to correct to a common counting

time by applying the decay law through the following

relation:
Sc = S x exp (At) : (VII)

Sc is the area the peak would have if the sample
would have been counted at the same time as the

standard. Sc is the corrected area.

S is the area of the peak calculated from the data

provided by the instrument and from the graph.

DA is the decay constant for the given isotope.
This is equal to 0.693/t; where t; is the half life
] 2

of the isotope.

t is the time which has passed between the counting

of the sample and that of the standard.

Note: if t is expressed in minutes, A must be
expressed in inverse minutes.
t of equation VII is calculated through the following

relation:
t = (13i +xi) - (130 +xo)

Bo is the time at which the counting of the standard
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started (provided the standard was counted first).

Bi is the time at which the counting of the sample

started.

It is advisable to use the 24-hour time of day method
to determine the values for B  and B;. For instance,
suppose that the counting of the standard began at 10 PM
of July 27 and that of the sample at 7 AM of July 28.

In this case B = 22 hours and B; = 24 + 7 = 31 hours.

The values for Xi and Xo are calculated in a different
way according to the half 1life of the isotope of interest.
If the half life of this is much greater than the counting
period X represents the midpoint of the counting period
of the sample and XO represents that of the standard.

They are calculated according to these relations:

X; = 0.5 (CP + CP x DT,)
(IX)

Xo = 0.5 (CP + CP x DTo)
CP is the counting period set by the operator.
DT° and DTi are the dead times when the counting of

standard and sample start respectively.

If the half life of the radioactive isotope being
determined is of the same order of the counting period (Dy,
for example, if it is counted for one hour), X, and X; of

the expression (IX) are calculated through the following
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relation given by Kerstin Low (1964).

X,

|

Once one

= 0.5 CD - % 1n (l:QIQ':ﬁ?ﬁ\
o] 1-DT e
o (X)
1 1-DTi
= 0.5 C? - = 1n ( )
M 1-pre”®F

has the corrected value for the areas of

samples (provided the standard was counted first) the

final step is

to determine the abundance of the element

under study and express it in ppm. This can be done

by applying the following relation:

¢y (ppm) - SEsamplezzftd x Lg | (XI)

E stands for the element of interest.

CE is the concentration of the element of
interest, expressed in ppm, in the rock
under study.

SE is the corrected area for the element in the

sample.

Sstd 1is the net peak area of the std.

As is the amount (expressed in grams) of the

rock irradiated.

LE is the amount of element V in the standard.

LE can be calculated from the following relation:

LE — CEss x Vssupst.s x VstE

Vtst.sp
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CESS is the concentration of the stock solution
in element E.

Vssupst.s 1is the volume of stock solution used to
prepare the standard soiution.

Vst.sE volume of standard solution put in the
vial to be irradiated.

Vtst.sp is the total volume of the standard

solution prepared.

At this point one has finally reached the aim of the analy-
tical procedure, i.e., to determine the trace element
abundance in a given rock sample. It is advisable to
calculate the counting statistical error involved in the
determination of each element. This error gives an idea

of how good was the peak used in the determination of

the element and therefore measured the precision of such
determination. The following expression (Quittner, 1972)

is applied:

Area = S '-*-'\[ Vv + (w/2 + 1/2)2 x 2y

An example will illustrate the aplication of this
expression. Let's calculate the statistical error involved
in the determination of Hf in the sample GV164. This
sample was irradiated with the standard labeled Ul3. The
data for Hf in the standard are the following{

S = 13342 V= 16042 w=2>5 y = 540
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Therefore:

Area Sid = 13342 z‘laeou s (5 +%)%x 2« 540 = 13342 = 160.5

The data for Hf in GV1é4 is S = 1860, V = 4310,
w=25,y =490

Therefore:

Arca GVI64 = 1860 & JASlo + (Sl2+ 'R)* » 2 24930

After applying the time correction for GV164 we have:

1860 = 114.6

Se(Gvivd) = 1864.8 ¢ 114.9

LE = 9.41 and As = 0.36963ge. Therefore, applying the
expression K| , the concentration of Hf in the GV164
will be

Cys(ppm) = LI 149)/ o3z ¢ 1605) |, g 4

0-36963
2 2
C He (?fm) - QM%MZ_, + 1864 |3M2)J( M%MO) * ('5%42) x §.4)
| 0. %6963
Cw () = 36 = 0.2
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MAJOR ELEMENT DETERMINATION BY ELECTRON MICROPROBE ANALYSIS
The major element compositions of the following samples:

797 (Tupungato), 798 (Llaima), 799 (Callaguen), 800 (Lanin),

801 (Antuco) and 802 (Villarrica) were determined by

electron microprobe analysis on fluxed glass. Approximately

1 gr of rock sample ground to 100 mesh was accurately

weighed in a porcelain crucible. The sample was heated

to 1000°C for an hour in a muffle furnace. Then it was

cooled in a disecator, and weighed again, in order to

determine the loss by ignition. 0.5 gr of this sample

was mixed with an equal amount of lithium tetraborate

flux which had been previously heated to 500°C for one

hour. This substance reduces the temperature necessary

for the complete fusion of the sample. The flux and #he

sample were thoroughly mixed, transferred to a graphite

crucible, and heated to 1000°C for an hour in a muffle

furnace. It has been proved that this temperature and

this period of heating afe necessary enough for complete

melting and homogenization of the sample (Watson, personel

communication) with no loss of alkalies. The sample was

then quenched on an aluminum plate ¢1/2 cm thick). The

resulting glass was sectioned and checked under the

microscope for homogenity. After this, a selected piece

of glass was mounted in epoxy in a hole drilled in a

resin disk and polished. The mounted fluxed glass was
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stored in a désecator. Shortly before the determination

by electron microprobe, the fluxed glass was carbon coated.
Then the glass was analyzed by standard electron microprobe
techniques using a low beam current and a 50 micron diameter
spot. The USGS standard GSP-1 (granodiorite) was used

as standard for K and Al. The USGS standard BCR-1

(basalt) was used as standard for Fe, Mg, Ca, Na, Ti and

Mn. The USGS standard AGV 1 (andesite) was used as

standard for P and Al. Five point determination were

done on each sample. The result is the average.
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Sio
A1203

Fe203

FeO
Mg0
Ca0

Na20

K20

T102
Mno

on5

H,0 + co2
Total
Mg/Mg+3iFe

Normative
Quartsz

MAJOR ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE COASTAL BELT VOLCANICS

TABLE 2

ANCUD
High-Alumina Basalt Low-Silica Andesite Andesite
CH-6 CH-30 CH-8 CH-21 CH-19 CH-15 GV0-63
49.61 52.57 52.32  53.97 57.76  59.50 59.89
18.20 16.96  19.77 17.04 17.42  16.50 16.54
4,02 2.17  3.66  2.04 2,12  3.21  3.97
3.10 5.3 1.7  5.58 b.4o  1.88  1.26
5.07 5.22 4,07  4.87 4,07  2.93  3.68
8.15 7.97  7.20  7.76 6.41  5.80  4.84
4,11 4,11 4.39 3.51 3.47 4,28  L4.00
0.76 0.88  0.84 1,08 1.65  2.12  2.37
1.61 1.21 1.27 1.30 0.70 0.65 0.72
0.66 0.11  0.02  0.09 0.08  0.04  0.00
0.19 0.27  0.20  0.31 0.20  0.13  0.26
4.79 3.85 4,23  2.30 1.48  2.65  2.90
99.67 100.66  99.71  99.85 99.76  99.69 100.43
0.57 0.56  0.59  0.54 0.53  0.52  0.58
0.14 1.14  3.36  5.47 10.52  12.24 13.24
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TABLE 2 (continued)
MAJOR ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE COASTAL BELT VOLCANICS

TEMUCO LOS ANGELES
Andesite Dacite
I-2 I-3 I-9 I-13 I-1 T-18

510, 58.37 58,61 58.75 59.90 61.31 63.20
A1,0, 17.15 17.18 17.50 16.96 14.00 1k.ko
Fe 0, 2.68 2.80 4.02 3.23 2.02 1.48
Fe0 3.60 2.66 1.87 2.37 3.43 3.37
Ng0 b.73 3.28 3.34 3.53 L.,62 2.60
Ca0 6.87 6.64 5.77 5.35 k.95 4.02
Na,0 3.78 3.24 3.94 k.oo 2.76 4.00
K,0 1.42 1.54 1.22 1.40 2,09 2.51
Ti0, 0.79 0.69 0.64 0.58 0.56 0.59
MnO 0.14 0.11 0.09 0.10 0.12 0.10
P,0, 0.15 0.08 0.14 0.21 0.12 0.18
H,0 + CO, 1.78 2.66 4,12 0.90 2.90 3.65
Total 100.58 99.49  100.50  100.02 100.10 100.10
Mg/Mg+EFe 0.58 0.53 0.52 0.54 0.61 0.50
Normative

Quartz 9.74 15.72 14,91 15.30 19.97 18.13
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TABLE 3 |
TRACE ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE COASTAL BELT VOLCANICS

ANCUD
High-Alumina

Basalt Low Silica Andesites Andesites

CH-6 CH-130 CH-8 CH-21 CH-19¢ CH-15 GV0-63
Sc 35.8 32.0 35.7 29.3 19.7 17.0 16.3
Cr 177 120 190 130 70 304 213
Co 34.6 32.6 30.9 28.6 20.7 22.1 16.1
Ni 90 50 55 30 25 80 60
Rb 10 15 10 20 75 300 120
Sr . 280 300 330 300 220 200 190
Ba 290 280 200 250 390 205 310
La 9.7 13.1 11.8 16.3 18.1 16.0 18.7
Ce 23.2 27.9 25.7 31.6 38.2 30.3 38.1
Nd 14, 19.1 15.4 18.2 21.6 15.9 19.6
Sm 3.35 4,95 4,37 5,11 4,16 3.61 L.,72
Eu 1.34 1.35 1.29 1.36 0.96 0.86 1.05
Gd 3.7 3.1 3.3 3.8 5,7 3.2 L.8
Ho 0.9 1.2 1.2 1.2 1.0 0.7 0.9
Yb 2.6 2.7 3.0 2.8 2.0 1.7 1.9
Tu 0.38 0.48 0.48 0.48 0.37 0.33 0.32
Eu/Eu* 1.18 1.0 1.0 0.9 0.6 0.8 0.7
Hf 3.3 3.7 3.8 3.8 3.9 Lb,1 4,6
Ta 0.48 0.51 0.56 0.49 0.76 0.68 0.92
Th 1.8 2.5 2.9 2.6 6.6 5.4 5,8
U 1.0 1.5 2.4 1.8 1.8 3.6 1.9
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TABLE 3 (continued)
TRACE ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE COASTAL BELT VOLCANICS

TEMUCO ____10S ANGELES
Andesites ' Dacites
Iz T3 I9 T13 T17 T18
Sc 22.0 18.7 21.8 16.75 18.5 18.3
Cr 73 32 56 73 338 84
Co 22.8 13.2 24,3 15.8 20.6 11.9
Ni 20 - - 20 60 35
Rb - 35 - - 35 60 75
Sr 350 - - 420 225 300
Ba 270 560 220 320 410 600
La 10.0 21.8 9.5 11.2 12.8 15.5
Ce 23,1 41,6 21.9 26.2 29.6 31.6
Nd 13.2 21.8 11.7 13.4 18.8 21.2
Sm 2.78 " 4,37 2.46 2.82 4.85 4,98
Eu 0.84 1.22 0.77 0.75 0.98 1.11
Gd 2.7 5.4 2.6 3.1 L.,1 Lb,9
Ho 0.7 0.9 0.6 0.6 1.1 1.1
Yb 1.8 2.4 1.5 1.5 3.2 3.4
Lu 0.30 0.38 0.23 0.24 0.58 0.58
Eu/Eu* 0.9 0.8 0.9 0.8 0.7 0.7
HE 2.8 5,1 2.6 3.8 '6.78 4.9
Ta 0.30 0.53 0.23 0.39 0.2 0.35
Th 3.1 6.2 2.6 3.1 L4y 4.8
U 1.1 1.7 1.0 0.7 1.7 1.

All abundances in ppm. Ni, Rb, and Sr abundances from Oyarzun, 1971. Other
elements determined by instrumental neutron activation (Gordon et al., 1968).
Eu/Eu¥ is the ratio of the observed chondrite-normalized Eu abundance to that
expected by extrapolation from Sm to Gd. The accuracy and precision of the

technique have been discussed by Frey et al., 1974.
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GEOCHEMICAL CHARACTERISTICS OF ANDESITES

TABLE 4

AND DACITES

K,0/
FeO*
eMgé 2 Na,0 Kéb T% Laéb Rb Sr Ba Ia Th
Island Arc Andesites
Average 2 <2 <0.8 430 3.2 6.2 30 385 270 11.9 2.2
Aleutians (P) - - 522 - - 26 434 - - -
Central-South Chile Andesites'®)
Ancud 1.5 0.52 103 2.3 9.3 165 203 301 17.6 5.9
Temuco 1.5 0.38 335 3.3 7.2 35 385 341 13.1 3.7
Continental Margin Andesites
Average ‘&) >2 0.6-1.1 230 >3.2 6.2 730 7385>270>11.9 >2.2
Northern Chile (a) 1.8 0.5 225 - - {80 700 ¢80 - 7
(c) ' ' 281 74 1555
Tupungato 1.6 0.42 - - 11.6 - - - 19.1 -
Island Arc Dacites
Average (a) 2.6 0.45 380 2.7 10 45 460 520 1k 1.7
Aleutians (b) - - L79 - - b5 485 - - -
Central-South Chile Dacites
Los Angeles ‘¢ 1.5 0.68 270 2.6 b2 67 262 505 14.1 4.6

Continental Margin Dacites

Northern Chile

(a)

215

138 416 - - 19



TABLE 4 (continued)

a) Jakes and White (1972)

b) DeLong (1974)

¢) This paper

d) Siegers et al., (1969), Pichler and Zeil (1972),

Rhodes and Ridley (1971).

All abundances in ppm. FeO* indicates total iron

as FeO.
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TABLE 5

SOLID/LIQUID PARTITION COEFFICIENTS USED IN
FRACTIONAL MELTING MODELS

Amphibole Clinopyroxene Garnet

K 0.67 0.06 0.05
RDb 0.25 0.05 0.03
Sr 0.50 0.15 0.008
Ba 0.50 0.08 0.04

' Sc 2 3 8.3
Cr 5 33 20
Co 1.1 2 L.,o
Ni 3 3 0.7
La 0.2 0.1 0.005
Ce 0.25 0.15 0.007
Nd 0.45 0.35 0.030
Sm 0.60 0.55 0.25
Eu ' 0.70 0.60 0.35
Ho 0.65 0.65 1.2 - 4
Er - - 1.6 -6
Yb 0.40 0.60 3.0 - 10
Lu 0.35 0.55 - -

Amphibole partition coefficients from Griffin and Murthy
(1969), Higuchi and Nagasawa (1969), Gunn (1972), DeLong
(1974), and Frey (1974). Clinopyroxene partition coefficients
from Onuma et al., (1968) Philpotts and Schnetzler (1970),
and Frey (1974). Garnet partition coefficients from Griffin
and Murthy (1969), Taylor et al., (1969), Gill (1974), and Frey
(1974). Two alternative sets of data were used for HREE
(see Figure 10).



TABLE 6
MAJOR ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE HIGH ANDEAN VOLCANICS

STRATOVOLCANOES

Tupungato Antuco Llaima *Callag. *Vill, Lanin Lanin Puyehue *Casa.

Andesite Low-K Andesites 3 High Alumina Basalt [
Sample 797 801 798 799 802 GV164 800 GV170 GV177
Latitude 33015'S 37°30's  38945'S 37050'S  39930'S 39040'S 39°40'S L40°35'S 40O45'S
si0, 61.23 53.23 54,40 51.20 52.70 49.76 51.46 51.39 50.94
A1,04 16.61 21.52 19.72 20.46 - 20.81 19.29 22.02 19.71 19.34
Fe,0, - - - - - 1.98 - 2.84 1.58
FeO b7 5,66% 7, 8lx 8.95% .11 7.96 7.33% 5.79 7.15
MgO 3.25 3,22 3.84 4.18 4.80 5,01 3.59 4.73 5,94
Ca0 4.48 9.70 9.60 9.56 10. 50 8.43 9.38 8.97 9.14
Na,0 5.05 3,87 3.48 3.23 3.32 3.65 3.89 3.26 3.31
K,0 2.11 0.49 0.54 0.57 0.4 1.14 0.70 0.69 0.55
Ti0, 0.79 0.80 1.08 1.27 0.89 1.16 1.04 1.01 0.86
MnO 0.09 0.18 0.16 0.19 0.17 0.21 0.15 0.22 0.16
P50 0.21 0.06 0.18 0.33 0.21. 0.36 0.14 0.19 0.22
H,0 + CO, - - - - - 0.53 - 0.88 0.71
Total 98.53 100.85 99.95 99.94 99.95 99.48 99.69 99.68 99.90
Mg/Mg+LFe 0.53 0.48 0.44 0.43 '0.56 0.48 0,44 0.50 0.55
goomative 7.38 1.27 2.93 - 0.9 - - 2.19 -
Normative
Olivine - - - 0.75 - 11.49 6.69 - 4,17

¥ Total Fe expressed as FeO
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TABLE 6 (continued)

MAJOR ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE HIGH ANDEAN VOLCANICS

Plateau Series
Pinno Hachado

'Trachyandesite Trachyte
TH31 TH34 TH4O0

Sio2 57.64 59.20 64,95
A1203 17.06 17.08 16.82
Fe203 3.74 2.41 3.60
FeO 3.66 3.34 0.23
MgO 2.06 1.48 0.64
Cal 3.18 2.44 1.82
NaZO 6.18 6.00 4,33
K20 3.05 3.71 4. 40
T102 1.74 1.06 0.52
MnO 0.19 0.15 0.10
P205 0.71 0.42 0.09
H20 + 002 0.43 2.40 2.22
Total 99.64 99.69 99.72

¥Callag. = Callaquen

*#Vill, = Villarrica Mg/VMg+ZFe 0.34 0.32 0.25

*¥Casa. = Casablanca Normative
Quartsz 1.94 2.86 18.80
Normative
Olivine - - -

ST



TABLE 7
RESULTS OF THE ANALYSIS OF THE USGS-AGV I MADE IN THIS WORK

This Work Flanagan Difference in %
$i0, 61.46  0.05 60.47 1.6
A1203 17.60 0.05 17.68 0.4
FeO* 6.08 0.03 6.26 2.9
MgO 1.56 0.02 1.57 | 0.6
Cal .75 0.02 5.02 5.4
Na.,0 L.4h  0.11 4.37 1.6
K20 2.56 0.05 2.96 13.5
TiO2 1.10 0.01 1.07 2.8
P205 0.51 0.01 0.50 2.0
MnO 0.07 0.01 0.10 30.0

The errors shown are the standard error of the mean. The
data are compared with those obtained by Flanagan (1973)
for the same USGS standard rock. FeO¥ is total iron
expressed as FeO.
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TABLE 8
TRACE ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE HIGH ANDEAN VOLCANICS
STRATOVOLCANOES

Tupungato Antuco Llaima Callaguen Villarrica Lanin Lanin Puyehue Casablanca
Andesite Low-K Andesites High Alumina Basalts
797 801 798 799 802 GV164 800 GV170 GV177
- - - - - 30.7t0.1 - 36.840.2  32.640.1
- - - - - 25+3 - 116 12 9912
- - - - - 35.7:0.4 - 31.3%0.3  36.620.4
L6 g b By wls B9 A%
19.1 . 16. 19.9:0. 17 .7 20. 420,
32,4 1l 5.; 1Z.9 32 8 12% 47,5:1.3',7 36.4 21-; +0.8 15.2 0.8
17.9 10.3 11.7 23.4 9.0 26.0:1.3 22,3 12.7:f1.4 9.5 Ll
3.51 2.49 3.12 4.93 2.43 5.19:0.06 4,09 3.1720.04 2.2510.04
0,98 0.94 1.1 1.23 0.89 1.45:0.05 1.42 1.05:0.04 0.8220.04
L.6 2.6 3.2 5.4 2.9 7:1 5.0 3.8 0.7 3.120.7
0.5 0.5 0.9 0.8 0.7 1.3 :0.3 0.9 0.9 202 0.7 0.2
1.1 1.6 - 2.1 1.7 2.8 :0.2 2.3 2.2 $0,2 1,8 20.2
- 0,23 0.37 - 0.27 0.46+0.02 0.32 0.42¢0.01 0.33:0.01
0.75 1.1 .1 0.73 1.0 0.75:0,06 1.0 1.0:0.1 1,020.2
- - - - - 3.6 10,2 - 2.3 0.2 1,920.2
- - - - - 0.37:0.03 - 0.24%0.01 -
- - - - - 5.7 $0.2 - 1.7 ¢0.,2 1.,420.2
- - - - - 1.7 10.5 - 1.2 ¢0.4 o0,8%0.2
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TABLE 8 (continued)
TRACE ELEMENT ABUNDANCES IN CENTRAL - SOUTH CHILE HIGH ANDEAN VOLCANICS

Plateau Series
Pino Hachado

Trachyandesites Trachyte

TH31 TH34 TH40
Se 16.3 13.0 9.0
Cr Ly 6 9
Co 7.9 5.4 6.3
Ni 20 10 5
Rb 60 100 120
Sr 350 470 285
Ba 940 810 750
La 53.3 by L 27.8
Ce 122.3 96.2 62.5
Nd 60.3 51,7 28,0
Eu . 2.90 2.56 1.03
Gd 12.0 11.0 6.2
Ho 2.0 2.1 1.
Yb L.9 L.4 3.6
Lu 0.77 0.70 0.48
Eu/Eu* 0.8 0.7 0.6
Hf 10.7 12.1 8.5
Ta 2.88 2.95 1.01
Th 8.1 9.4 16.0
U 2.4 3.9 4.9

8T



TABLE 9

FRACTIONAL CRYSTALLIZATION MODEL (MAJOR ELEMENTS) FOR THE
TRANSITION 800 (LANIN) TO GV164 (LANIN)

800 (Lanin) 0.30 Plagioclase Result(%) ‘GV164
Si02 52.0 53.4 51.5 50.4
A1203 22.3 29.8 19.2 19.5
FeO* 6.7 9.6 9.9
Mg0 3.6 5.2 5.1
Ca0 9.5 12.1 8.0 8.5
Na20 3.9 L,7 3.6 3.7
K20 0.7 1.0 1.2
TiO2 1.1 1.6 1.2
P205 0.15 0.21 0.2
MnoO 0.14 0.20 0.36

FeO* is total Fe expressed as FeO. The composition of plagioclase is An 60,
(This composition was calculated from the chemical composition of pure Ab and
pure An). The number preceding the plagioclase (0.30) indicates the weight
fraction of the initial magma that must fractionate as plagioclase. The
column Result (%) contains the major element composition predicted by the
model. This table also contains the composition of sample GV164 (Lanin).
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TABLE 10
MODAL COMPOSITION IN CENTRAL CHILE GRANITOIDS

COASTAL BATHOLITH CENTRAL BATHOLITH

G3 Gl0 GI1 G6 G5 G2 Gl15 Gi8 Gl7 Gi13 G@G1z

Qd  Ion TIon Gd Gd Gr  Gr Ton @Qmd Gd Ton
Quartz 9.9 18.6 21.6 29.6 29.3 39.8 33.3 19.5 14.8 17.7 26.0
Plagioclase 59.1 56.7 41.2 38.8 39.0 26.9 27.5 = 56.5 46.5 47.0 54.6
K-Feldspar - - - 20.4 12.7 22.9 28.5 3.9 24,7 11.8 2.2
Biotite 18.3 12.0 9.1 10.6 18.2 8.1 10.1 11.1 - 17.1 6.0
Amphibole 12.2 12.0 27.3 - - 2.0 - 8.1 12.3 6.0 10.0
Magnetite 0.5 0.6 0.8 0.6 0.8 0.3 0.6 0.9 1.7 0.4 1.2

Qd = Quartz-diorite
Ton = Tonalite

Gd = Granodiorite
Gr = Granite

Qmd = Quartz monzo-diorite
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TABLE 10 (continued)

MODAL COMPOSITION IN CENTRAL CHILE GRANITOIDS
ANDEAN BATHOLITH

e ——

G30 G22 G23 G29 G26 G27

Qmd Gd Qmd Qmd Gd Gd
Quartz 12.6 27.0 14.6 13.6 19.8 19.8
Plagioclase 52.5 38.0 49.8 44,0 45,4 47.6
K-Feldspar 20.4 18.0 21.5 24,1 17.8 17.9
Biotite - 3.1 7.1 - n.2 7.2
Amphibole 13.1 12.3 6.0 16.9 8.2 6.2
Magnetite 1.3 1.5 1.0 1.4 1.6 1.3

Qd = Quartz-diorite
Ton = Tonalite

Gd = Granodiorite
Gr = Granite

Qmd = Quartz monzodiorite

6T



Sio
A1203

Fezo3

FeO

Cal
Na 0
K,0
Tio
P205
MnO

H20 + CO

Total

TABLE 11

MAJOR ELEMENT ABUNDANCES IN CENTRAL CHILE GRANITOIDS

COASTAL BATHOLITH

G3 G10 G11 G6 G5 G2 GLl5
Qmd Ion Ion Gd Gd Gr Gr
58.70 61.44 67.35 67.77 68.78 71.16 73.00
19.18 17.14 16.24 15,71 16.29 14.65 14.33

o.40 2.54 1,86 1.27 0.89 0.63 1.04

6.18 3.15 4,02 2,14 2.09 3.12 1.41

1.73 2.27 1.03 1.05 1.08 0.60 0.65

6.65 5.15 2,48 3.53 3.15 2,98 2.41

3.98 5,12 4,06 L4.21 3.79 3.77 3.78

1.22 2,15 1.32 2.94 3,00 2.32 3.43

1.04 0.65 0.78 0.48 0.48 0.55 0.38

0.30 0.23 0.23 0.18 0.16 0.14 0.16

0.12 0.12 0.12 0.08 0.12 0.10 0.06
99.50 99.96 99.49 99.36 99.83 100.02 100.65

CENTRAL BATHOLITH

—

G18 G1?7 G13
Ion Qmd Gd
62.51 63.24 67.20
16.99 17.20 16.59
1.74 2.23 2.01
3.57 2.64 4,27
2.34 1.64 1,16
6.51 L,28 2.79
3.83 3.79  3.19
1.67 2.86 1.1k
0.63 0.84 0.77
0.27 0.25 0.18
0.17 0.12 0.12

100.23

99.09 99.42

12

To

n

67

15.
0.

1
2

6.
3.

0
0
0

99

.37

34
.60
.56
69
vy
40
45
.10
.06

.03
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TABLE 11 (continued)

MAJOR ELEMENT ABUNDANCES IN CENTRAL CHILE GRANITOIDS

Sio
A1203

Fe203

FeO

Ca0

Na,0
K..0
Tio
P205

HZO + CO

Total

ANDEAN BATHOLITH

&30 Gez  _Gz5 @29 G286
Qmd Gd Qmd amd ad
61.35 66 .06 66 .17 66.83 67.52
16.88  15.40  15.99  16.08  16.50
1.59 1.90 1.77 3.46 2.89
3.17 2.47 2.32 2.02 2.09
2.47 1.73 1.76 1.31 0.80
4.51 3.16 3.26 1.95 1.37
5.85 5.16 4.81 4.50 4.97
2.74 3.31 3.13 2.87 2.66
0.92 0.57 0.67 0.67 0.70
0.27 0.21 0.21 0.25 0.23
0.09 0.06 0.06 0.08 0.06
99.84  100.03 100.15 100.02  99.79

69.74
14.84
.70
17
.98
.83
.75
11
+53
11

O O O W wWw M o »n» +

99.88

12
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- Qtz

Or
Ab
An
Di
Hy
Mt
I1
Ap
C

Hm

Qtz
Or

ADb

An
Mus
Bio
Spherne
Mt

Ap
Andalucite
Hy

. Actinolite

TABLE 12

MOLECULAR NORMATIVE COMPOSITION IN CENTRAL CHILE GRANITOIDS

COASTAL BATHOLITH

CENTRAL BATHOLITH

G3 GlO Gll G6 G5 G2 G15
Qd Ton Ton Gd Gd Gr Gr
9.92 9.03 28.63 21.17 24.45 29.52 29.43
7.29 12.64 7.96 17.55 17.86 13.90 20.34
36.10 45.73 37.18 38.19 34.29 34.33 34.07
31.19 17.35 11.02 15.45 14.70 14,07 10.96
0.14 5,27 - 0.86 - - -
12.88 5,99 7.02 4.4 5.16 5.52 2.83
0,43 2.65 1.99 1.35 0.94 0.67 1.10
1.47 0.917 1.11 0.68 0.68 0.78 0.54
0.64 0.48 0,50 0.39 0.34 0.30 0.34
: - L,65 - 1.61 0.95 0.4k
13.56 10.74 30.05 23.71 27.36 32.66 31.11
- 8.32 - 12.33 7.29 4.35 15.12
36.10 A45.73 37.18 38.19 34.29 34.33 34,07
27.70 17.35 8.25 14.82 13.02 12.13 9.63
- - 1.66 0.88 8.00 6.03 3.40
11.65 6.92 10.85 7.35 7.78 8.40 L, 49
2,20 1.36 1.67 1.02 1.02 1.17 0.80
0.43 2.65 1.99 1.35 0.94 0.67 1.10
0.64 O 48 0.50 0.39 0.34 0.30 0.34
2.10 7.92 - - -
5.67 - - - -
- 6.49

Gl8 Gl7 Gl3 Gl2
Ton  @md  Gd  Ton
15.32  17.40 33.09 26.38
9.90 17.15 6.93 2.Lo
34.49 34,55 29.45 31.59
24,31 19.90 13.03 27.25
5.16 - - L.60
7.62 6.18 7.75 6.61
1.83 2.37  2.17  0.37
0.88 1.19 1.11 0.64
0.53 0.50  0.39 0.22
- 0.77  6.1L -
17.87 21.08 33.62 27.08
L, 21 6.15 - -
34.49 34,55 29.45 31.59
24,31 12.33 10.27 27.25
- . 2 - -
9.11 9.82 11.08  3.84
1.32 1.79 1.66 0.9
1.83 2.37  2.17  0.37
0.53 0.54 0.39 0.22
- 10.86 -
- - 0.54 2.51
6.38 - - 6.24
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MOLECULAR NORMATIVE COMPOSITION IN CENTRAL CHILE GRANITOIDS

 Qtz
Or
ADb
An
Di
Hy
Mt
I1
Ap
C

|- Hm

Qtz

Or

Ab

An

Mus

Bio

Sphene

Mt

Ap
Andalucite
Hy

| Actinolite

‘TABLE 12 {continued)

ANDEAN BATHOLITH

G30 Gz2 G25 G29 G26 G27
Qmd Gd Qmd Qmd Gd Gd
4,33 13.62 15.50 22.60 23.08 26.20
15.97 19.45 18,41 17.07 15.81 18.61
51.83 46.09 43.00 40.67 44.89 34,09
11.56 9.04 12.74 8.10 5.33  13.49
7.03 L.16 1.60 - - -
5.85 L.b7 5.56 3.65 2.57 4.39
1.64 1.98 1.85 3.51 3.04 1.80
1.27 0.79 0.93 0.94 0.99 0.75
0.56 0.44 0.44 0.53 0.49 0.24
- - - 2.89 3.85 0.47
- - - 0.10 - -
5.64 14,96 18.74 24.89 24.85 28.76
11.81 16.03 12.02 3.77 0.78 11.29
51.83 46.09 43.00 40.67 44.89 34,09
11.56 9.04 12.42 5.75 2.88 11.62
- - 0.46 13.38 16.90 4,26
6.66 5.49 9.71 5.99 4,73 6.85
1.90 1.19 1.40 1.41 1.48 1.13
1.64 1.98 1.85 3.65 3.04 1.80
0.56 0.44 0.44 0.53 0.49 0.24
8.44 L, 84 - - - -

GST



TABLE 13
TRACE ELEMENT ABUNDANCES IN CENTRAL CHILE GRANITOIDS

COASTAL BATHOLITH CENTRAL BATHOLITH

G3 G10 Gl1 G6 G5 G2 G15 G138 Gl7 Gl3 Gl2

Qd Ton Ton Gd Gd Gr Gr Ton Qmd Gd Ton
Se 26.7 15.7 17.9 5.9 6.4 19.6 h.2 14.5 21.2 19.9 18.7
\'s 60 93 70 32 37 30 25 120 80 110 85
Cr 18 11 11 16 19 10 9 18 17 17 18
Co 15.3 12.6 10.2 5.0 6.9 L,2 .1 13.4 12.6 17.0 .2
Ni 10 12 9 6 6 8 6 10 11 11 10
Rb 35 55 30 95 120 Lo 140 Ls 85 75 10
Cs 1.3 2.7 1.6 3.3 2.2 0.5 3.0 2.9 2.0 4.0 0.9 °
Sr 395 L9o 300 295 540 200 400 Lés 470 70 390
Ba 230 480 345 65 665 165 640 365 880 55 150
La 2,10 18.2 15.8 25,7 26.5 9.2 23.3 14.5 17.8 21.6 9.4
Ce h7.5 43,0 32.2 44,3 49.5 19,6 42,9 29.9 3.2 41,9 22.4
Nd 23.8 26.1 19.4 18.4 23.4 15,4 16.2 16.2 26.9 23.3 15.7
Sm L.53  5.01 L4.05 3,16 3.72 3,67 2.62 3.86 5.33 4.44 3,31
Eu 1.61 1.18 1.09 0.79 0.95 0.80 0.58 0.95 1.28 1.12 0.85
Gd 6.6 5.7 L.7 4,1 5.1 3.6 3.4 3.6 6.3 6.0 3.2
Ho 1.1 1.0 1.1 0.6 0.8 0.9 0.5 0.9 1.2 1.1 0.9
Yb 2.5 2.6 2.9 1.4 1.6 2.4 1.1 2.5 2.8 2.8 2.7
Lu O.41 o0.40 0.45 0.22 0.19 0.42 0.18 0.37 0.46 0.41 0.39
IREE 109.1 103.2 81.7 98.7 111.8 56.0 90.2 72.78 105.3 102.7 58.9
Hf 4.1 5.8 5.3 3.9 L.1 3.9 3.6 .2 5.3 6.2 L.y
Ta 0.88 0.38 0.41 1.08 0.74 0.453 0.71 0.31 0.55 0.49 0.43
Th 6.2 13.0 3.6 12,2 9.6 L.3 20.1 L.8 16.4 9.2 L.s
U 1.5 2.4 0.7 6.3 1.5 1.1 1.9 1.1 3.2 1.7 1.1
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TABLE 13 (continued)

TRACE ELEMENT ABUNDANCES IN CENTRAL CHILE GRANTOIDS

ANDEAN BATHOLITH

G30
amd
Sc 12.3
\'s 130
Cr 30
Co 8.1
Ni 15
Rb 50
Cs 1.3
Sr 600
Ba 650
La 20.7
Ce Lé.7
Nd 23.0
Sm L.33
Eu 1.00
Gd b.9
Ho 0.8
Yb 1.5
Lu 0.20
IREE 103.13
Hf 6.3
Ta 0.48
Th 10.0
U L4

G2
Gd
100
L1

2

~J

7.

14
115

3.

600
650

O

=
WNHOHF UViOHO FOW

OHO\H ~HFHMNDOVWIOM\ RO N

[02N3V)

o)V e}

(@)

Gz25 G29 G26 Gz27
d Gd

Qmd Qmd Gd
8.1 10.3 8.2 8.7
100 135 120 70
22 33 18 17
9.8 14.8 10.0 6.6
14 20 10 9
120 90 115 120
8.9 2.8 3.9 7.0
575 690 590 265
600 500 540 505
19.5 16.8 18.3 17.6
39.1 35.1 37.0 33.4
18.7 18.4 18.2 16.8
3.34 3.44 3.16 3.26
0.71 0.73 0.78 0.62
3.9 L,o 3.8 3.3
0.7 0.6 0.6 0.8
1.3 1.2 1.2 2.2
0.22 0.17 0.22 0.35
87.47 80.44 83.26 78.33
5.3 Ll”o? 509 500
0.65 0.43 0.69 0.35
14.4 6.8 11.4 10.0
L,2 2.0 2.9 3.0

NOTE: Sc¢, Cr, Co, Cs, Ba, REE,
Instrumental Neutron Activation Analysis; Ni was obtained

by Atomic Absorption; V by emission spectrography; Rb and
Sr were obtained by x-ray fluorescence. All abundances

are in ppm.

Hf, Ta, Th and U were obtained by

ST



Coastal
Batholith

Central
Batholith

Andean
Batholith

TABLE 14
Ni ABUNDANCE TN MINERALS FROM CENTRAL CHILE GRANITOIDS

Feldspar - Qtz Biotite Amphibole Magnetite
A C A ¢ A c A c Ni

Sample Type M% x ppm = ppyp ' MA x ppm = ppm MA x ppm = ppm Mh x ppm = ppm pred.
G3 Qd 68 5 3.4 18 15 2.7 12 25 3.0 0.5 300 1.5 7.2-10.6
G10 Ton 75 5 3.8 12 25 3.0 13 30 3.9 0.6 110 0.7 7.6-11.4
G111 Ton 62 5 3.1 9 20 1.8 27 30 8.1 0.8 %70 0.6 10.5-.3.6
G6 Gd 84 5 .4y 10 30 3.0 - - - 0.6 220 1.3 L.3-8.7
G5 Gd 80 5 4.0 18 30 5.4 - - - 0.8 130 1.0 6.4-10.4
G2 Gr 88 5 L.y 8 15 1.2 2 30 0.6 0.3 220 0.7 2.5-6.9
G1l5 Gr 88 5 L. 10 35 3.5 - ~ - 0.6 80 0.5 4.0-8.4
G18 Ton 79 5 4L,o 11 20 2.2 8 50 L,o 0.9 95 0.9 7.1-11.1
G17 Qmd 84 5 L,2 - - - 12 50 6.0 1.7 85 1.5 7.5-11.7
G13 Gd 76 5 3.8 17 30 5.1 6 Lo 2.4 o.4 8 0.3 7.8-11.6
G12 Ton 82 5 L,1 6 25 1.5 10 Lo b,o 1.2 160 1.9 7.4-11.5
G30 Qmd 85 5 L, 3 - - - 13 85 11.1 1.3 160 2.1 13.2-17.5
G22 Gd 81 5 .1 3 70 2.1 12 75 9.0 1.5 120 1.8 12.9-17.0
G25 Qmd 85 5 4.3 7 80 5.6 6 85 5.1 1.0 110 1.1 11.8-16.1
G29 Qmd 82 5 L1 - - - 17 95 16.2 1.4 210 2.9 19.1-23.2
G26 Gd 81 5 L.1 7 70 4.9 8 80 5.6 1.6 85 1.4 11.9-16.0
G27 Gad 83 5 4,2 7 s 3.2 6 65 3.9 1.3 90 1.2 8.3-12.5

M = Mineral Modal Abundance Expressed in wt%

A = Ni Abundance in the Mineral

C = Ni Contribution of the Mineral to the Ni Content of the Whole Rock
NOTE: The data were obtained by Atomic Absorption.

oCT



TABLE 15
Co CONTENT TN MINERALS FROM CENTRAL CHILE GRANTITOIDS

Feldspar - Qtz Biotite Amphibole Magnetite
A C A c A C A ¢ Co Co

Sample Type M4  x ppm =ppm M, x ppm =ppm M x ppm = ppm M/ X ppm = ppm pred. obs.
G3 Qd 68 5 3.4 18 35 5.0 12 4o 4.8 0.5 4o 0.2 13.4 15.°
szlo Ton 75 5 3.8 12 Lo 4.8 12 4o 4.8 0.8 50 0.4 13.8 12.€
E;iGll Ton 62 5 3.1 9 50 0.5 27 30 8.1 0.8 60 0.5 9.1-12.2 10.:¢
g;gGé Gd 84 5 L.h 10 Ls 4.5 - - - 0.6 50 0.3 9.2 5.(
82§G5 Gd 80 5 L.o 18 o 7.2 - - - 0.8 50 0.4 7.6-11.6 6.¢
G2 G 88 5 L. b 8 30 2.4 2 30 0.6 0.3 kLo 0.1 7.5 L.z
Gl5 G 88 5 hL.h 10 Ls 4.5 - - - 0.6 50 0.3 4.8-9.,2 4.1
QEGIB Ton 70 5 4o 11 55 5.5 8 35 2.8 0.9 55 0.5 8.8-12.8  13.l
Healy Qmd 84 5 b2 - - - 12 50 6.0 1.7 Lo 0.7 6.7-10.9 12.¢
§%§G13 Gd 76 5 3.8 17 hs 7.7 6 30 1.8 0.4 45 0.2 9.7-13.5 17.¢
mGgl2 Ton 82 5 4.1 6 30 1.8 10 35 3.5 1.2 45 0.5 9.9 Y.z
G30 Qmd 85 5 L.3 - - - 13 4o 5.2 1.3 A5 0.6 5.8-10.1 8.1
o G2z Gd 81 5 4.1 3 Lo 1.2 12 35 L,2 1.5 5 0.8 6.2-10.3 7.¢€
§;3G25 Qmd 85 5 4.3 7 80 5.6 6 35 3.3 1.0 70 0.7 9.6-13.9 9.¢
9 2G29 Qmd 82 5 4.1 - - - -17 50 8.5 1.4 60 0.8 9.3-13.4 14.¢
‘¢2§G26 Gd 81 5 4.1 7 60 4.2 8 50 L.o 1.6 65 1.0 9.2-13.3 10.¢
G27 Gd 83 5 L, 2 7 Lo 2.8 6 Lo 2.4 1.3 60 0.8 6.0-10.2 6.¢

M = Mineral Model Abundance Expressed in wt%
A = Ni Abundance in the Mineral oo
¢ = Ni Contribution of the Mineral to the Ni Content of the Whole Rock §S

NOTE: The data were obtained by Atomic Absorption except for the data in the last column.
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TABLE 16

Cr ABUNDANCE IN MINERALS FROM CENTRAL CHILE GRANITOIDS

Feldspar - Qtz Biotite Amphibole Magnetite
A c A ¢ A A c Cr
Sample Type Mk x ppm =ppm M% ppm__ppm ME  ppm ppm ML ppm ppm pred.
G3 Qd 68 5 3.4 18 10 1.8 12 50 6.0 0.5 500 2.5 13.7
S:Glo Ton 75 5 3.8 12 25 3.0 12 50 6.0 0.6 500 3.0 12.0-15.
4R G11 Ton 62 5 3.1 9 20 1.8 27 35 9.5 0.8 300 2.4 13.7-16.
hadas Gd 8L 5 4.4 10 80 8.0 - - 0.6 600 3.6 11.6-16.
§f§c5 Gd 80 5 k.o 18 ks 8.1 - - 0.8 450 3.0 11.1-15.
M a2 Gr 88 5 I 8 30 2.4 2 70 1.4 0.3 600 1.8 5.6-10
G1l5 Gr 88 5 4,4 10 80 8.0 - - 0.6 40O 2.4 10.4-14.
§§§G18 Ton 79 5 h,o 11 25 2.8 8 4o 3.2 0.9 350 3.2 13.2
£ 2G17 Qmd 84 5 4,2 - - - 12 70 8.4 1.7 300 5.1 13.5-17.
g§§§G13 Gd 76 5 3.8 17 35 6.0 6 95 5.7 0.4 600 2.4 14.1-17.
Gl2 Ton 82 5 L.1 6 70 4.2 10 130 13 1.2 350 4.2 25.5
G30 Qmd 85 5 4,3 - - - 13 90 11.7 1.3 500 6.5 18.2-22.
g 622 Gd 81 5 b1 3 70 2.1 12 80 9.6 1.5 500 7.5 19.2-23.
g-4G25 Qmd 85 5 4,3 7 75 4.3 6 85 5.1 1.0 600 6.0 15.4-19,.
§£§G29 Qmd 89 5 4.1 - - - 17 90 15.3 1.4 700 9.8 25.1-29.
8 G26 Ga 81 5 b1 7 70 4.9 8 65 5.2 1.6 4oo 6.4 16.5-20.
G27 Gd 83 5 L,2 7 75 5.3 6 90 5.4 1.3 400 5.2 15.9-20.
M = Mineral Model Abundance Expressed in wt%
A = Ni Abundance in the Mineral

C = Ni Contribution of the Mineral to the Ni Content of the Whole Rock
NOTE: The data were obtained by Atomic Absorption except for the data in the last column.

This was obtalned by TNAA.
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Eu/Eu*
K/Rb
Rb/Sr
K/Sr
-4
K/Cs x 10

KZO/Kzo + Na,0

KZO/CaO
NaZO/CaO
K,0/Na 0

Nay0 + K,0/Ca0
Na, 0+ K20/Fe0
Mg0/Mg0 + ZFe0
Th/U

La/Yb

Ba/Rb

Ba/Sr

TABLE 17

PETROGENETICALLY SIGNIFICANT ELEMENT RATTOS
COASTAL BATHOLITH CENTRAL BATHOLITH

G3 G10 G11 G6 G5 G2 Gl5 G18 G17 G13 Glz

Qd Ton Ton Gd Gd Gd Gd Ton Qmd Gd Ton
0.91 0.68 0.77 0.67 0.67 0.72 0.60 0.83 0.68 0.66 0.79

290 326 367 258 208 483 204 309 280 127 333

0.09 0.11 0.10 0.24 0.22 0.20 0.35 0.10 0.18 0.20 0.03
‘26.1 35.9 36.7 61.9 45.8 96.6 71.4 30.9 50.4 25.4 10.0
0.78° 0.66 0.69 0.74 1.1k 3.87 0.95 0.48 1.19 0.24 0.37
0.23 0.30 0.25 0.41 o.}# 0.38 0.48 0.130 0.43 0.26 0.10
0.18 0.42 0.53 0.83 0.95 0.78 1.42 0.26 0.67 0.41 0.06
0.60 0.99 1.63 1.19 1.20 1.27 1.57 0.59 0.89 1.14 0.52
0.31 0.42 0.33 0.70 0.79 0.62 0.91 0.44 0.75 0.36 0.11
0.78 1.41 2.16 2.02 2.15 2.05 2.99 0.85 1.56 1.55 0.58
0.84 2.31 1.34 3.34 3.25 1.95 5.11 1.54 2.52 1.01 2.42
0.31 0.43 0.27 0.38 0.43 0.17 0.40 0.46 0.40 0.27 0.67
.1 5.4 5.1 1 6.4 3.9 10.6 L.y 5.1 5.4 b1
8.4 7.0 5.4 18.4 16.6 3.8 21.2 5.8 6.4 7.7 3.5
6.6 8.7 11.5 b.9 5.5 b.1 4.6 8.1 10.4 6.1 15.0
0.6 1.0 1.2 1.2 1.2 0.8 1.6 0.8 1.9 1.2 0.4



Sr/Ca
La/Cs
¥ /Na
1Fe0/Mgo

k50/510,

TABLE 17 (continued)

PETROGENETICALLY SIGNIFICANT ELEMENT RATIOS

COASTAL BATHOLITH

CENTRAL BATHOLITH

G3 Gl0 Gl1 G6 G5 G2 Gl5 G18 G17 G173 Gl2
Qd Ton Ton Gd Gd Gd Gd Ton Qmd Gd Ton
83 133 169 157 240 9l 232 71 1504 186 82
177 178 216 141 302 330 213 126 L4ho 114 167
0.35 0.47 0.37 0.78 0.88 0.69 1.02 0.49 0.84 0.40 0.12
3.78 2.4 5.52 3.12 2.68 6.15 3.61 2.20 2.84 5.24 0.74
0.02 0.03 0.02 0.04 0.04 0.03 0.05 0.03 0.05 0.02 0.01

2F00* equal total iron expressed as FeO.
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TABLE 17 (continued)
PETROGENETICALLY SIGNIFICANT ELEMENT RATIOS
ANDEAN BATHOLITH

G30 G22 G25 G29 G26 Gz27

Qmd Gd Qmd Qmd Gd Gd
Eu/Eu* 0.66 0.50 0.60 0.60 0.69 0.48
K/Rb Y 239 217 266 193 216
Rb/Sr 0.08 0.19 o.él 0.13 0.19 0.45
K/Sr 36.6 45,4 45.6 34.6 36.7 97.2
K/Cs x Jo'l’L 1.76 0.86 0.29 0.85 0.57 0.37
K,0/K,0 + Nay0 0.32 0.39 0.39 0.39 0.35 0.45
Kzo/éao 0.61 1.05 0.96 1.47 1.94 1.10
Na,0/Ca0 1.30 1.63 1.48 2.31 3.63 1.33
K,0/Na 0 0.47 0.64 0.65 0.64 0.54 0.83
Nay0+ K,0/Ca0 1.77 2.27 2.13 2.95 b.17 2.16
Na0 + K,0/Fe0 2.71 3.43 3.42 3.65 3.65 3.16
Mg0/Mg0 + 5 FeO 0.50 0.40 0.4k 0.30 0.36 0.29
Th/U 2.3 3.2 3.4 3.4 3.9 3.3
La/Yb 13.8 21.2 15.0 14.0 15.3 8.0
Ba/Rb 13.0 5.7 5.0 5.6 b.7 L,2
Ba/Sr 1.1 1.1 1.0 0.7 0.9 1.9
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TABLE 17 (continued)
PETROGENETICALLY SIGNIFICANT ELEMENT RATIOS
ANDEAN BATHOLITH

G30 Gz22 G25 G29 G26 Gz27

Qmd Gd Qmd Qmd Gd Gd
Sr/Ca 186 266 245 495 603 131
Ba/Cs 500 203 67 179 138 72
K/Na 0.53 0.72 0.73 0.72 0.60 0.93
SFe0”/Mg0 1.86 2,42 2.22 3.92 5.86 3.78
K,0/810, 0.0k4 0.05 0.05 0.04 0.04 0.0k4

ZFe0* equals total iron expressed as FeO.
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TABLE 18

MINERALOGICAL RELATIONSHIPS BETWEEN SAMPLES G10 (TONALITE)
AND G6 (GRANODIORITE)

G1lo(%) Subtracting(%) Result(%) G6
Quartz 18.6 : 29.9 29.6
Feldspar 56.7 20 59.0 59.2
Biotite 12.0 55 10.5 10.6
Amphibole 12.0 12 0 0
Magnetite 0.6 0.23 0.6 0.6

G991



TABLE 19

FRACTIONAL CRYSTALLIZATION MODEL (MAJOR ELEMENTS) FOR THE
TRANSITION G10 (TONALITE) TO G6 (GRANODIORITE)

C10(%)  Anso(%) Sioc % Sup ° ‘A Result(%)
SiO2 61.4 61.0 38.8 48.0 67.4
A1203 17.1 24,7 22.1 8.7 16.2
FeO* 5.4 19.4 15.3 100 3.1
Mg0 2.3 7.6 12.9 0.5
Cao 5.2 6.0 0.6 12.2 54,0 3.9
NaZO 5.1 8.3 0.3 1.3 5.2
K20 2.2 7.4 0.5 2.8
Tio0, 0.65 2.7 1.0 0.6
P,0, 0.23 1.0 0.1 46.0 0.18

FeO* is total Fe expressed as FeO.

must fractionate as that mineral.

first decimal.

The sources of the chemical
composition for plagioclase (An 30) biotite and hornblende are given
in the text. The number preceding each mineral (for example, 0.2
for An 30) indicates the weight fraction of the initial magma that
The column Result(%) contains

the major element composition predicted by the model. This table
also contains the composition of sample G6 approximated to the

67.8

15.7
3.3
1.1
3.5
.2
2.9
0.5
0.18
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TABLE <0

FRACTIONAL CRYSTALLIZATION MODEL (MAJOR ELEMENTS)
FOR THE TRANSITION G10 (TONALITE) TO Gl15 (GRANITE)

G10(%) 21;1323(%) i 1Y O N % p. Result(%) G15
Si02 61.4 61.0 48.0 38.8 69.0 73.0
A1203 17.1 24,7 8.7 22.1 15.1 14.3
FeO* 5.4 15.3 19.4 100 2.4 2.4
Mg0 2.3 12.9 7.6 0.6 0.6
Ca0 5.2 6.0 12.2 0.6 ' 54.0 3.7 2.4
NazO 5.1 8.3 1.3 0.3 5.2 3.8
K,0 2.2 0.5 7.4 3.1 3.4
TiO2 0.65 1.0 2.7 0.66 0.40
P205 0.23 0.1 1.0 L6.0 0.18 0.16

FeO* is total Fe expressed as FeO. The sources of chemical composition for
plagioclase (An 30), biotite and hornblende are given in the text. The

number preceding each mineral (for example 0.26 for An 30) indicates the

weight fraction of the initial magma that must fractionate as that mineral.

The column Result(%) contains the major element composition predicted by

the model. This table also contains the composition of sample Gl5 approximated
to the first decimal,
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TABLE 21

CHEMICAL COMPARISON BETWEEN COASTAL BATHOLITH TONALITES AND TEMUCO ANDESITES

8102
Alzo
Fe 0

273
Fel
Mg0
Ca0l
Na20
KZO
TiO2

P205
MnO
ZFe as Fe0

Sc
Cr
Co
Ni
Rb

Sr
Ba

Hf

Ta
Th

COASTAL BATHOLITH TONALITES

TEMUCO ANDESITES

G3 Glo Gl1 I2
58.70  61.44  67.35 58,56
19.18  17.14 16.24 17.21

0.40 2.54 1.84 2.69

6.18 3.15 4,02 3.61

1.73 2.27 1.03 L.75
6.65 L,14 2.48 6.89
3.98 5.12 4,06 3.79
1.22 2.15 1.32 1.42
1.04 0.65 0.78 0.79
0.30 0.23 0.23 0.14
0.12 0.12 0.12 0.15
6. 54 5,44 5.69 6.03
26.7 15.7 17.9 22
18 11 11 73
15.3 12.6 10.2 23
10 12 9 20
35 55 30 35
395 490 300 350
230 480 345 269
4.1 5.8 5.3 2.8
0.88 0.38 0.41 0.3
6.2 13.0 3.6 3.1

I3 I9
60.53  60.39
17.74  17.99

2.89 b.13

2.75 1.92

3.38 3.43

6.86 5.93

3.35 Lk.os

1.59 1.25

0.71 0.66

0.11 0.09

0.08 0.14

5.35 5.64
19 22
32 56
13 24

556 217

5.1 2.6

0.5 0.2

6.2 2.6

Ii3

.35
.37
31
A3
.62
48
.10
43
+59
.10
.22

N

RO
N F

Ui O O O &Fuwmwhw

N 3
S ON W

(oY)
W

L20
322

3.8
0.4
3.1
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TABLE 21 (continued)

CHEMICAL COMPARISON BETWEEN COASTAL BATHOLITH TONALITES AND TEMUCO ANDESITES

U

La
Ce
Nd
Sm
Eu
Gd
Ho
Yb
Lu

K/RDb

Rb/Sr

K/Sr

Mg0/Mg0 + I FeO
KZO/KZO + Na,.0
Th/U

Ni/Co

K/Na

2

COASTAL, BATHOLITH TONALITES

G3

U\I—'O\O\\\Js())\nO\n

|

=
l——l

.09

.31
.23

.3k

G1l0

2.
18.
L3,
26.

5.

326

o+~ i O O

o N H un M

11

35.
43

.30

L7

Gl
0.7
15.8
32.2
19.4
L4.05
1.09
4.7
1.1
2.9
0.45

367
0.10
36.7
0.27
0.25
5.1
0.9
0.36

TEMUCO ANDESITES

2

1.
9.
23.
1

O H O M O MW

338

o

33.

O O v O O

1
96
11

.22
.78
.84
.68
71
.84
.30

llo

8

.58

T3

1l
21.

11

O M O U I

7
78

.63
21.
. 37
.22
35
.90
M
.38

77

53
.32

.53

T9

1.
9.
.89
11.
L6
77
.64
.60
.54
.23

21

O B O M O N

0
ko

70

.52
O2L"

.35

I13
0.7
11.17
26.21
3.38
2.82
0.75
3.12
0.60
1.45
0.24

0.08

.54
.26

o FH &= O O
=

-39
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TABLE 22

FRACTIONAL CRYSTALLIZATION MODEL (MAJOR ELEMENTS) FOR THE
TRANSITION T2 (TEMUCO ANDESITE) TO T3 (TEMUCO ANDESITE)
AND G10 (COASTAL BATHOLITH TONALITE)

T2 0.10 Cpx 0.10 Ank0  Result(%) 3 Glo
Si0, 58.6 52 58.5 60.0 60.0 61.4
A1,04 17.2 2.1 26 .4 18.0 17.0 17.1
FeO* 6.0 7.3 6.6 5.3 5.4
Mg0 4.8 19.5 3.6 3.5 2.3
Ca0 6.9 18.6 8 5.3 5.4 5.2
Na 0 3.8 7.1 3.9 4.0 5.2
K,0 1.4 1.8 1.4 2.2
Ti0, 0.8 0.2 1.0 0.6 0.7
P50, 0.1 0.13 0.2 0.2
MnO 0.2 0.3 0.21 0.1 0.1

FeO* is total Fe expressed as FeO. The source of the chemical
composition used for clinopyroxene (Cpx) and plagioclase (pl)

are given in the text. The number preceding each mineral (0.10

for Cpx and 0.10 for P1l) indicates the weight fraction of the

initial magma that must fractionate as that mineral. The column
Result(%) contains the major element composition predicted by the
model. This table also contains the major element composition of
sample T2 and Gl0 approximated to the first decimal. The FeO*/Mg0

of the clinopyroxene was modified according to the following relation
(FeO0*/Ng0) cpx/(Fe0*/Mg0) T2 = 0.3 (Roeder and Emslie, Contr . Minera
Petrol., 29 (1970) 275-289).
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TABLE 23

COMPARISON BETWEEN MAJOR AND REE OF THE TUPUNGATO SAMPLE (ANDEAN VOLCANIC,
LATITUDE~33°15'S) AND SAMPLE G30 (ANDEAN PLUTONIC, LATITUDE~33°07" )#*

797 Tupungato G130 797 Tupungato G30 Marmole jo

SiO2 61.23 61.35 La 19.1 20.7 26 .4
A1203 16.61 16.88 Ce 36.4 6.7 51.8
FeO* bh,71 L.60 Nd 17.9 23.0 26.9
MgO 3.25 2.47 Sm 3.51 4,33 L., 7k
Ca0l L.48 .51 Eu 0.98 1.00 1.04
Na,0 5.05 5.85 Gd b.6 b.9 6.1
K20 2.11 2.74 Ho 0.5 0.8 0.6
TiO2 0.79 0.92 Yb 1.1 1.5 1.6
MnO 0.09 0.09

P205 0.21 0.27

#Note: This table also includes the REE for a sample from the Marmole jo
Volcano (latitude~33°40'). The Marmolejo sample was analyzed
only for REE.
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TABLE 24

COMPARISON BETWEEN COASTAL BATHOLITH GRANODIORITES AND
ANDEAN BATHOLITH GRANODIORITES

Coastal bath. Gd. Andean bath. Gd4d. Coastal bath. Gd. Andean bath. Gd4.
510, 67.8 - 68.8 66.1 - 69.7 Sc 5.9 - 6.4 7.5 - 8.7
o DA
0 15.7 - 16. 14.8 - 16. Cr 16 - 19 -
Al, 3 5.7 3 5 o p é 5 ¢t 12
FeO* 2.9 - 3. 7 - L, Ni 9 -1
© 7033 3.7 4 RD 95 - 120 115 - 120
Mg0 1.05 - 1.08 0.8 - 1. Cs 2.2 - 3.3 3.2 - 7.0
& 5 / St 295 - 540 265 - 600
Cal 2 - 3. 1.4 - 3.2 Ba 5 - 665 505 - 650
o seus 3 & omItiny  nioa
Na_0 .8 - 4.2 .8 - 5.2 Ce .3 - L49.5 33.4 - 4o,
2 ? 3 5 Nd 18.2 - 23.L 16.2 - 1859
K,0 2.9 - 3.0 2.7 - 3, Sm 3.16 - 3.72 3.16 - 3.52
2 9-3 733 Eu Od79 - 0.95 0.62 - 2.;3
3 . B3 - 0. Gd 1 - 5.1 3.3 - 4,
110, 0.48 0.53 - 0.70 Ho o.g - o.g 0.6 - 0.8
_ 11 - 0. Yb 1.4 - 1. 1.2 - 2.2
on5 0.16 - 0.18 0.11 - 0.23 o oia 2.22 0&18 - 2.35
. - 0. 06 - 0. HT 3.9 - 4.1 .1 - 3.9
Mno 0.08 - 0.12 0.06 - 0.12 o S, 055 .76 69
Th 12.2 - 9.6 10- 12.1
U 6.3 - 1.5 2.9 - 3.8
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TABLE 25

TRACE ELEMENT COMPARISON BETWEEN CENTRAL-CHILE GRANITOIDS,
AVERAGE CIRCUMPACIFIC ANDESITES (Taylor, 1969),

SIERRA NEVADA PLUTONIC ROCKS (Dodge, 1972)
AND AVERAGE CIRCUMPACIFIC GRANODIOTITES (Taylor, 1969)

16)] Q
[0 o=
+ G
o ~~ o
LS n <M < Lo K o wm
o © 13 O P g o 5 o o8 o 9
J890  §83%  §E985 gE%  §5% MEdE
Snag SGnag [ -l () S 0. S0 0 SN gP
o g+ S O O IR =l o S+ G QT+ o T [OROR ]
> 0@ O S0 QN > o0 gty I Sl > g e O
<O MEH <OMT <t O M~ < < M < O < <N
Sc 20 6.2 19 9 3 5-100
v 75 35 100 10-1500
Cr 13 18 17 1-1500
Co 13 6 14 5-100
Ni 10 6 11 5-700
Rb Lo 108 68 20-270
Cs 2 2.8 3 -
Sr 395 k70 435 10-2000
Ba 350 570 570 20-3000
La 18 26 18 30-150
Ce L L7 38 200-700
Nd 23 21 22 100-150
Sm L,s 3.4 4,5 3.5 -
Eu 1.3 0.9 1.1 0.8 -
Gcd 6.0 L.,6 5.3 4,0 -
Ho 1.1 0.7 1.1 0.7 -
Yb 2.7 1.0 2.7 1.4 1-7
Lu 0.4 0.7 0.4 0.2 -
Ta 0.6 0.9 0.6 0.5 -
Hf 5.1 L.o 5.2 5.2 -
Th 8 11 10 11 0.2-50.
U 1.5 3.9 2.0 3.4 0.3-29.

Circumpacific
Granodiorites

Average

=
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Sio
Ale3

Fezo3
FeO

Ca0

Ti0

P205

Ni (ppm)
Co (ppm)
Rb (ppm)

COMPARISON BETWEEN CRETACEOUS AND TERTIARY ANDESITES*

Lower Cretaceous

TABLE 26

Upper Cretaceous

54,

17

o NN FE oW OO F oW

19

.90
.05
.51
.10
.66
22
.56
.99
.24
.34

Cretaceous

24
18
70

56.78
17.89
J1h
.92
.28
.89
.76
.15
.95
.19
.27

O H HF MM v W o\

o O

Lower

Tertiary

Tertiary
18

18
63

* Data from Oyarzun (1971)and Vergara(1972).

58.
.15
.8l

.60
.08

]
[09]

o @] o L = W\ N wWWw

16

.02
.27
5k
.79
L3l
1k
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COUNTING SCHEDULE

TABLE 27

175

Decay Time Detector Element Photopeak Used (KeV)
5ds LEPS Ho 80.6
Sm 103.2
U 106.3
8ds 18cec Lu 208
Yb 283
La 328.8;487.0;1596.5
Ba Lo6.3
15ds LEPS Nd 91.1
Gd 97.4
Ta 100.1
Eu 121.9
Hf 133.0
Ce 145.5
30ds 18ce Th 312.9
Cr 320.1
Cs 60L4.6
Sc 889.73
Ta 1221 .4
Co 1332.5
Eu 1407.9



176

TABLE 28
CALIBRATION PEAKS USED IN INAA

Detector Standard E(keV) (Rel. Int)

LEPS . 2h1, 13.90 (2.75)
17.75 (49.5)
20.80 (12.8)
26.36 (7.5)
59.57 (100)

152Eu 121.
2l
3,
18 cc 137CS 661.
152 121.
24,
3hh
Llily, 2
965
1087

~N oo O F NN

1113

1408
sl 843.8
139 165.8
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Figure 1: Sample localities on a sketch map of
Upper Cenozoic volcanics in central-
south Chile, modified from Vergara (1974)
and Moreno (1974a),
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Figure 2: FMA diagram (wt%) with total iron calculated
as Fe0O. Solid lines represent general limits
of Japanese hypersthene (calc-alkaline) series
(Kuno, 1968a). Open circles are for calc-
alkaline rocks from central-south Chile
(Klerkx, 1965; Vergara and Katsui, 1969;
Oyarzun, 1971). Other symbols represent

samples of this study.
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Figure 3: Total alkalies versus silica plot. Dotted
lines represent boundaries of high-alumina
basalt series (Kuno, 1966). Solid lines are
proposed boundaries between alkaline and
subalkaline suites (Irvine and Baragar, 1971;
MacDonald, 1968). Data symbols as in

Figure 2.
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Figure 4:

183

A1203 versus normative plagioclase composition
(% An). Solid line from Irvine and Baragar
(1971) separates volcanic rocks into tholeiitic
field (below line) and calc-alkaline field
(above line). Symbols for calc-alkaline rocks
as in Figure 2. Data for Nazca Plate and

Chile Rise from Paster (1968) and Hekinian
(1971). Dotted lines connect data for core

(C) and altered margin (M) pairs from basalt
fragments (Hekinian, 1971). Abundances from

central Chile plutonic rocks are also included

(Lopez-Escobar and Oyarzun, 1974)
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Figure 5: Normative color index (sum of normative
pyroxene + olivine + opaques) versus normative
plagioclase composition (% An) illustrating
subdivision of calc-alkaline rocks into
basalts, andesites and dacites. TField
boundaries from Irvine and Baragar (1971).

Data symbols as in Figure 2.



Normative Colorn Index —

40 [ ] Y
58- ——
o COASTAL RANGE
%ol @ ANDEAN RANGE -
( stxato volcanoes )
ul  Basalls O ANDEAN RANGE -
Cplateav series)
32~ \ O ANDEAN RANGE _
\ Cliterature)
‘ © COASTAL BATHOLITH
30} Bt \ §RAN (TOIDS .
o \ @ CENTRAL BATHOLITH
26 © o o \  GRANITOBS o
799 \ A ANDEAN BATHOLITH
v o/ch o terny
26 3% 8 ®mse GVI64 \ GRANITOIDS
23+
*T2
22 ori7 \\ -
20 *ca Andesifes 1 .
\

18

{7

14

12

10

8

b

4

60 50 40

«Normnfive Plagioclase Comfmi*ion (% An)

Figure 5

186



Figure 6:

187

Rare-earth element abundances normalized to

a chondritic average (Frey et al., 1968).
Average circumpacific andesite and average
low-silica andesite from Taylor (1969).

a) Ancud samples. b) Temuco samples. Data
for rare-earth element range in Nazca Plate
and Chile Ridge from Schilling (1971),
Schilling and Bonatti (1974), and Frey
(unpublished). T3 is the most differentiated

Temuco andesite. c¢) Los Angeles dacite samples.
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Figure 7: Rare-earth element abundances normalized to
a chondritic average (Frey et al., 1968).
CH6 (high-alumina basalt from Ancud, this
study), Warner Basalt, California (Philpotts
et al., 1971), and range for high-alumina
basalts from Japan and New Zealand (Masuda,

1968; Taylor, 1969; Philpotts et al., 1971).



High Rlomina Basatt / Chondrites

[V
o

o

REE Atomic Number

Figure 7

1 T T I ¥ T T Y T T T T - T
| CHb (Ancwd)
i ( PRI Range High Alumina Dasalts (Iafan , New Zealand) |
. N -’ > /
\ \ \
AN - ~
~ ~
\ \\
L RS
\ \ —————————
\ —~——
\ \ e
\
\ - T~ _—— \\
A - —-‘:“7{\\ sy —— | — — — T e ‘-—.>

= / =~ -~
i Warnaer Basalt - - - _
~ T ~o _——
L i { i 1 1 | 1 { L 1 L 1 L 1
1a Ce Pr Nd Pm Sm Eu 6&d Tb Dy Ho Er Tm Yo

T6T



192

Figure 8: KZO versus 8102 plot. X symbols represent
calc-alkaline rocks from northern Chile
(Siegers et al., 1969). Other symbols are
for central-south Chile as indicated in

Figure 2.
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Figure 9: Values of CQ/C0 for various elements. For
Temuco, Cz is average of andesites T2, T9,
and T13 and for Ancud, Ca is average of low-
silica andesites. CO for Temuco and Ancud
are estimated average values (ppm) of Nazca
Plate basalt (Sc=40, Cr=300, Co=50, Ni=100,
La=3,2, Ce=11.4, Nd=9.6, Sm=3.6, Eu=1.3,
Ho=0.98, Yb=2.6, Lu=0.42, K=1160, Rb=1.1,
Sr=135 and Ba=10). Values of CQ-/CO for 40%
modal fractional melting of amphibole (100%),
amphibole (50%) plus clinopyroxene (50%),
and eclogite (50% garnet plus 50% clino-
pyroxene) were calculated using eqn. 14 of
Shaw (1970), and the partition coefficients

of Table 4. Star symbols are values of

garnet granulite model from DeLong (1974).



Figure 9:
(continued)

194a

Open squares for REE are data obtained for

a liquid derived experimentally by melting

a Hawaiian tholeiite at 5kb and 2000°C
(Holloway and Burnham, 1972). The REE
aﬁundances in this liquid have been normalized

to those of the parent Hawaiian tholeiite.
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Figure 10: Chondrite normalized rare-earth abundances
in theoretical liquids derived by fractional
melting (Shaw, 1970). Amphibole and eclogite
modal melting models as in Figure 9 with
initial solid concentrations (CO) abundances
equal to Nazca Plate basalt estimates (see
Figure 9 caption). Initial rare-earth
element concentrations for the peridotite
clinopyroxene (15%), orthopyroxene (25%),
and olivine (60%) are twice chondritic
abundances (Frey and Green, 1974). The 5%
fractional melt of peridotite was formed
from a cpx:opx:o0liv melting ratio of 2:1:1.
Chilean Coastal Belt range from Temuco and
Ancud andesites. Nagzca plate average from -
Schilling and Bonatti (1974) and Frey
(unpublished).
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Figure 11:

Rare-earth abundances in Mt. St. Helens
(Cascades) calc-alkaline rocks normalized

to a chondritic average (Frey et al., 1968).
Franciscan (Tiburon) eclogite data from Frey
(unpublished.) Range of Juan de Fuca and
Gorda Ridge values from Kay et al. (1970),
and Schilling (1971). Star symbols are an

average of 19 Juan de Fuca Ridge basalts

from Corliss (1970).
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Figure 12: ratios of abundance in 5% non-modal peridotite
fractional melt (see Figure 10 caption) to
Temuco andesites (average of T2, T9, and T13)
and Ancud low-silica andesite average.
' Initial peridotite concentrations (CO) in
ppm are Sc=16, Cr=2200, Ni=1500, Co=110,

K=500, Rb=1, Sr=20, and Ba=20.
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Figure 13: Rare-earth element abundances of the Pino
Hachado samples (Plateau series) normalized
to a chondritic average (Frey et al., 1968).

Circumpacific andesite average from Taylor

(1969).
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Figure 14: Rare-earth element abundance of the Tupungato
sample (797, high Andean andesite from
latitude 33°15'S) normalized to a chondritic
average (Frey et al., 1968). Circumpacific

andesite average from Taylor (1969).
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Figure 15:
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Rare-earth element abundances normalized to

a chondritic average (Frey et al., 1968).

a) Samples with La/Yb ~ 2-3 (Antuco, Llaima,
Villarrica, Puyehue and Casablanca). D) Samples
with La/Yb ~ 5 (GV164 and 800 from Lanin

and 799 from Callaquen).
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Figure 16:

Comparison of the REE abundances of the
samples with La/Yb ~ 2-3 with chondritic
normalized REE abundances in theoretical
liquids derived by fractional melting (Shaw,
1970). Amphibole and eclogite model melting
models as in Figure 9 with initial solid
concentrations (Co) abundances equal to
Nazca Plate basalt estimates (see Figure 9
caption). Initial REE concentrations for
the peridotite clinopyroxene (15%), ortho-

pyroxene (25%), and olivine (60%) are twice

208

chondritic abundances (Frey and Green, 1974).

The 10% fractional melt of peridotite was
formed from a cpx:opx:olv melting ratio of

2:1:1.
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Figure 17: Comparison of REE abundances of the samples
with La/Yb ~ 5 with chondritic normalized
REE abundances in theoretical liquids derived
by fractional melting (Shaw, 1970). Initial
solid concentrations abundances as in Figure
16. The 2% fractional melt of peridotite was
formed from a cpx:opx:olv melting ratio of
2:1:1. The REE pattern that results by
fractionation of plagioclase (30%) and
clinopyroxene (5%) from sample 800 is also

included.
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Figure 18:

212

Comparison of REE abundance of the Tupungato
sample (La/Yb ~ 11.6) with chondritic normalized
REE abundances in theoretical liquids derived

by fractional melting (Shaw, 1970). Initial
solid concentrations abundances as in Figure

16. The 2% and 10% fractional melts of
peridotite were formed from a cps:opx:olv

melting ratio of 2:1:1.



w
o

=

N I

Calculaled Liqtuic\s/ Chondriles

ot

Ec\oai'i'z Melt (40%%)
ﬂmrhibo\e Melt (40%)

\

N
N Peridalile Melt (2%)
A— 4

Peridatife Melt (10%)

- Ec\ogi'\’e Melt (40°/o)us(n9 "\iqh HREE.PC.

) | i \ )} | ) )

1 11

1 \ } ] Y
Lla Ce Pr Nd Pn Se Eu G Tb Dy Ho Er Tm Vb Lu

REE Atomic Number

Figure 18

€12



Figure 19:

Sample localities on a sketch map of the
central Chile (33°-34°S) granitoids modified
from the "Mapa Geclogico de Chile" (1968).
Upper Paleozoic (Coastal) batholith;
Upper Cretaceous (Central) batholith;

and Tertiary (Andean) batholith.
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Figure 20: Modal abundance of the central Chile granitoids

plotted on the APQ (alkali feldspar, plagio-
clase and quartz) diagram. Classification

of plutonic rocks (Streckeisen, 1973).



Qbz

Quariz- rich

GRAN(?'o'icis
Figure 20

© Coasfal batholith
g Ceniral batholith
4 Andean batholith

Granite

Alk-{d 2apir 422 .
bt O\ G
Qfz- ~
yenile/ Qtz- Syenite Qtz - Monzonik Qtz-Monzodiorite  \Diorife
Atk*fd «k. £ . M . _(; .
Atk Fdp 5%”*"‘%1/ Syvem @ / y Honz%mf« . \ y onzodx?(m ¢ \{[}tomtz \m%



Figure 21:

Ab-Q-0r normative diagram (wt%) for the
central Chile granitoids. Solid lines
represent isobaric cotectic lines for 0.5,
5, and 10 kb respectively for the system
Ab-Q-Or water saturated. Dotted line joins
the minimum points and eutectics between

0.5 and 10 kb.

218



Figure 21

Qfz

® Coastal batholith
g Central batholith

A Andcan batholith

\‘f

COR

612



Figure 22:

220

FMA diagram (wt%) with total iron calculated
as FeO. Solid lines represent general limits
of Japanese hypersthene (calc-alkaline)

series (Kuno, 1968a) ® are for Coastal
batholith granitoids, § are for Central
batholith granitoids and A are for Andean
batholith granitoids. As comparison, this
diagram also includes volcanic rocks from
central-south Chile (x) and from Mt. St. Helens
(Cascades @ ).
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Figure 23: Major and minor elements and Kzo/s:io2 ratio

plotted as a function of the longitude of
the samples. Encircled in dotted lines are
those samples with similar SiO2 abundances

(67.3 2 0.5 wt%). Data symbols as in Figure 22.
Sample G12 is not circled because of its

unusual geochemistry.
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Figure 24:
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Ma jor elements of the Chilean volcanic and
plutonic rocks plotted as a function of the
SiO2 content. Data symbols for plutonic
rocks as in Figure 22, (+) are for Andean
volcanic rocks, (this work; Klerkx, 1965;
Vergara, 1969), (x) are for Coastal range
volcanic rocks (this work), (v) are for
central Chile andesites (Oyarzun, 1971)

(o) are for northern Chile andesites and

(®) are for northern Chile ignimbrites.
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Figure 25: Trace element abundances in central Chile
granitoids plotted as a function of the
longitude of the samples. Encircled in dotted
lines are these samples with similar SiO2
abundances (67.3 * 0.5 wt%). Data symbols
as in Figure 22. Sample G12 is not circled

because of its unusual geochemistry.
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Figure 26:

237

REE abundances of the central Chile granitoids
normalized to a chondritic average (Frey et al.,
1968) a) Coastal batholith tonalites, b) Coastal
batholith granodiorites c) Central batholith
plutonic rocks d) Andean batholith plutonic

rocks.
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Figure 27:

242

REE abundances normalized to a chondritic
average (Frey et al., 1968). Average of the
Coastal batholith granodiorites. Average of
the Andean batholith granodiorites and average
of some granitoids from Sierra Nevada (H. Noyes,

personal communication).
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Figure 28: REE abundances normalized to a chondritic
average (Frey~g§ al., 1968). Average of the
Coastal batholith tonalites. Average of
samples G13 and G17 (from Cental batholith).
Average of the Central batholith rocks
analyzed. Average cilrcumpacific granodiorites
(Taylor, 1969). Bonsall tonalite (Southern

California batholith, Towell et al., 1965).

Woodson Mt. granodiorite (Southern

California batholith, Towell et al., 1965).
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Figure 29: FZE abundances normalized to a chondritic

average (Frey et al., 1968). Sample G2
(Coastal batholith granite), sample G12
CTentral batholith tonalite), Average Coastal

tztholith tonalite and sample T3 (the most

differentiated andesite from Temuco).



Q0

5

{7

Rock SAmPle / Chondrite

o

—
—
—
=
-
oy
o
n
L

I

\ e 2
; xT3

oAve.
+G\2 _

I { I ! |

e

oy

Constal batholith Tonalite_|

(Andesite from Temuco)‘

o

] L | ] ] ] l 1 I I

/:-\ ;\M.%\w ~—o

e
et

| ] ] ]

hee

La Ce Pr Nd Pn Sm Eu Gd Tb Dy
ATOMIC NUMBER

Figure 29

Ho Er "Tm Vb L

e



248

Figure 30: Solid/liquid rare-earth partition coefficients
for amphiboles. Data for 2Hb, 3Hb and 8Hb

from Nagasawa and Schnetzler, 1971.
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Figure 31: Solid/liquid rare-earth partition coefficient
for plagioclases. Data from Schnetzler and

Philpotts, 1970.
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Figure 32: Eu partition coefficients as a function of
the plagioclase composition. ® are from
Schnetzler and Philpotts, 1970. 4 are from
Dudas et al., 1971. & are from Nagasawa and
Schnetzler, 1971. X 1is a value in K-feldspar
from Schnetzler and Philpotts (1970). ® value

used in this work.
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Figure 33: Solid/liquid rare-earth partition coefficients
for a biotite. Data from Schnetzler and

Philpotts, 1970.
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Figure 34: Solid/liquid partition coefficients for

clinopyroxene. Data from Table 4.
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Figure 35: REE abundances normalized to a chondritic
average (Frey et al., 1968). Sample T2
(andesite from Temuco), average circumpacific
andesite T3 (andesite from Temuco, more
differentiated than T2), G10 (Coastal
batholith tonalite). REE pattern that
results by subtracting from T2, 25% cpx and

25% plag.
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Figure 36: Sr partition coefficients as a function
of the plagioclase composition. Source of

the data is the same as for Figure 32.
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Figure 37{ Ba partition coefficients as a function of
the plagioclase composition; The source of

the data 1s the same as for Figure 32.
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Figure 38: Comparison of REE abundances of samples G6
and G15 with chondritic normalized REE abundances
in theoretical liquids derived by fractional
crystallization (Gast, 1968). The parent
rock is G10. REE partition coefficients for
plagioclase are 0.1, except for Eu that is
1 for the transition G10 to G6,and 1.3 for
the transition G10 to Gl15. REE partition
coefficients for clinopyroxene are shown in
Table 5 and in Figure 30. REE partition

coefficients for biotite are shown in Figure 33.
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Figure 39:‘ Schematic diagram of the gamma ray spectrometry

equipment used.
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