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ABSTRACT

Regional variations in the chemical composition of Miocene-
to-Recent volcanic rocks from the Central Andes are investigated
on the basis of 260 chemical analyses compiled from the literature
in addition to 25 new analyses for 5 trace elemenfs. Correlations
are established between major and trace element compositions énd other
variablég such as distance from the eruptive centres from the Peru-
Chile trench or crustal thickness, using the computer and multi-

graphic techniques.

Among the most striking correlations are the confirmation of

the previously established ccntinent-ward increase of K20 for all

rock types, a surprising negative correlation for Na O with distance

2
from the trench in one large segment of the Cordillera and the

positive correlation of 1Li, U and Rb with crustal thickness.

Comparisons are also made between Andean rocks and those of

island arcs and other tectonic regimes.
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CHAPTER 1



INTRODUCTION

The Central Ande;, that part of the orogenic belt of western South
America between 5°S and 30°S (Figure 1), has been the focus of a long
period of magmatism which was probably initiated in the Triassic-Jurassic.
The climax of this magmatic activity, however, appgérsHFQ havewyaken
place in the Miocene-Pliocene, when volcanism affected a wide elongated
belt along the Central Andes. The products of this late stage of Andean
Volcanism gave rise to lavas of andesitic to rhyolitic composition,
grouped by Siegers et al. (1969) into a "Rhyolite Formation" with exten-
sive ignimbrite fields and an "Andesite Formation" represented mainly by
stratovolcanoes. These units cover an area of approximately 150,000 km2,
and occupy much of the high Andes (Figure 2) including the high and
Western cordilleras, parts of the Altiplano or Puna, Central Valley,
and Pre-Cordillera (Figure 3). This volcanism has been ascribed to the
subduction of oceanic lithosphere under the South American continental
margin and it appears permissible to assume that the pattern of sub-

duction has remained relatively unchanged since the Miocene.

Chemical variations of volcanic rocks across island arcs and
Andean type continental margins have been postulated in several areas
(e.g. Bateman and Dodge, 1970; Dickinson, 1967; Dostal et al., 1977;
Hutchinson, 1876; Jakes and White, 1971; James et al., 1976; Kussmaul,
1977; Palacios and Oyarzun, 1975; Zentilli, 1974; and Zentilli and Dostal,
1977). The Miocene-to-Recent volcanic series of the Central Andes, however,

represents an ideal laboratory for testing these kinds of chemical

variations. It is the main purpose of this thesis to document, on the
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~basis of a compilation of over 260 chemical.analyses, complemented by
the additional analyses of 25 samples for 5 trace elements (see Tables
1 and 2, Appendix A) the lateral variations in major and minor element
compositions of volcanic rocks across the Central Andes. An attempt is
made to investigate the regional variations displayed by different

rock types, and to detect correlations betweenAchemical variables and
other variables such as distance of the eruptive centres from the Peru-
Chile Trench, and crustal thickness. The chemistry of the volcanic
rocks of the Central Andes are compared with that reported from other
tectonic environments. It is out of the scope of this thesis to offer
an interpretation for all variations documented, however, brief dis-

cussions and speculations in this respect are offered.

SUMMARY OF PREVIOUS KNOWLEDGE ON THE ANDES

Previous work on the geochemical and metallogenic relationships of
the young Andean volcanic rocks has enlightenea some of the geochemical
variations across £he Central Andes. Much of this work is fairly recent
(< 10 years old), and has allowed previous researchers to put forward
several hypothesis (4 at least) on the petrogenesis of these rocks,
which will be reviewed in Chapter 4. The geochemical research can be
divided into 3 groups:

1) Major elements
2) Trace elements

3) Isotopic data



Major Elements:

The most significant and better documented compositional variation
across the Central Andes is the eastwards increase of potassium.
Palacios and Oyarzun (1975) have correlated the K20 content of the
Central Andean volcanic rocks with depth to the Benioff Zone. Zentilli
(1974) , however, arguing that the Benioff Zone is arbitrarily defined
preferred to plot the increase in potassium against a more empirical
variable, the actual distance of the volcanic centres measured perpen-
dicularly from the trench (herewith referred to as "distance") by means
of the K-index. The K-index was defined by Bateman and Dodge (1970) for
intrusive rocks of the Sierra Nevada (U.S.A.), as one thousand times the

slope of a line passing through zero percent and K, O and 45 percent SiO2

2

recognizing that the relationship between K20 and SiO2 was not of a

simple K20/SiO2 type. Thus the K-index is defined as: K20 x 1000/

(Si0, - 45). Kussmaul et al. (1977) has shown the variation of K,C

2 2

with respect to the degrees of longitude, and Pichler and Zeil (1967)
have suggested that there may be avzohation of potash content along

the length of the Central Andes. Other than potassium all the other
major elements have either been neglected or not studied very much with

respect to their variation across the Central Andes.

Trace Elements:

The variations of most trace elements across the Central Andes are
not documented. But Zentilli (1974) found an easterly increase of
Ytrium, and Zentilli and Dostal (1977) showed that uranium followed a

parabolic concave downwards relationship with distance, and they also



suggested that Li, Sr, and Ba may also follow similar transverse

variations.
Isotopic Data:

The Bjsr/865p isotopic value which is also considered in the present
thesis, has been documented with respect to its behaviour across the
Central Andes only by Zentilli (1974), who proposed that for Neogene-
Quaternary volcanic rocks there is an easterly increase in initial

ratios.

SOURCE OF THE DATA AND THEIR DISTRIBUTION

The majority of the data has been obtained from the published
literature. This was accomplished by collecting several papers on the
geochemistry of the Andean rocks. Even though many papers were col-
lected, by no means is it implied that the research exhausted all
possible pﬁblications. For example reports ffom the local geological
surveys were not 5vai1able for this study. The data from 11 different
references have been selected for use in the present thesis (Table 1la,

b, c¢). The criteria used to choose them was the following:

1. The publication contains enough information to locate
the samples geographically.

2. The publication is <10 years old.

3. The data include the SiO_ content of the sample and

2

the major and/or trace elements.



4. There is no reason to the best knowledge of the author

to doubt the validity of the data.

There is a particular paper: El-Hinnawi et al. (1969), whose
data was not used in this study because of suspicion of analytical
error in the determination of some trace elements. The reported values
of Sn and Cu are extremely high, and do not compare to the analysis of
rocks from the localities made by other researchers (Clark et al., 1976) .
The data were keypunched on computer cards, and for each sample were
recorded: a code number; the sample number as given by the author;
the source of reference; the geographical coordinates; the major and
trace elements and isotopic ratios; the perpendicular distance from the
trench to the sample; the age; the rock type as reported'by the reference
source; and other miscellaneous information. 1In Table la, b, and c the
samples are code-numbered from 1 to 271, but numbers 46, 73, 91, °2, 93,
94, and 95 do not exist. Also, where theré was no data, the computer

print out shows a zero.

The locations of the 264 analysis from the Central Andes compiled
for the present thesis are shown in figures 3 and 31. These samples
can be considered to be representative of the late Cenozoic volcanic
rocks of the Central Andes. They were subdivided into 3 geographical
groups. The first group is located between latitude 15°S and 20°S,
this area is called Region 1. The second group is located between
latitudes 20°S and 25°S and the third group is located between‘latitudes

25°S and 31°S. These areas are called Region 2 and Region 3



respectively. The specific samples in each region are given prior to

Table 1 (Appendix A).

Computation and Statistics:

The data were processed by the use of SPSS (Statistical package
for the Social Sciences), QDGS (Quick Draw Graphic System), and Fortran
programme language. With the SPSS package were obtained scatter dia-
grams (and their vital statistics: Pearson's correlation coefficient,
least square fits, means and standard deviations) of all the major and

8 . . .
trace elements and the 87Sr/ 6Sr value against distance and SiO The

e
final plots presented in this thesis were done by use of QDGS subroutines

and other Fortran programmes (see Appendix A) Fig. 8, 13, 19.

Analytical Methods:

The determination of vanadium, nickel, lithium, copper, and zinc
for 25 samples and 5 standard rocks was done.using an Atomic Absorption
Spéctroscopic unit (Elmer-Perkins 503) in the laboratories of the Geology
Department of Dalhousie University. A simple routine method developed
by Warren and Carter (1974), (with few modifications) was used to produce
the rock sample solutions, which are made by using an acid dissolution
system containing hydrofluoric acid (HF). This acid not only dissolves
the rock but also removes some of the compositional matrix of the sample
by eliminating silica as a volatile silicon tetrafluoride (SiF4). In
this method the sample is brought into solution by digestion with a

mixture of hydrofluoric (HF), nitric (HNO3),>and perchloric (HC104)



10

acids in a low pressurg-low temperature teflon bomb. This step is

followed by the evaporation‘of the solution to perchloric acid fumes
and a final dissolution in a mixture of hydrofluoric and boric acids.
In Appendix B can be found a detailed éccount of the methods used to

prepare the solutions.
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CHAPTER 2



12
CLASSIFICATION OF VOLCANIC ROCKS

Field names and petrographic descriptions offer limited help when
comparing volcanic rocks, especially if the rocks show some alteration
or contain glassy groundmass. Because terminology varies with the
user, it becomes rather difficult if not impossible to compare rocks
described by different workers. Therefore a uniform nomenclature
based on certain criteria is necessary. Some of the classifications
of common usage are those of: Streckeisen (1967); Irvine and Baragar
(1971); Church (1975); and Taylor (1969):

1. Streckeisen (1966, 1967) proposed a very useful classification and
nomenclature for igneous rocks according to their mineralogy.

The method he recommended for the conversion of the chemical
analysis to a normative mineral composition is the R%ttman Norm;
this norm computes in many cases sanidine instead of biotite,

and its use may be misleading for rocké poor in sanidine and rich
in biotite. Therefore as the author does not have a complete hand
specimen description of all the samples, it>was considered imprac-
tical to use this classification because it would be impossible

to detect the kind of error described above.

2. Irvine and Barager (1971) use multigraphic methods to handle
several variables which are ;sed to classify the specimens ac-
cording to one of 21 volcanic rock types. However, where
altered rocks are suspected, an arbitrary adjustment of the Fe203/

FeO (ferric ion/ferrous ion) value is introduced. Some workers
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(e.g. Chayes, 1966) have rejected specimens with Fe 03/Fe0 values

2
> .6. Both of these procedures seemed inadequate to Zentilli

(1974) and Church (1975) beqause a ratio close to unity will be
obtained where late magmatic oxidation has taken place, and many
rocks that are obviously fresh ip hand specimens and in thin
section (e.g. unaltered glass) may also haye high ratios, perhaps
due to high oxygen fugacities prevalent during the last stages of
crystallization (Dr. Marcos Zentilli, personal communication, 1978).
Church (1975) proposed to use a greater amount of chemical data and
a single variation diagram for the classification of common vol-
canic rock types. For each rock A = Fe O, + FeO + 1/2 (MgO + CaO)

23
is plotted against B = Al_0_/SiO_, where the term A is supposed to

273 2
servé as an index of basicity, and in recognition of the intgr—
change of Si and Al in feldspathic minerals, the term B is compgted.
This method seems to effectively polarize ultramafic compositions,
and to show a trend from rhyolite to basalt with increasing values
of the parameters A and B. To delimit the fields for each rock
typé, Church (1975) plotted the standards of Washingtoh (1917) and
to test the procedure plotted the average compoéitions of Daly for
each rock type. The fields overlap each other, making it very
difficult to classify those rocks falling in the region of overlap.
Nevertheless, this procedure takes into account several chemical
components and perhaps the most useful information obtained from

the variation diagram of Church is the relative degree of basicity

of a rock.
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4. Taylor (1969) recognized very early the difficulties inherent in
applying standard petrographic techniques to rocks which contain
fine grained or glassy groundmass (as do many of the Central Andean
volcanic rocks) and proposed that a classification based on the

SiO2 and Kzo contents (on a volatile-free basis) be used for these

rocks. Taylor distinguished four varieties of andesites, the most

common of which was termed ANDESITE and has a content of SiO2

between 56 and 62% and a K20 content between .7 and 2.5%. Taylor's

low-silica-andesites have a Si02 content between 53 and 56% and a

K20 content between .7 and 2.5%. The potassium and trace elements
in andesites of the same silica content may vary by a factor of 5.
For this reason Taylor distinguished between low-K and high-K

andesites, with K20 <.7 and >2.5 respectively. The complete list

of volcanic rock types is as follows:

1. High Al-basalt <53% SiO2

2. Low-silica Andesite 53-56% SiO2 .7—2.5%K20
3. Low-K Andesite 53-62% SiO2 <.7% K20
4. BAndesite 56-62% SiO2 .7—2.5%K20
5. High-K Andesite 53-62% Sio, <2.5% K,0
6. Dacite 62-68% SiO2

7. Rhyolite > 68% 'sioz

In order to break down the chemical analysis into rock types to
effectively compare rocks of similar chemistry, and for the comparison

of trace element contents of these rocks with those of other orogenic
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regions, it was found appropriate to group the rocks according to the

usage of Taylor, as described above.

Classification of the Data

Region 1

Most samples from Region 1 are of dacite or andesitic composition
(Figures 4 and 5), and of calc-alkaline character according to the
criteria of Peacock (1931) and Wager and Deer (1939) (Figure 6).
Peacock (1931) defined the calc-alkali series of rocks to be those in
which the sum of Nazo + K20 exceeds the CaO content at SiO2 values
between 55 to 61 percent (Table 4, Appendix A). Another group of rocks
called "shoshonites" have been identified for having KZO/NaZO values

close or greater than unity. In Figure 4 the shoshonites (samples 216,

217, 218, 219, 220, 221 and 222) show higher K,0 content at any given .

2

SiO2 than the calc-alkaline rocks. Also note that few shoshonites plot
as a more or less distinct group, having a slope slightly smaller (less
steep) than the rest of the rocks. Miyashiro (1973) identified the
calc-alkaline series by their rapid increase in SiO2 with respect to the
Fe total/MgO value (Figure 7). Also it can be seen that several samples,
and one in particular (No. 207), plot very distinctly in the tholeiitic
field. A check on Table la indicates that it is due to a low content

in MgO rather than a high content in iron. Finally, Figure 8 shows a

NaZO/KZO versus Na20 + K,O plot for the rocks of Region 1l; it clearly

2

shows that all the samples fall in the region of "fresh" volcanic rocks.
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Region 2

In region 2 there are only slight differences with Region 1. Again
the bulk of the samples are of dacitic and andesitic composition
(Figure 9 and 11), but the andesites of Region 1 show to be, in general,
less potassic than those of Region 1. Also the samples of Region 2 are
mostly of calc-alkaline character (Figure 10), though many of them have
shoshonitic affinities. The variation diagram of Miyashiro (1975)
(Figure 12) shows that as in Region 1 most rocks fall in the calc-
alkaline fieid,eand that some of them fall distinctly in the tholeiitic
field (sample 241 in parficular). A check on Table la again shows
that it is due to very low MgO values. Figure 13 shows that most rocks
are fresh according to the test for Quaternary volcanic rocks as de-
fined by Miyashiro (1975). Again those values falling outside the field
for intermedigte and basic volcanic rocks from island arcs are of
rhyolitic and dacitic composition. Also a comparison of Figure 13
with Figure 8 points out again at the similarity between the volcanic

rocks from Region 1 and 2. -
Region 3

In Region 3, as in Regions 1 and 2, the bulk of the rocks have
andesitic and dacitic compositon, but there are more high-alumina

basalts than in the previous regions as shown in the Kzo versus SiO2

diagram for Region 3 (Figure 14). In this figure, the shoshonites

O content at any given SiO_ than the rest of the

2

again show a higher K2

rocks which are of calc-alkaline character according to the criteria
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XFEO

FIGURE 10: (Na20 + K20)-total Fe-MgO triangular plot for the rocks of

Region 2. In dots is the field for the volcanic rocks of
shoshonitic association of New Guinea. In dashed line is

the field for the volcanic rocks of XKorkar and Manan Islands
of New Brittain (Jakes and White, 1971). The line separating
the calc-alkaline field (CA) from the tholeiitic field (TH)
comes from Irvine and Baragar (1971). This diagram shows
the calc-alkaline and shoshonitic character of the-rocks

from Region 2.
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relatively high Si0O2 values.
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of Wager and Deer (1939) (Figure 15). Figufe 15 shows that the

volcanic rocks of Region 3 fall well in the calc-alkaline field. Note
also that some of the samples fall within the field demarked by the
rocks of shoshonitic association of New Guinea. This figure is com-
parable to Figures.lo.and 6. In Figure 14, some of the shoshonites are
not as well identifiable as a different group from the rest of the rocks.
This suggests that while the shoshonites and the calc-alkaline rocks

can be considered to be two different populations, they are related

and there is a progressive gradation between them. This fact can also

0 values of the samples from

be observed in the histogram for the K2O/Na2

the three Regions (Figure 16). In Figure 15 there are 2 samples that
seem to be out of sequence, they are samples 25 and 26. These two
sgmples do not follow the same trend set by the other samples (e.g.
linear increases of K_ O with increasing SiOZ)' but they show comparatively

2

low K20 . These two samples are highly siliceous (> 83 percent SiOz)
and that is the reason for being depleted in all other major elements,
including K20 (see' Table la). For comparison with Figure 14 has been
plotted a Church variation diagram {(Figure 17). Again as in Region 1
and 2, most of the samples fall in the andesitic and dacitic fields.
Note that the two highly siliceous samples (25 and 26) plot outside
the rhyolite field defined by Church (1975). Sample No. 5 plots above
the rhyolite field due to the fact that it is rich in Fe O,. One dif-

ference between this plot and Figures 11 and 5, is that four samples

fall in the trachyte field, probably because they are relatively rich

in alumina and poor in iron with respect to the other samples. For
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FIGURE 15:

(Na20 + K20)-total Fe-Mgo triangular plot for the rocks of

Region 3. In dots is the field for the volcanic rocks of
Shoshonitic association of New Guinea. In daéhed line is the fielq
for the volcanic rocks of Korkar and Manan Islands of New
Brittain ( Jakes and White, L97]). The line separating the
calc-alkaline field (CA) from the tholeiitic field (TH) comes
from Irvine and Baragar (1971): This diagram shows the calc-

alkaline and shoshonitic character of the rocks from Region 3,
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comparison with Figure 15 a diagram has been plotted with FeO total/
Mgo versus SiO2 (Figure 18) which shows the calc-alkaline character of
most samples according to the criterion of Mivachiro {(1973). Again as
in the previous regions, some samples fall distinctly in the tholeiitic
field (No. 8 énd 35). These samples, as in the other 2 regions, have
relatively low MgO values. Figure 19 shows the "freshness" of the
samples of Regiocn 3. Again as in the other two regions a fgw samples
fall outside the field for fresh Quaternary volcanic rocks of Miyashiro
but it is probably due to the fact that they are more siliceous.
Nevertheless, diagrams 8, 13 and 19 indicate that the Neogene-Quaternary
volcanic rocks of the Central Andes have relatively lower Na2O/K20

values than similar rocks from island arcs.

Finally a MgO-Fe total-AlZO

3 diagram (Figure 20) has been plotted

for the rocks of the 3 regions having a SiO2 content between 51 and 56%,
Pearce et al. (1977) distinguished in this diagram five fields repren.
senting different tectonic environments: ocean ridge and floor, ocean
island, continental, orogenic, and spreading centre island. The aim of
this diagram is, for Pearce et al. (1977), to show the relationship
between major element chemistry and tectonic environments. The samples
plotted in Figure 20 fall distinctly in two fields: the "orogenic”

and the "ocean ridge and floor". One sample falls in the field for
"spreading centre islands"” but it is so closé to the "orogenic" field

that it may be considered to be part of the latter. The samples that

fall in the "ocean ridge and floor" field have MgO values between 6.94
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FIGURE 19: Na20/K20 versus Na20 + K20 diagram. The field marked on

the diagram correspond to the " fresh f‘intermediate vol-
canic rocks from island arcs of Miyashifo (1975). Most
of the samples that fall outside this field have high Sio2

values. All samples belong to Region 3.
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and 8.76 wt. percent, which is greater than the MgO values for those
samples plotting in the orogenic field which are between 2.70 and 6.98
wt. percent. Also the samples plotting in the "ocean ridge and floor"
field are characterized by lower A1203 values than those plotting in the
"orogenic" field (see Table la, samples No. 90, 96, 97, 98, 100, 101,
103, 104, 105, 106, and 228 plot in the "ocean ridge and floor" field.

Samples No. 47, 103, 108, 109, 117, 271, 118, 217, 219, 226, 225, 256,

257, 258, and 265 plot in the orogenic field).

In the preceding paragraphs the calc-alkaline rocks have been
identified on the basis of low iron enrichment in an AFM diagram and
by lower than unity KZO/Nazo ratios, and they have been compared to

Miyashiro's Fe total/Mg0 vs SiO_ variation diagram. Now the trace

2
elements may also be used to define the character of the volcanic rocks.
Tholeiitic rocks have Rb values from 2 to 30 pom (Jakes and White, 1972)
and the Rb values of all the rocks of the Central Andes under study are
greater than 20 ppm up to a maximum of 365 ppm. The highest values
belong’to rocks of shoshonitic association (K20/Na20 >.95). 1In

addition because of the positive correlation of Rb with SiO the more

57
siliceous rocks have the higher wvalues. The Sr values of the Central
Andean volcanic rocks are in 99.5 percent of the cases greater than

250 ppm and they go up to 1243 ppm. It is in accordance with the calc-
alkaline and shoshonite rocks of Jakes and White (1972), and as in his
case the rocks of shoshonitic association have the highest Sr values.

Although the other .5 percent have very low Sr values (range from 7

71 ppm) and correspond to rocks previously identified as calc-alkaline.



37

Ni and Cr values are low in most rocks, agreeing with a non-tholeiitic
character (tholeiites are generally enriched in Ni and Cr as a result
of olivine and clinopyroxene accumulation). However, the samples

with SiO2 less than 54 percent tend to have high Ni and Cr values.
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CHAPTER 3
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GEOCHEMICAL VARIATIONS

After dividing all the samples into 3 geographical regions and
classifying them according to the usage of Taylor (1969) it was pos-
sible to see many similarities and differences between the different
rock types in the three regions. Table 5 shows the relative pro-
portions of the different types of rock in the three regions. And
Table 6 in Appendix A shows the list of elements; number of cases;

mean; and standard deviation for each rock type of each region.

Note from Table 5, that the so-called "andesites" make up for
1/2 of all samples, and that the dacites make up for 1/3 of all samples,
indicating the interﬁediate to slightly silicecus character cf the
Neogene-Quaternary volcanism in the Andes. The data has been plotted
against distance from the trench and SiO2 for each rock type of each

region, and the results obtained are discussed below.
Basalts

Dﬁe to the lack of a statistically significant number of samples
in Regions 1 and 2, it is not possible to study the geochemical co-
variations in these regions. However, in Region 3 there are 8 samples,
but none of them show correlation with eithér SiOz'or distance, except

for the K-index, which varies positively with distance in a similar

fashion as do the andesites in Figure 27 (see below).
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TABLE 5

REIATIVE PROPORTIONS OF ANALYSIS IN THE 3 REGIONS

Region Latitude Basalt Andesite Dacite Rhyolite Partial
Total
1 15°s to 20°s 1 71 37 6 115
2 20°s to 25°s 3 36 35 14 88
3 25°s to 31°s 8 28 16 9 61
Partial Totals 13 134 88 29 264

Percent from grand
Total (= 264) 5 51 33 11 100
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Andesites

In general terms the elements that constitute the andesites of
the three regions are‘comparable in many respects, but there are also
some differences. The TiO2 and FeO content of the andesites of Region
1 tend to be higher than in Regions 2 and 3, and the CaoO, Na20, and
MgO tend to be lower in Region 1 than in the other two régions. PO

25

shows no covariation with distance oxr Sio2 in none of the regions,

except for an exponential increase with increasing distance from the
trench in Region 1 (Figure 21). The other major elements have comparable
ranges and means in the three regions. The behaviour of TiO2 varies

from region to region. In Region 1 it shows an exponential positive
increase with distance; in Region 2 it shows a linear increase; and

in Region 3 it shows no covariation. Hcwever in the three regions TiO2
shows a linear decrease with increasing Si02. A1203 has a more uniform
covariation than Ti02, because it decreases linearly with distance in
Regions 1 and 2, although it shows no variation in Region 3. Also

A120

does not correlate with SiO2 in any of the 3 regions. Fe_O_ shows

3 23

a slight covariation with distance and SiO2

(positive and negative
respectively) in Region 1, but no covariation in Regions 2 or 3. FeO
shows no covariation with distance or SiO2 in Regions 1 and 3, but in
Region 2 it shows a slight positive covariation wifh distance and a
very good negative covariation with sioz. MnO behaves the same in the

three regions showing no covariation with either distance or SiO MgOo

-

can be correlated with Sio2 in the three regions, and can be negatively
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correlated with distance in Region 1. In Regions 2 and 3, MgO shows

no covariation with di;tance. Ca0 shows no correlation with distance,
but it shows a very good negative correlation with SiO2 in the three
regions. Na20 shows a different behaviour in the 3 regions. In Region
1 it shows no covariation with distance, while in Region 2, it shows

a negative correlation (Figure 22) and in Region 3 it shows a positive

correlation (Figure 23). With respect to SiO._, NaZO is independent.

. K_O shows no correlation with distance in Region 3, but it shows a

2

better correlation in Region 2 and an even better correlation in

Region 1 (Figure 24). KZO in andesites showed no variation with SiO2
in any of the three regions. The K-index for the three regions was
computed and plotted against distance. Figures 25 and 26 show the K-
index versus distance for all the rock types of Regions 1 and 2 respec-
tively. Note in these diagrams the similarity in shape (i.e. siﬁilar
behaviour of the K-index), which is of step-like form. This behaviour
of the wvolcanic rocks of these two regions is comparable to the
behaviour of the rocks of the Sierra Nevada batholith studied by Bateman
and Dodge (1270). From these two figures it is possible to divide
Regions 1 and 2 into two broad longitudinal zones of differential KZO
values. The boundary line in Region 1 would be at approximately 360 km
from the trench, and in Region 2 it would be approximately at 490 km.
However, even though this way of demarking zones for potassium seems
reasonable, it is not truly valid because Figures 25 and 26 represent

a compressed picture of what is happening in a broad area. Thus

below will be described a better way of zoning the potassium in the

Central Andes. But first a reference to Region 3 is necessary. For
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Region 3, the K-index versus distance plot for all the rock types
(Figure 27) shows a slight positive trend. The plots of K-index
against distance for the dacites and rhyolites have a steplike shape
similar to those shown for Regions 1 and 2. But for the andesites
(Figure 28) and basalts the K-index shows a positive‘linear increase
with increasing distance. Figure 28 indicates that the slight positive
correlation shown in Figure 27 is controlled by the andesites, and
that the potassium increases steadily with distance in the southern
part of the Central 2Andes. On the other hand, in the middle and

northern portions the potassium is invariant first and then it shows a

dramatic increase in values.

In a geographical-position plot of the samples (Figure 25) have
been divided each degree of latitude and longitude into four cells,
and for each cell the average K-index was calculated. It was found
that in order to show the zonation of potassium, such an approach was
required. Figure 29 shows the area of the éentral Andes under study
divided into cells of 1/2° per 1/2°. Each cell is made up of a certain
number of samples, for which an average K—iﬁdex value has been com-
puted (Table 7). This diagram applies to the andesites only, and it
can be appreciaﬁed that the highest wvalues appear further away from the
trench, and that the lowest values fall closer. Owihg to the relatively
small density of the sample distribution there are many aréas that are
left blank; Before extrapolating, it would be valuable to find the

K-index for several rocks in those areas, though.
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(x)

Average K-index values for each cell (andesites only)

ith cell

ith K-index value

53

" TABLE 7

= no andesites in this cell

= number of samples in cell i (andesites)

Ci Ki andesites (x) Sample numbers (all rocks
1 192 (19) 125 to 136, 149 to 154, 161, 197 to 200
2 157 (11) 137 to 140, 155 to 160, 162 to 169
3 180 (2) 170, 171, 195
4 294 (9) 216 to 223, 230, 231
5 279 (1) 224, 225 ’
6 333 (1) 226, 227, 228
7 200 (3) 183, 184, 185, 229
8 - 207, 208, 209
o 182 (8) 114, 145, 186, 187, 188, 201 to 206
10 214 (3) 146, 210 to 215
11 162 (9) 141 to 143, 173 to 180, 182, 189
12 - 147, 148, 190 to 195
13 148 (1) 172
14 185 (3) 58 to. 65
15 - 251
16 162 {4) 252, 253, 255, 256
17 189 (1) 254
18 -- 87, 86, 44
19 - 81
20 - 75



Table 7 (continued):

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

156 (1)

145 (11)
168 (1)
156 (1)

192 (1)
127 (2)
204 (1)
122 (1)
215 (1)
193 (2)
416 (3)
213 (2)
127 (3)
126 (1)

197 (2)

138 (2)
144 (1)
216.5 (2)
232 (2)
185 (9)
164 (2)
138 (3)

353 (6)

53

71, 76, 77, 90

67, 72, 79, 83

37 to 43, 45, 47 to
238, 250

68, 69, 74, 78, 80,
66, 84

70

232, 233, 240, 241,
85, 88, 89, 234
235, 236, 237, 239,
245, 246, 247, 260,
99

257, 258, 259

96, 97, 98

111, 112

262 to 265

266

105, 106, 107

108, 109

267, 270

268, 269

100 to 104, 110, 113
35, 36

30 to 34

1l to 5, 22 to 26

6, 7, 8

9 to 12, 19, 20, 21
13 to 18

28, 29

27

114 to 124

244,

242,
261

248

243
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Many of the trace elements do not show covariation with distance
or Si02, but many of them show a good correlation among themselves.
This correlation can either be linear (positive or negative) or
parabolic (concave upwards or downwards). Data were available in
Region 1 for only 5 trace elements: Ba, U, Li, Rb, and Sr. Data were
available in Region 2 for 12 trace elements: 2zn, Cu, V, 2r, Ni, Co,

Y, Cr, Sc, Sr, Ba, and Rb. 2And data were available in Region 3 for

22 trace elements: 11Li, Ag, Sn, Ga, Pb, Zn, Cu, B, Be, Mo, V, Zr, Ni,
Co, Y, Ce, Cr, Sc, Sr, Ba, Rb, and U. In Region 3, Li, Ga, 2Zn, Cu, Be,
Mo, V, Ce, Cr, Sc, Sr, Ba, Rb, and U show no variation with either

distance or Si02. Pb, Co and Ni vary with SiO, positively, negatively,

2
and negatively respectively, but show no variation with distance; and
Zr and Y vary with distance (negatively and positively respectively)
but show no correlation with Sioz. In Region 2, Zn, V, Ni, ¥, and Co
behave in a similar fashion as in Region 3. But Cu, %r, Cr, Sc¢, Sr,
Ba, and Rb behave differently. Cu and Zr vary negatively with dis-
tance and show no correlation with SiOZ' Figure 30 is a plot of copper
versus distance. Note in this figqure that most samples fall in either
end of the fit line, but the few samples that fall in between follow
the trend set by either end. Sr and Rb show a positive correlatién
with distance and no covariation with Si02.‘ Cr and Sc show no co-
variation with distance but a positive correlation with SiC_. Finally,

Ba follows a negative trend with SiO2 but shows no covariation with

distance.
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The trace elements in Region 1 shows two types of covariation
with distance: Li, Rb, and U follow a parabolic concave downwards
relation, Sr follows a parabolic concave upwards relation, and Ba follows

a linear trend. With respect to SiO none of these elements show cor-

5!
relation. Figures No. 31 and 32 are diagrams of lithium and uranium
versus distance. Note that in both cases the andesites (unfilled
circles) reach a maximum at approximately 320 km from the trench. Rb
reaches a maximum at the same distance as U and Li, and Sr reaches a
minimum at approximately 330 km from the trench. Since the continental
crust in Region 1 reacheé a maximum thickness at about 320 to 330 km
from the trench, it is interesting to note that the point at which the
tangent touching the maxima and minima in the plots of Li, U, Rb, and

Sr versus distance, coincides roughly with the point of maximum contin-

ental thickness (Figure 33).

8 86 e .
Finally the 7Sr/ Sr isotopic values (initial ratio) follow a
negative linear relationship with distance (Figure 34) and no relation

with 5102.

Dacites

The major elements of the dacites of Regions 1 to 3 do not show

variation with distance, except TiO2 and P205 in Region 1 where they

show a slight positive increase with increasing distance, and Na20

in Region 2 which follows a negative trend with distance (Figure 35).

However, the covariation of the major elements with 8102 is better.

In Region 1 TiO_, K. O, and P_O

5 5 205 show a slight increase with increasing
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Figure 33:

This figure shows the contour lines of the Moho
surface at the base of the Central Andean crust
(James, 1971) in dashed lines. The numbers that
appear in each of the Bouguer anomaly lines are the
depth from the sea level to the base of the crust,

i

and they are in kilometers.
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SiOz, and MgO and CaO decrease linearly with increasing SiOZ' In

Region 2 FeQO, MgO, Ca0, and Na O show a negative correlation with

2

sioz, and KZO shows a positive correlation as in Region 1. In Region

3 Ti02, contrary as in Region 1, decreases linearly (negative correlation)
with increasing Sio2, but Ca0, as in Region 1 -and 2 has a negative

correlation.

With respect to the trace elements, in Region 3, which has the
most abundant data, 1i, Ag, Ga, Pb, Cu, Be, Mo, Zr, Ni, Cr, Sc, Ba,
Rb, and U show no variation with either distance or Sioz. Sn, B, and
Ce had less than 4 samples each (Table 6, Appendix Rf and therefore it
was not possible to detect a true relationship with SiOzaor distance.
However, Zn, Y, Sr, and Co show a gocd correlation with distance, and
the latter together with V also vary (negatively) with SiOz. Figure
36 is a plot of Sr versus distance for the dacites of Region 2; note
in this diagram that the scatter is greatest in the center portion.

In Region 1 Sr, and Ba do not show variation with either distance or

SiOz. But Rb shows a good correlation with SiO_ although it shows no

2
correlation with distance. The lithium and uranium behave like in

the andesites. In Figure 31 and 32 the dacites appear as filled circles.
Note in these t&o diagrams that the dacites generally have greater con-
tents of Li and U than the andesites at any given distance. There was

not enough isotopic data (< 4 samples) in any of the three regions to

detect what kind of relationship it follows with distance or SiO_.
&
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With respect to the relative contents of each element in the

dacites of the 3 regions, the following can be said: A1203, Fe203,

MgO, Na_O, and K.O show comparable ranges in each region, but TiO

2 2

2I

FeO, and Ca0 have the lowest values in Region 1. In particular CaO
has on the average (Table 6, Appendix A) the highest values in

Region 3. has the lowest values in Region 2, and comparably

2%
higher values in Regions 1 and 3, thus making a saddle point in

Region 2. The trace elements also show some longitudinal variation.
Vanadium and nickel have higher values in Region 2 than in Region 1 or
3; Sr, on the average has higher values in Region 1.than in Regions 2

or 3; and Ba also shows the same relationship as Sr.

Rhyolites

¢

None of the major elements in rhyolites of any of the three regions

varies with distance, except K

2O of Region 1, which shows a slight

increase with increasing distance. In Region 1, Ti02, A1203, Fe2o3,

FeO, MgO, CaO, and P205 show very gcod (negatiﬁe) correlation with

Sioz, but MnO, Na_0O, and K_ O show no correlation. In Region 2 Alzo

2 2 37

Fe203, MgO, and CaO vary negatively with SiO_, but K_O vary positively.

2 2

The other major elements in this region show no correlation with SiOZ.

In Region 3 none of the major elements vary with SiO_. With respect

2

PR

R . 87 86 )
to the trace elements and the Sr/ Sr value, either there was no

data or there were too few cases to detect any variation.

T
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Figures 37 and 38 serve to compare the hajor and trace elements of
the volcanic rocks of the Central Andes with equivalent rock types
from other places of the circum-Pacific belt, such as the Tonga Islands
(Ewart and Bryan, 1972), and East Papua, Fiji, and Soclomon Islands (Jakes
and White, 1972). Table 8 is a summary of Table 6 for the major
elements. It shows the average composition of the different rock types
with respect to their major element chemistry for the Central Andean
" volcanic rocks. It can be seen that in Figure 37 (andesites) there
is an almost perfect correlation between the Si02, A1203, and Ca0O con-
tents of the andesites of the 3 Central Andean regions with those from
island arcs. However the Central Andean andesites have higher Sr, Ba,
Rb, Ni, and KZO values; and low V, Y and MgO values; than comparable
rocks from island arcs. With respect to FeO, Region 1 has a lower

value than island arcs, and with respect to Fe Region 2 has a

203’

lower value than island arcs. In Figure 38 (dacites), SiO2 and A1203

show an almost perfect correlation between the Central Andean dacites
and those from island arcs. But in the Central Andes they have higher

FeO, Cao, Fe203, K20, U, Ni, Rb, V, and Zr values; and lower Y and

Na20 values than those from island arcs. Also, the Sr values are lower

in the dacites of Region 1 and 3, but equal in Region 2 to those of

island arcs.
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CHAPTER 4
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GENESIS OF THE INTERMEDIATE VOLCANIC ROCKS

The geochemical variations.of the volcanic rocks of the Central
Andes probably reflect the varying conditions of their genesis and
paths of the magmas during their ascent and crystallization. Several
models have been recently proposed to explain the genesis of inter-
mediate volcanic rocks; these models have been reviewed by Thorpe et al.
(1976) and Dostal et al. (1977). An attempt is made to see which model

is most compatible with the data considered in the present thesis.

Anatexis of the Lower Crust

Pichler and Zeil (1969, 1972), and Fernandez et al. (1973) propose
that the origin of the Andean andesites is the melting or partial
melting of lower crustal rocks. To support this idea Fernandez et al.
(1973) point out the high Al content of most samples, and the high
Zn values of 3 samples (among 20 other with relatively lower value!).
In addition Fernandez et al. (1973) and Pichler and Zeil (1969) argue
other petrologic and isotopic criteria. Pichler and Zeil (1972) con-
sider that the high initial 87Sr/86Sr values of the andesites (.7051—
.7071) rule out a direct mantle derivation and that they support

further a lower crustal origin. Thorpe et al. (1976) and Dostal et al.

(1977) th

cn the contrary

to be correct because:
X . ... 87 6 . .

a) the high initial Sr/ Sr isotopic data can be accounted

for by the more-radiogenic character of the mantle in the

Central Andes.
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b) of the occurrence of similar andesitic rocks in island arcs
that lack a pre-existing old continental crust.

c) of the fact that a crustal origin would not explain the geo-
chemical variations noted across the Central Andes, which may
be better correlated with depth to the Benioff Zone (albeit
imprecisel§ and arbitrarily defined), such as the K_ O increase

2
with depth to the Benioff Zone of Dickinson (1970).

Nevertheless, Dostal et al. (1977), Zentilli and Dostal (1977), and
McNutt et al. (1975) recognize that the rising magmas may be contam-
inated by crustal material to a small degree. In view of the arguments

presented above, this model will not be discussed further.

Amphibole-controlled Fractionation

Green and Ringwood (1968) proposed that the partial melting of the
basaltic oceanic crust metamorphosed to amphibolite can produce an
andesitic liquid. This model according to Dostal et al. (1977) could

apply to their samples of low SiO_ content occurring relatiVely close

2
to the trench, but not to the more siliceous samples occurring farther
away because the Benioff Zone under centers of volcanism far away from
the trench is too deep to be in the amphibolite facies. This last
statement is also shared by Thorpe et al. (1976). Thorpe et al. (1976)
aiso find the high Kzo values of the dacites (over 3%) very difficult

to account for by crystallization of a plausible proportion of amphibole.

Furthermore, Dostal et al. (1977) and Thorpe et al. (1976) found that
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the rare earth data also created problems for this mechanism.

Eclogite-controlled Fractionation

Anatexis of eclogite would be capable of yielding a melt of inter-
mediate composition according to Green and Ringwood (1968). According
to Dostal et al. (1977) a simple eclogite model cannot account for the
light rare earth elements enrichment in the Andean volcanic rocks if
the source material has the composition of oceanridge tholeiite. In
contrast, Thorpe et al. (1976) say that the alteration of ocean floor
basalt would have the effect of enrichment in rare earth elements.

Even though this model may account for the major elements composition,
it does not account for the trace elements composition 6f the andesitic
lavas. Delong (1974) proposed that eclogite represented the extreme
anhydrous high-pressure transformation that oceanic tholeiite is likely
to undergo in a subduction zone, and thatzpartial melting of such an
as;emblage showed a very large range of K enrichment for 1 to 50 per-
cent melting, but that such an assemblage was deficient in Rb and Sr.
The rocks of the Central Andes are invariably (except 1 or 2 samples)
very enriched in these two elements. Also this model does not account

for the high Ba values.

Partial Melting of Hvdrous Upper Mantle

The experimental work of Kushiro et al. (1972), aﬁd Mysen and

Boettcher (1975). suggests that andesite can be formed by less than
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20 percent of partial melting of spinel- of garnet peridotite. However,
Thorpe et al. (1976) noted that the experimental work of other workers
indicate that andesite magmas are unlikely to be produced by partial
melting of peridotite mantle at pressures gréater than 10 %b (35 km).
It is estimated that the pressure at the mantle in the Northern part

of the Central Andes is twice that noted above (i.e. 70 km depth).
Nevertheless, Thorpe et al. (1976) note .that the rare eart data are
consistent with such a mechanism of origin. Lopez-Escobar et al. (1977)
indicate that if the andesites were produced by anatexis of peridotite,
the Cr and Ni expected values of the andesites should be significantly
higher (2200 and 1500 respectively) than they actually are; and that
the expected Sr, Ba, and Rb contents should be significantly lower (20,
20, and 1 respectively) than they actually are. Also this model cannot
explain the enrichment of light rare earth elements. But if very low
degrees of melting are considered (i.e. < 5 percent) this model could
explain the behaviour of Cr, Ni, Sr, Ba, Rb, and light rare earth
elements (Delong, '1974; Thorpe et al., 1976). Such a low degree of

melting is, however, considered not likely (Thorpe et al., 1976).

None of the models reviewed above céuld explain fully the genesis
of the Andean volcanic rocks. However, in order to account for the
enrichment of some trace and rare earth elements in the Andean rocks,
Thorpe et al. (1976) propose an enriched eclogite or extensive frac-
tionation involving garnet and clinopyroxene. And Dostal et al. (1977)

propose an enriched upper mantle overlying the Benioff Zone, which
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would partially melt (anatexis), due to the heat brought by felsic
magmas rising diapirically, which have been produced by partial melting
of eclogite. The combination of these two melts would produce calc-
alkaline magmas. In addition, the progressive dehydration of the
oceanic slab as it is subducted would cause a decrease in the degree of
partial melting with increasing depth of magma generation (Dostal et al.,

1977).

.Most of the geochemical variations across the Central Andes can be
accounted for by the models proposed by Thorpe et al. (1976) and by
Dostal et al. (1977). However none of the models coﬁld explain the
behaviour of Nazo. As noted before Na20 in the andesites follow a
positive linear relationship with distance from the trench in Region 3,
and a negative linear relationship in Region 2, therefore whichever
process is invoked involving the subducted oceanic slab and upper mantle
to produce the magmas it is clear that it would have opposite effects
in two adjacent areas. A possible explanation may be that in Region 2
the oceanic slab (transformed to eclogite) and the upper mantle are
relatively depleted in Na-bearing mineral phases and in Region 3 they

are relatively enriched. This depletion or enrichment of certain

mineral phases might be controlled by varying degrees of partial melting.
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GENESIS OF RHYOLITIC AND IGNIMBRITE ROCKS

Zeil and Pichler (1969) studied the geological relationships and
the mineralogy and petrology of the rhyolites of the Central Andes,
and put forward a hypothesis for the genesis of those rocks. The
hypothesis was that the lavas of rhyolitic composition were produced
by anatexis cof the upper crust possibly at a depth of 7-8 km. There
has been since 1950 a large amount of research bearing on the fusion
and crystallization of crustal rocks and of relevant synthetic systems.
Noticeable are the discussions by Winkler (1967), Presnall and Bateman
(1973), and Willie (1977). Through this research, anatectic models

using high H20 pressures to simulate pressure conditions several kilo-

38

KAlSl308—SlOZ—H20, CaA1281208~NaA;$130é—‘K AlSl308—SlOZ—H2O, and K20—

meters deep into the earth have been created using the systems NaAlSi _O_-

A1203-S102—H20. The latter serves to tell the influence of excess

A1203, while the 2 former ones deal with common minerals such as plagio-
clése, orthoclase, and quartz, which are most abundant in granitic

melts. The chemical analysis of 26 samples identified as rhyolites by
the usage of Taylor (1969) (many of them have been classified as dacites,
rhyolites and ignimbrites by their source of referen;e), indicate that
all of them contain more than 85 percent normative Ab+An+OR+QZ and 90
vercent of the rocks contain more than 80 percent normative Ab+CR+DZ.

If the upper crust of the Central Andes is of granitic composition,

the systems NaAlSi O_-KA1lSi _O_-SiO_-H_O, and CaAl_Si O O_~-Na L Si_O_-

38 38 2 72 22 8 38
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SiOZ—HZO provide an excellent chemical model fof testing a model of upper
crust melting by anatexis to produce rhyolitic melts. Four assumptions
are necessary before testing the model:
1) there is equilibrium between the different chemical phases
in the samples under study
2) in the case of ignimbrites, the pressure of the volatile
components was greater than the confining pressure at the
moment of eruption
3) the composition plotted in the OR-Ab-QZ ternary diagram is

at the liquidus surface

4) the composition of the upper crust is granitic.

Figure 39 is an Ab-OR-QZ ternary diagram in which the data on
the "rhyolites" of the three regions have been plotted, and superimposed
on it have been drawn on the projection of the isotherms and the co-
tectic line according to Winkler (1967) at 2000 bars of water pressure
(note: this PHZO = 2000 refer to the pressﬁre used in the experiments
to simulate buried conditions). This diagram shows that the samples
from Region 1 and 2 plot without much scatter and close to the cotectic
line, between the 675 and 750°C isotherms. But two samples fall out-
side this range.falling between the 750 and the 800°C isotherm. The
samples from Region 3 show a larger scatter and fall between a wider
range of isotherms (750-950°C). This greater scatter shown by the
samples of Region 3 may be a reflection of the wider range in values
in A120

, K 0, and Naz) than invthe other two regions. This in turn

3 2
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means that the upper crust in Region 3 may be less homogeneous than
the upper crust in Regions 1 and 2. This argument may be supported by
the experimental work of Winkler (1967), where he found that if at a

given P H_O ratio of albite to anorthite (Ab/An) increased, the co-

2
tectic line moves away from the quartz corner, and the ternary minimum
(M) moves toward the Ab corner. Conversely, a decrease in Ab/An

values cause the cotectic line to move towards the quartz corner and

the ternary minimum (M) away from the Ab corner. Thus if all the
assumptions stated, and the reasoning developed above are correct,

then it appears reasonabie to say that the rhyolites and ignimbrites

of the Central Andes of Neogene-Quaternary age were produced by anatexis
of ‘the upper crust at a minimum depth of about 7 km (corresponding to
2000 bars). However, Zentilli (1974) pointed out that (in some rocks

of Region 3) the mineralogy of the felsic rocks indicate lack of equili-
brium. The heat necessary to melt the crust would come from the ascen-
ding, less felsic (Taylor, 1977), magmas. The range of A1203 in 85%

of the rhyolitic rocks of the three regions is between 12 and 17 wt.
percent; these high values of the alumina are interpreted as being an
evidence of the anatectic origin of the rhyolitic magmas by Zeil énd

Pichler (1969).
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CHAPTER 6
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coNcLUSTONS

The present study shows that most of the Central Andean
volcanic rocks of Neogene-Quaternary age are of a calc-alkaline

character (K2O/Na O < .95), but as the continent-ward distance from

2
the trench to the sites of eruption is increased, these rocks gradually
acquire a shoshonitic affinity (KZO/NaZO > .95). This transverse
variation reflecﬁs the zonation of KZO across the Central Andes (which
has been documented in the present thesis by means of the K-index) and

a variation of Na20. The Central Andean volcanic rocks under study can
be considered mostly of intermediate composition (andes%tes and dacites)
under the classifications of Taylor (1969) and Church (1975). Of these
two types of rocks, the andesites display better the covariation with
distance. The Central Andean volcanic rogks must be divided into groups

or regions in order to determine best what geochemical variations are

present.

Many elements vary from north to south as well as transversly away
from the continental margin. The variation across the Central Andes of
some elements can possibly be correlated with crustai thickness: U,
Li, and Rb. Other elements may be correlated with depth to the Benioff
Zone, such as the case of K20 and other major elements, because it
follows a linear trend with distance from the trench. The correlation
with distance by most of the major elements may be accounted for by

varying degrees of partial melting of the upper mantle or of the

eclogite source. And the correlation with distance by many trace
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elements may be accounted for by the same process, but in many in-
stances crustal contamination (as with ILi, U, and Rb above) could be
the responsible process. Finally the ignimbrites (classified as
rhyolites) show no compositional variations across the Central Andes
perhaps due to the fact that they cover very extensive areas on account
of their explosive nature. It is suggested in this study that they may .

have formed a depth of about 7 km.
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APPENDIX A
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NOTE FOR TABIE 1 a, b, c

REGION SAMPLE
Region 1 58 to 65, 125 to 231
Region 2 1 to 36, 100 to 104, 108 to 110,

113 to 124, 267 to 270

Region 3 37 to 57, 66 to 99, 105 to 107, 111,
112, 232 to 266

Note also that in these tables a zero was printed where there
was no data.
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SOURCES OF THE DATA

Reference No.

10

12

............... e oo o

-------------------

©ce e o eccee © s e ece o e ce

...................

ooooooooooooooo . oo o

Author

Zentilli, M. 1974

Caelles, J. 1978 (unpublished analyses)
Thorpe et al. 1976

Kussmaul, S. EE.il; 1977

Oyarzun and Villalobos 1969

Horman et al. 1973

Bernascony et al. 1969

James et al. 1976

Zentilli and Dostal 1977

Guest, J. E. 1969

Siegers et al. 1969

* Reference No. ll‘does not exist

IN TABLE la, b, and ¢

KEY TO NAME ABBREVIATIONS

a)

Lat-Ande ....cceee0

Ande-Lav .cccececon

R-dacite ...cevevas

Ignimb ceecescene

Latite-Andesite
Andesite-lava
Rhyodacite
Onartz latite
Rhyolitic dacite

Ignimbrite
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b) Argnt .....Argentina
Bol .... Bolivia

c) Pleist :..: Pleistocene
M-Mio «... Middle-Miocene
L-Mio .... Lower Miocené
U-Mio .... Upper Miocene

Quaternat .... Quarternary
Plio-Quat .... Pliocene-Quaternary

U-Plio .... Upper pliocene

MODIFICATIONS TO THE DATA

1. The data for references No. 3, 4, 5, 6, 7, 9, 10 and 12 was

adjusted volatile free

2. The 87Sr/86Sr ratios given in reference No. 8 have been recorded

to 4 significant figures.
3. The K values reported in reference 8 were recalculated to KZO

4, Nazo for reference 8 was calculated according to the formula:

Na, O = [(K20 - K*) /(K*) ] X K20

* = -—
where K KZO/(KZO Nazo)



TABLE 1 A: Chemical data for the major elements. All values of the oxides are in weight percent.

In addition in this table appear a code number (NMBR); sample number as in the publication; the source

of reference (Ref); and the latitude and the

longitude of the geographical location of the samplg.

°

REi"'. " LAT. LONG. sio2 Ti02 Al203 Fe203 FeO MnO MgO Cao Na20 KZQ P205

Ni{BR SAMPLE
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TABLE 1 B: Chemical data for the trace elements. All values are in ppm. In the first column appears the

as in table 1 A.

the code number,
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TABLE 1 C: Chemical data for some trace elements (Ba, Rb, and U.. Values in ppm) , and

isotopic value (Sr ratio),

1

Peru-Chile Trench in km., the type of rock as reported by each author, the

plus the distance from the

age , the country where the sample comes from, and some miscellaneous information.

Miscellaneous information. ,

Age Country

Rock type
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TABLE 2

Analysis of South-Central Andean volcanic rocks.
. These samples represent localities from 242 to
536 km from the Peru-Chile trench. All values
in ppm. 1In brackets, for comparison are the
values reported by Zentilli (1974) for the same

samples.
Sample v Ni Li . Cu "~ Zn

No.

-1 123 (107) 13 (11) 26 27 (31) 85 (24)
2 108 (119) 10 (9) 31 27 (20) 81 (43)
3 135 (100) 11 (25) 38 27 (16) 79 (48)
4 56 9 31 19 74
6 164 (185) 15 (26) 19 30 (32) 94 (68)
7 139 (122) 11 (11) 30 14 (21) 93 (33)
8 88 4 48 10 57

9 101 60 28 28 73

11 1 15 35 6 57 (72)

14 73 (45) 6 : 38 11 (1) 61 (30)

15 21 12 32 10 55

16 126 (145) 16 (9) 19 10 (10) 76 (24)

17 124 " not 14 24 61

detected

18 113 12 21 6 95

19 86 (152) 18 (13) 14 31 (36) 196 (25)

21 77 (85) 10 (5} 56 4 {7 113 {17

22 125 1 26 23 69

26 236 74 15 15 90

30 259 34 ' 92 €1 87

31 58 7 12 108 37

32 84 43 31 80 118

33 104 6 26 57 112
34 360 205 23 56 48

35 121 31 19 37 280



FE.S5MGCA= FeO total + 1/2(MgO + CaO).

Useful calculations. SUMALK= Sum of the alkalines= Na20+K20.

TABLE 4

the major oxides are

FeO total/MgO. All values for

AL/SI = Al203/Si02. K/Na = K20 / Na20. FE/MG

in weight percent. The values of distance are in km.

ALK * *Mg* - K~index Dist.

SUMALK 5102 FE.5MgCa Al/si K/Na Fe/Mg Fe(tot) *Fa¥

Ccao

NMBR
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Example of a program using QDGS subroutines and Fortran

the data points

This program plots

statements.

( as calculated

from the Fortran

statement) and lalbels them.

PRIGRAM SAPPLE1(INPUT:TAPE5=INPUT;TAPE24=O,DqTPUT;TAPEb=DUTPUT)

L
(%)
[
g
(73]
p
F-u:
(L1t
(7ol -4
T-
<
wz
ur<s
[2a1s 4
- S
o o
[ ol A} ~
i v
vy]
. -
> (5] -
L (] 7] -
- o Jus } -
v = ~
o r~a "
u (&3 vy o
> ZzZwv o} f~
i [w]V3 ] .} i
zZ -t o r~
= ~— - s}
[Zel o X .
u oD a. -4
(] n « o~
n [y [ ~n
p e (U4 (=) of
o >0 LY m
o (%] -~ >
- (P8 (o] 10
aa Q~ (o] - -
o DY (o] S~
-~ L] N
< o b ~ ~
O t=rd (8] O
o <I> o
LUV S [V ) LY >0
>0 -~ <Z
o wu»n o —
w >w O L (] ~ n
oo - 2 o O~
FTO¥Y TT o~ -~
Wiy oa. 2) s~ M e
OD> A<z o) MmO D
-"uo) e O ~ N
>OZ LOI alF -
oz —~ e DD
<<z dq Qe NJO
awy O AN.O
NI OO N wt
= B QO T~
O 2+ st o O
P L s < & TveTh—
AT O T4
Q) Y~ T T
AT U a4
T .d D YU
v ONIUW D Ok
LD~ [ Lk~ € 3 ~ qut}
QO W= T X O«
ONI T I O
N O+ <q (248 ]
o | vt
[7Ye IR I
)
TU (<1 Z
[ SIS ]
YOOLOVOLLOLVO

=N > - Land el o fo'g

N b b b b b () 2 e A = )

ﬁD«JJ_\l\LTI

_ 9
(%]
| .
(%]
| : 2
[aa] re z
_6 = o
<
4 w o 0
. &3 o0 o
—deet o] L]
- i z
(e 172} ] w w
«FUu o . us m
(& - w o (%a) m
G- =t o [ Jon n m
Q= us Cid (VU {%] . -
[ehy m < e} - s
- ¥ o X x b4 o
(S e po ] b ho ] — w
v e - 0y z Lot -} 4
.ETO ,,.J L oal ~<
«:..UI T ...7- I LY (&)
D [ 8] o~ o (%]
A <t b~ ~nty - T w (L]
N < A g Qa - re (%]
[$1 o r 0wl ¥ oo u. - -
Z <<\ < 14 L =
— Y ok [N «{ z
—~ O ) e~ oa el o (L)
wwv I - 2 T QO (U (=] -~ (] —
LJE al Ol 0T o= - ~4 [7%¢) ~
1 O~ o o J~Z OO vy | . . b
Nt HOOF O oty o —- ) [ —
WO~OT N e aOTO) ad o * o z *
| ZHIT = W) IO s es T - —~ -t - -~
VI « QU o an” s~ [ ad | ond o a c [
_ D eI D AU e =] ® “ Q. <
" e wtn O DT (W e 4 ) wre~ on
CHUUDCD a7 DU «Z—tUd (O -~ T 2k ~N~NO
uyr le.EiEYlUPRI_ = | — o Clt ~4 1M
Uik e(3 & 1LtAnTia e L2171 _.K = o~ (@] i o~
T e LN Juw YA -2 T BN A £ 1€ ¥ k:.. =+ | T L Y ,T —30
DO D M r_ A A1 ODN E ) [ * + — j *
i o) er{(IUL/) & & ¢ e DN T e~ Q. |r~—~ g N Q ~
QWO e eI 20 O kSN s 3O D Ui 3OO0
7> erdtnND > o e = D.JCSUUSSA - e e 7 — oo
ClHuU ot six o (<Crirde N 2 Dedd DD 1O G.C)LN [ K@
HuNp- « Oy ol Weitlad W a0 00 Qg | ~D  ~ ol (O o~ O~
L D o= > D sk Q3 (1o & ann@ |[ON—~Tanauvi4 O~NOT
P S SN M T e Ty (VP R NP FmAO N VT e
-t O <A DD ~ ol Al 4 O & ad Db [ ~T)INT T e ~r1Ooa
L= {J D NP RPN SR Yar I Tig Yoo [ &y & «NAlD $ DD aDHNOA O+ o
ey 0 QT O NI o eINIY | O~ =’'D N «T1D a N~
U (D) el oL e wmlil-T \.:._WU# e D) & A )NOD A= D00 INDY -
HOb= O v uATh:DK aCib= (D) Ml DOW e o oD o & 0O 6 4 0O
@ ADA ad 4L M TN AT UL A m nm HTEON = st TTa~ e
« I EFNTADMDIMY, e L7y e it &+ OU > > DTN & 4 LD
et o O e e D AUHY e > e s e~ N0 D e ST Y~~~ &
> 1 D eI 1IDM @ f OO | OO 40N ad >0, T\. a"DNin >
M.n..tf\(—)l\(;s T b e () o HAT\ ((((( T N0 2 s (N et T O~ 7
R Eealalel* e Xe ] (SR il 1e Xaliil] bt CHX ANV @~ (NCY [alal i S ITe ]

[ e Y RV R s T Al Fa T R A 7o To AR SRR Lol o Wo W Mo Wb Y

DL G VU 1 s TR S VIR ¢
U O )
1< [2,) (=

Ao
i arY i NN U TET el N J PR

M >= € AN

2]

p b bl b e Tt ed il eded 2 (bt ed )

A AT
Faw(b-dn

o ed T e ad

WwNow 0O DU QLUAHHLIOVVOLOOM
MT o -t > - a.

MTF w M w e w

m { p— m —L14ul >

Q « D b g <T T (==

=~ ] o. b Qb= aa

(S]] (8] (S [ &} < LU (=]

— o
—N T

~C ol
~- O

o
(]

R e s S LI SRR oo W)

pu
d ek od d e | 1)

AQq LA LIS AL LT T U N M < TN WL
Wy I QU XHHOO

OV LI O OO0
"= ~0n O
PR TET H O~ U=

AT D Qg

I Lj
(&) -
Py

- o
o (L)
(%) o

(]

axT
[B Y%

i
(YT
oy

(7307, )
<{ vt
1o

Q. .an. 0
< (I
v Or= W)
<O n

C THE
30




120

APPENDIX B
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Preparation of Reference Standards

Synthetic standard solutions were prepared containing a back-
ground matrix of major elements‘composed of aluminum wire, calcium
carbonate, iron wire,rmagnesium crystals, and potassium chloride, plus
nitric, hydrochlofic, perchloric, aﬁd boric acids. The standards which
contain .1, .2, .4, .6, .8, 1, 2, 3, and 4 ppﬁ of vVanadium, nickel,
- lithium, copper, and zinc were prepared by combininglappropriate amounts
of these elements, as solutions, with the major elements background

solution to produce 200 mls of each standard.

Preparation of Major Elements Background Solution

3.491 grams of aluminum wire were dissolved with the aid of 5 drops
of mercury, to act as a catalyst, in 300 mls of a 1:1 HC1 solutibn.
The mercury is covered once the aluminum has gone into solution. Néxt,
dissolve consecutively 2.4618 grams of iron wire, .5302 grams of mag-
nesium crystals, 3.9270 grams of calcium carbénate, 3.3176 grams of
sodium chloride aﬁd 2.0878 grams of potassium chloride. The last four
reagents should be dropped carefully into the solution because they
effervesce. Then add 1 litre of distilled water and the following acids
to solution: 99 mls of perchloric acid, 4.4 mls of nitric acid, 220 mls
of hydrofluoric acid, and 35.2 grams of basic acid. Finally dilute the
solution to 2.2 litres with distilled water and stir it in a hot plate

for 20 minutes, let it cool, and store for later use.
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Preparation of Reference Standards

A combined 100 ppm standard solution was made by combining 10 mls
of 1000 ppm stock solutions of lithium, copper, vanadium, and nickel,
and 20 mls of a 500 ppm stock solution of zinc, with 40 mls of distilled
water in a 100 mls flask. Next by the use of a burette, transfer to a
200 mls volumetric filask 100 mls of background solution; an appro-
priate volume of combined-standard-solution; and enough distilled water
to fill the flask to the mark. The volume of combined-standard-
solution used depends on the required concentration of the reference
standard being prepared. For example to prepare a 4'ppm standard
solution use 8 cc of combined-standard-solution. & staq@ard blank

should be prepared by omitting the combined-standard-solution.

Procedure for Rock Dissolution

1. Weigh 1 gram of powdered-rock sample and pour it into a teflon
cup. The teflon cup should contain a sﬁall amount of disfilled
water to prevent the powder from flying off.

2. Add 3 mls of HNO31 k5 nks if 4:1 mixture of HF and CHlO4. This
step should be done under a strong hood, and care should be taken
to avoid cohtact of the acids with the skin.

3. Put the teflon cups in a sand bath at 60°C for 12 hours.

4. Open the cups and evaporate the solution until perchloric acid
fumes appear.

5. Take the teflon cups from the sand bath and add 5 mls of HC1,

and 16 mls of 5% basic acid.
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6. Fill the teflon cups to 3/5 with distilled water, cover and leave
them for 1 hour in the sand bath.

7. Let the teflon cups cool. Pour the solutions into 100 mls
volumetric flasks and bring them to the mark with distilled water.

8. Transfer the solutions to plastic bottles and properly lakel
then.

9. A sample blank is prepared by cmitting the rock powder.

In this work a concentration reading was cbtained from the Atomic
Absorption unit (A.A.) and a small computer program was used to cal-
culate the corrected concentration of fhe element being analysed from
the sample solutions with respect to the reference standards. This
step takes care of errors that may be introduced by drifts in the A.A.
’unit; Furthermore, the values were corrected for errors. introduced in
the overall analytical procedure by multiplying by a correction factor

derived from the data of the standard rocks, Table-3.



Ni

Li

Cu

Zn

+ BCR=1 =+ + NIM=N -+
A A* LR B B*
410 462  120-700 220 263
13 24 8-30 120 +
13 16 - - 7
19 32 7-33 13 24
120 153 - - 83

NOTE:

TABLE 3

STANDARD ROCKS
(Values in ppm)

+ TB -+
C c*
105 100
40 58
115 136
50 61
- 114

+ AGV-1 -+

125 132 70-171

17 24 11-31

14 12 -

63 79 58-83

88 117 -

+ DR-N =+
E E*
220 210
22 +
45 47
52 6l
150 206

Correction Relative

Factor

.946

.637

.927

.699

. 754

The values obtained in this work are reported under a letter followed by an

asterisk.

under the same, but plain, letter.
LR = literature range

= unknown value

Those values which the standards are suppose to have are reported

+ = value under plain letter assumed right during the calculations because
it was used to bracket another standard rock.

Correction Factor

n

, where xi* = A%,

x,* X,

1

eesey E*

=A, .-o-.'E

Accuracy
95%
64%
93%
70%

15%

144N



TIME SPENT ON THE THESIS:

What was done

Analyses of 30 samples

(25 samples from the Central Andes + 5 standards,
putting them into solution (batch). Each sample
was run 3 times)

Literature Research
(time spent in the library plus some reading)

Development of QDGS, FORTRAN, and SPSS programs
to produce the graphs and tables presented in
this thesis.

Drafting ( I had to Zraft figures 1,2,3, and
2 or 3 others)

Writing the thesis, including earlier drafts
and final copy.

TOTAL

Time Spent

60 hrs.

60 hrs.

100 hrs.

10 hrs.

200 hrs. or more

430 hrs. Approx.
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