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Abstract: Plutonic rocks in the North-Central Chile have been studied in three transect
areas between 22°00" and 34°00" south. They are divided into late Paleozoic to early
Mesozoic ilmenite-series of dominantly granite (coastal area) and granodiorite (interior)
in composition, and middle Mesozoic to late Cenozoic magnetite-series granitoids of
largely quartz diorite to granodiorite in composition. The former has magnetic sus-
ceptibility of 10-500 x 10-¢ emu/g while the latter varies from 100 to 2,000 x 10-¢ emu/g.
Both series rocks exhibit an increasing tendency of the magnetic susceptibility toward
the interior where porphyry copper belts are located. Even typical ilmenite-series biotite
granite of the coast areas do not show typical S-type characteristics.

The Mesozoic-Cenozoic magnetite-series plutonic rocks are highly magnetic
having high Fe:0s/FeO ratio, and contain abundant hematitized magnetite and hemo-
ilmenite of both primary and secondary origins. These rocks are considered to have
formed by oxidized magmas throughout the whole history. Chemically, the rocks are
enriched in copper and depleted in sulfur, thus giving rise to high Cu/S ratio. The
original high concentration of copper and high ratio of Fe;0s/FeO of the magmas are
considered as the most fundamental reasoning to form the Cu-biased metallogeny. Por-
phyry copper related magmas may have been the most oxidized type; hence a large
amount of sulfur has been concentrated around the intrusives as huge porphyry copper
systems.

As compared with plutonic rocks of similar age in the West Pacific region, such
as Japanese Islands where magnetite-series and ilmenite-series granitoids occur in ap-
proximately equal amount, the Chilean rocks are enriched in AloO;, Na,O, FesOs, Sr and
Cu, and are depleted in FeO, S, Zn, Pb, Li and Sn. These characteristics are consistent
with the general magnetite-series rock assemblages of relatively mafic compositions in
the Chilean plutonic terrane. The Chilean rocks appear to have been originated in mafic
source rocks with high Fe»O;/FeO ratio, and not interacted with or derived from the
continental crust materials having a high carbon content.

five operational porphyry copper deposits that
exceeds 1 X108 tons copper metal per year,
some 15% of the world total, as well as
13,000 tons molybdenum and important
amounts of gold and silver. The country also
prossesses the world’s largest identified re-
* gesearch Planning 8ﬁiceﬁ ok Minzlral Deﬁ:)qsits sources of copper, perhaps 1.4 X 10% tons or

epartment, eochemistry Technical 5897 of the total for this reserve category,

Services Department, Geological Survey of Ja-

pan, JHigashi 1-1-3, Yatabe, Tsukuba, Ibaraki, = accompanied by up to 3X10¢ tons molyb-
apan
** Servicio Nacional de Geologia y Minerfa (SER- denum (SILLITOE, 1981). The country has a

NAGEOMIN), Casilla 10465, Santiago, Chile large future potentiality for copper as indi-

Introduction

Chile, a country with a strong mining tra-
dition, is now the world’s second largest
copper producer, with an output from the
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cated by recent discovery of high-grade por-
phyry copper deposit at La Escondida (380
million tons of proved reserves with 2.2%
Cu).

The Chilean porphyry deposits are present
in several N-S sub-belts, younging in age
generally continentward (cf., Fig. 1); Upper
Cretaceous in the coastal side, Paleocene in
the middle zone and Upper Eocene-Lower
Oligocene along the western foothill of the
Andes Range and Miocene in further east
Argentine. The coastal Cu (—Mo) belt car-
ries local sub-belts of Fe (magnetite) and
Au in its western part, and is flanked east-
wards by polymetallic (Cu—Pb—Zn-Ag) belt.

Along the coastal areas, there occur also
manto-type deposits which provide significant
copper. The mineralization is controlled by
bedding plane and fracture systems of host
andesitic rocks, and its genetic relationship
to plutonic activity may be controvertial (see
T. SaTto, 1984, this volume). However, in-
trusive rocks are always present at the foot-
wall side or in the center of the deposits
(e.g., El Salado, Buena Esperanza and Man-
tos Blancos) and only minor ones (e.g.,
Mantos Portales) occur in andesitic clastics
without intrusive body among the studied ore
deposits. Thus the mineralization appears
to be genetically connected with nearby
plutonism.

Considering the amount of ore metals
precipitated in these various types of ore
deposits, copper minerals occur predomi-
nantly in all the belts from the coast to the
Andes. Lead and zinc are absent in the
manto-type deposits and are very uncommon
in the fringe-mineralized zones of porphyry
copper deposits, and occur only as minor
vein types between the major manto- and
porphyry-type copper belts. In Japanese
Islands of similar late Mesozoic-Cenozoic
magmatic belts, on the contrary, Cu—Pb—Zn
ratio in the magmatic-hydrothermal ore de-
posits is similar to that of the continental
crust (ISHIHARA, 1978). The Chilean mag-
matic system is characterized by the strong
Cu-biased metallogeney.

Both porphyry- and manto-type copper de-
posits are formed as a consequence of mag-
netite-series, calc-alkaline magmatism during
its high-level emplacement. Whether any
single plutonic body or province gives sign
of the mineralization is a long-term task for
economic geologists: so far no one appears
to have successfully reached any simple con-
clusion. With the above in mind, several
characteristics of the Chilean plutonic rocks
are described and compared with those of
Japanese plutonic rocks in this report. The
studied areas are 22°00'-24°00/, 25°30'-
28°00’ and 32°30'-34°00’S, and called the
Antofagasta, Copiapo and Santiago transects
in this paper.

Distribution, Bulk Composition
and Rock Type

Plutonic rocks of the Chilean Andes are
distributed continuously from the Peruvian
coast batholiths (18°S) to the southern tip
of South America (54°S) for more than
4,000 km (Fig.2). They occupy about 30
percent of the total land area and occur as
large batholiths to small intrusive plugs which
may have brought the effusive equivalents to
the surface along the Andean orogenic belt.
Their exposure is seen in two lanes in the
northern half (18-38°S); one along the coast
while the other in the Andean Cordillera.
But the southern half is somewhat different
from the northern group (Fig.2).

The plutonic rocks are divided into late
Paleozoic group and Mesozoic to Cenozoic
group. Recently, early Mesozoic age was
found in late Paleozoic granitoids by whole-
rock Rb-Sr method (SHIBATA et al., 1984,
this volume), but conventional classification
is adopted in this paper. The late Paleozoic
granitoids occur along the coast between
Taltal and Traiguen (25°30'-38°13’) and
are present sporadically in the interior
(CoRVALAN, 1968). Ruiz et al. (1965)
pointed out that the late Paleozoic granitoids
are generally coarse-grained biotite granite
which is characterized by microcline.
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Fig.3 Quartzitic meta-sedimentary xenolith oc-
curring in late Paleozoic granite at road to
Esmeralda (79SE14).

This may be so in the coastal batholiths,
but those in the interior are more mafic in
H composition and a variety of composition
may be seen (Table2a). Late Paleozoic
: H granitoids in Ci Funcho and Chafiaral areas
cion are typical massive biotite granite containing
no mafic inclusion but metasedimentary
xenolith (Fig. 3). Muscovite may be present
especially in aplitic dike. In Santiago area,
coarse-grained foliated granites occur near
Vifia del Mar. This may contain hornblende
but again no primary muscovite. The granite
may be katazonal, while those in the former
i areas are considered epizonal.

Granodiorite and more mafic rocks are
common in late Paleozoic blocks to the east
of El Salvador mine, south of Copiapo, and

\J# Magnetite -series La Serena transect. Statistical analysis of
/] granitoids i

modal analyses by VISTELIUS et al. (1970)
@ |Imenite-series indicates that ratio of granite among late
/) granitoids i Paleozoic plutonic rocks is 44 %, by number
of analysis, throughout the country (Table 1).
W : A lower ratio of 30% is given in Fig. 3 of
nTS’;'Arenos AGUIRRE (1983) for those occurring in the
‘Qqa i i western flank of the Cordillera Frontal be-

2 ) tween 30°-33°S,

I80km -
5% ©

75 70 65 eaw Fig.2 Distribution of plutonic rocks in Chile.

After IsmmHARA and ULRIKSEN (1980).
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Table 1 Statistical analyses of bulk composition of Chilean plutonic rocks.

Composition Late Paleozoic Mesozoic-Cenozoic
Granite 442 (38%) 24% (26%)
Granodiorite 22% (34%) 2295 (18%)

Quartz monzonite and Quartz monzodiorite 4% (1%) 29% (26%)
30% (27%) 24% (31%)

The orginal data taken from VISTELIUS et al. (1970). Percentages in parenthesis are taken from AGUIRRE (1983)

Tonalite and more mafic rocks

for the Paleozoic and AGUIRRE ef al. (1974) for the Mesozoic-Cenozoic.

The Mesozoic-Cenozoic granitoids occur
extensively in the area to the east of the
coastal late Paleozoic batholiths. AGUIRRE
et al. (1974) studied them in the central
part (30°-35°S) of the southern Andes,
and stated that they belonged to calc-alka-
line suite having quartz-monzodiorite and
granodiorite composition in general, being
associated with Fe, Cu, Zn and Mo miner-
alization. The plutonism was divided into
Jurassic, Cretaceous and Tertiary cycles;
each corresponding to major tectonic phases.
FARRAR et al. (1970) and McCNUTT et al.
(1975) found by K-Ar dating in the Tal-
tal-Vallenear area (26°-29°S) that the locus
of the plutonism shifted continentward at a
rate increasing from 0.6 mm/yr in the Meso-
zoic to 1.0mm/yr in the Cenozoic. The
initial Sr ratio shows also spatial and tem-
poral variations. It varies from 0.7043 to
0.7059 in the 195-128 Ma rocks of the coast
and from 0.703 to 0.707 in the 128-10 Ma
rocks in the interior (McNUTT ef al., 1975).
Porphyry copper related rocks are known so
far to have low values as 0.704 (GUSTAFSON
and HuUNT, 1975; HALPERN, 1979; SHIBATA
et al., 1984).

The Mesozoic-Cenozoic plutonic rocks are
characterized by predominance of mafic rocks
such as tonalite, quartz diorite and diorite,
and also of slightly alkaline suite rocks as
quartz monzodiorite and quartz monzonite
(Table 1). In the studied areas, most mafic
rocks (SiO, 48-55% ) are present in Jurassic
batholiths along the coast where equivalent
volcanic rocks are seen as basaltic andesites
of La Negro Formation. A majority of the
other bodies are generally tonalite and grano-

diorite which sometimes contain mafic inclu-
sions and rarely “obicular granite” (Plate IA,
Isnrriara, 1981a). Patchy xenolith of proba-
bly roof andesitic rocks are also seen locally
in Tertiary stocks (Plate IB). Granite is very
rare, much less than 24% (or 20%) given
in Table 1, in our studied transects.

Modal opaque minerals give a clue to
classify plutonic rocks in terms of oxygen
fugacity. Magnetite-series and ilmenite-series
granitoids of ISHIHARA (1977) are generally
separated at 0.1 vol. percent of the opaque
oxide minerals. Data by VISTELIUS ef al.
(1970) indicate that most of the late Paleo-
zoic granitoids are plotted in the ilmenite-

~ series field. The ilmenite-series are particu-

larly predominant in the samples from the
Maule (35°30'-36°00'S, M-series of Vis-
TELIUS ef al., 1970) and Malleco (ca. 36°00'S,
Mall-series) areas.

The Mesozoic-Cenozoic granitoids are
generally of the magnetite-series on the modal
composition and also on Fe,O3;/FeO ratio

taken from bulk chemical analysis of various
authors (OYARZUN and VILLALOBOS, 1969;

MoNTECINGS, 1979). Chemical analyses of
SUAREZ (1977) on the Patagonian batholith
of Jurassic to Tertiary ages (160-12 Ma),
for example, indicate that only one out of 35
analyses has Fe,03/FeO ratio lower than 0.5,
which is the general boundary between the
magnetite-series and the ilmenite-series gran-
itoids.

In the studied areas, Jurassic quartz diorite
and diorite occurring in Mejillones Peninsula
and coastal area to the south of Chafiaral
contain sometimes no magnetite. These rocks
may be deep facies of the Jurassic plutonic
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Fig.4 ACF plot of the Chilean plutonic rocks
indicating general I-type characteristics even on
the ilmenite-series ones.

systems for the associated metamorphic rocks,
size of plutons and grain size of the constituent
minerals. Almost all the other Mesozoic-
Cenozoic plutonic rocks contain abundant
opaque oxide minerals and have high ratios
of Fe,O3/FeO. Thus there is no doubt that
these rocks belong to magnetite-series.

Mesozoic-Cenozoic plutonic rocks are horn-
blende bearing and must be I-type of
CuaprpeLL and WHITE (1974). Normative
corundum that exceeds 1 wt.% is seen only
on 2 samples out of 31 analyses (see Table
2). Late Paleozoic granitoids are examined
on ACF diagram of TAKAHASHI et al. (1980).
They fall mostly in I-type field (Fig. 4). About
their normative corundum, all the foliated
granites of Santiago area have the content
less than 1%. But massive granites of Ci
Funcho and Chafiaral areas contain that
more than 1%. Thus, these latter granites
have somewhat S-type character. Xenolith of
quartz aggregates which may be fragment of
deformed quartzite in origin is indeed found
in Ci Funcho-Esmeralda area (Fig. 3).

Magnetic Susceptibility

Measurement of magnetic susceptibility is
a handy way to identify content of magnetite

in plutonic rocks. The magnetite content
appears to be proportionally related to oxy-
gen fugacity during granitic emplacement.
The higher oxygen fugacity provides the
more favorable condition for the concentra-
tion of sulfide-forming components (ISHIHARA,
1981b). Thus magnetic susceptibility was
measured in the studied area by a portable
device in the way described by ISHIHARA
(1979a). The results are shown in Figures 5
through 8.

Autofagasta Transect

In the Antofagasta-Chuquicamata region,
late Paleozoic granitoids are seen sporadically,
but Mesozoic ones occur widely with some
Tertiary rocks in the interior (HALPERN,
1978; MoNTECINOS, 1979). Magnetic sus-
ceptibility of late Paleozoic granitoids are
generally as low as 20X 10%emu/g (here-
after abbriviated as 20) which is a typical
value for ilmenite-series. But some in Varillas
area, south of Antofagasta, shown as late
Paleozoic granitoids in the 1/250,000 sheet
map have high values (e.g., 79VA-3, 7, 250—
660), thus dating is needed.

Mesozoic-Cenozoic plutonic rocks have
high values equivalent to those of magnetite
series (more than 100). Jurassic gabbro-
granodiorite in the Coast Range ranges from
400 to 2000: some low values in the east
of Tocopilla are resulted from break-down
of magnetite by later alteration. Tertiary,
Fortuna granodiorite at west of the Chu-
quicamata mine varies from 620 to 960
(Fig. 5), but Cretaceous-Tertiary, Andina
tonalite further west yields 670-880. Many
copper and some gold deposits of manto and
vein types, and small porphyry-type copper
deposit (Mantos Blancos) are known to
occur in the Mesozoic granitic terrane (Ruiz
et al., 1965). Large porphyry copper de-
posits are associated with the Tertiary stocks.

Copiapo Transect

In the Chanaral-Copiapo region, late Paleo-
zoic granitoids of the Coast Range between
Taltal and Chafiaral have magnetic suscepti-
bility of the ilmenite-series. These granitoids
are composed of medium-grained biotite
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Fig. 5 Magnetic susceptibility of plutonic rocks and locality of the analyzed samples in the
Antofagasta transect. Through Figs. 5-7, Rb-Sr age data are taken from SHIBATA et al. (1984).

J, Jurassic; K, Cretaceous; T, Tertiary.

granites and small amount of dike-like intru-
sion of fine-grained two-mica granite. Isolated
late Paleozoic blocks were examined at three
localities in the Andean Cordillera. They are
somewhat different from those of the coast
in the magnetic susceptibility. No sulfide-
mineralization is associated with these gran-
ites. Weak fluorite and topaz mineralization

to the southeast of Vicufla may be related to
this type of granitoids; the relationship ob-
served everywhere in the West Pacific region
(e.g., SaTo, 1980; ISHIHARA et al., 1980).
The late Paleozoic granitoids (269 Ma,
HALPERN, 1978) exposed to the east of El
Salvador mine are more mafic than those
occurring along the Coast Range, as the most
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dominant phase being hornblende-biotite
granodiorite which is often foliated. The
granodiorite has magnetic susceptibility lower
than 100, while massive quartz diorite reveals
a maximum of 300 (Fig.6). Similarly, at
the southeastern part of Salar de Maricunga,
slightly foliated, coarse-grained granodiorite
gives magnetic susceptibility of the ilmenite-
series, while fine- to medium-grained quartz
diorite and granite are more magnetic, rang-
ing up to 430.

This general increasing tendency toward
continental side may be related to the pres-
ence of late Paleozoic porphyry copper belt
in Argentine side (Fig.1). Since magnetite-
series magmatism is a necessity of porphyry
copper mineralization, real magnetite-series
granitoids are expected to exist in Argentina.
Thus, asymmetrical lateral variation common
in Mesozoic-Cenozoic batholiths in the Cir-
cum-Pacific belt (IsHiHARA, 1981b), may
indeed be present in the late Paleozoic
granitic terrance.

The Mesozoic-Cenozoic granitoids are
zonally arranged in age from Jurassic along
the coast (180 Ma, FARRAR ef al., 1970) to
Tertiary at El Salvador (40 Ma, GUSTAFSON
and HuNT, 1975). These granitoids vary
from quartz gabbro to granodiorite in com-
position, all containing hornblende and biotite.
Biotite granite is rarely seen. They are
strongly magnetic (Fig. 6). However, the
Jurassic granitoids along the coast are not
always strongly magnetic. Quartz gabbro,
quartz diorite and tonalite around Caleta
Obispo and south of Caldera, for example,
give magnetic susceptibility below 140. These
rocks are generally foliated. No minerali-
zation is known related to the coastal plutonic
rocks.

Magnetic susceptibility of Cretaceous and
Tertiary granitoids are higher than 400. The
Cretaceous ones occurring about 12 km south-
southeast of Copiapo, however, have the
values lower than 400. These are biotite
granite which is generally less magnetic than,
for example, granodiorite (ISHIHARA, 1979b).
Unaltered “L” porphyry in tomalitic compo-

sition occurring at Inca level (8532 Dr. N,
3956 W) of the El Salvador mine gives
magnetic susceptibility around 1,200. Mag-
netic susceptibility of the Mesozoic-Cenozoic
granitoids in this region increase toward east.
Copper deposits are widespread in the
Cretaceous-Tertiary granitic terrane, but iron
deposits of manto type including Cerro Iman
are distributed in the Cretaceous granitic belt.
Gold, silver and some lead-zinc deposits of
vein types tend to occur further east, and
porphyry copper deposits are seen along the
easternmost part of the plutonic terrane
(Fig. 6).

Santiago Tramsect

In the Santiago area, plutonic rocks divided
by radiometric age data into Paleozoic (De-
vonian and Upper Carboniferous), Jurassic
and Cretaceous on the Coast Range, and
Tertiary (Miocene) granitoids in much in-
terior of the Andean Cordillera. Magnetically,
the granitoids are divisible into the Paleozoic
and the Mesozoic-Cenozoic (Fig. 7).

The Paleozoic granitoids consist mainly
of coarse-grained, weakly foliated, biotite
granites. Those occurring in Vifia del Mar
and its north are weakly magnetic magnetite-
series but some fall in the range of ilmenite
series in their magnetic susceptibility. The
Paleozoic granitoids assigned by CORVALAN
(1968) and exposed to the east of Vifia del
Mar have been recently revised to Jurassic
granitoids by VERGARA and DrAkE (1979).
The tonalite and granodiorite are moderately
magnetic to the level which is characteristic
of Jurassic granitoids of other areas. Creta-
ceous granitoids occurring farther east are
strongly magnetic and Tertiary stocks dis-
tributed in the western flank of the Andean
Cordillera are moderately magnetic magnetite-
series. Quartz diorite occurring just below
the manto-type copper deposits at El Salado
has lower (670) magnetic susceptibility than
granodiorite of the Rio Blanco (Andina)
porphyry copper deposit (960).

No mineralization is known related to late
Paleozoic granitoids, but manto-type copper
deposits prevail in the Cretaceous granitic
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belt and porphyry copper deposits occur in
the easternmost part of this plutonic terrane.

Summary

Magnetic susceptibility of Chilean plutonic
rocks is generally higher than the range of
ilmenite-series but varies areally being low
along the coast plutonic terrane and high in
the interior. It changes also with major
composition. In the typical magnetite-series
granitic terrane of Southwest Japan, it is
highest at a tonalitic composition; the Chilean
rocks exhibit similar trend (Fig. 8).

In the magnetic susceptibility vs. CaO
diagram, Cenozoic granitoids are plotted in
the field of the typical magnetite-series gran-
itoids of the Sanin district of Southwest Ja-
pan. Cretaceous granitoids have lower values
than Cenozoic ones, and Jurassic gran-
itoids are much lower; many plotted be-
low the field of the typical magnetite series.
Since the age of the plutonism becomes
younger eastward, it can be concluded that
magnetic susceptibility increases toward the
same direction.
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Fig. 8 Magnetic susceptibility vs. CaO

content of the Chilean plutonic rocks.

Shaded is the area of typical magnetite-series granitoids in Southwest Japan.

Among late Paleozoic granitoids, foliated
granites at the north of Vifla del Mar, which
are dated at 296 Ma (upper Carboniferous,
SHIBATA et al, 1984), and partly foliated
granitoids of the interior area have inter-
mediate values between those of typical mag-
netite-series and ilmenite-series granitoids in
Japan. In the Carboniferous granitoids, the
less calcic rocks-have higher magnetic suscep-
tibility than the more calcic rocks. This is
sometimes observed in biotite granite areas
at north of the typical ilmenite-series granitic
terrane of Southwest Japan and is consid-
ered to indicate increasing of fO, at the final
stage of the magmatic differentiation. Massive
granites of Taltal-Chafiaral area, which are
dated at 261 and 213 Ma (SHIBATA ef al.,
1984) have typical values for ilmenite series
and are considered as the most reduced type
in the studied region.

Opaque Mineralogy

As shown on the large variation of mag-
netic susceptibility, the Chilean plutonic rocks
contain various amounts of magnetite.
Opaque minerals were studied on 38 polished
sections from 30 localities (ISHIHARA et al.,
1982), and described in the following para-
graphs.

Late Paleozoic Granitoids

Ci Funcho-Chariaral (x=20X 10%emu/g,
79CF13, 79CHS, 7, 8): The rocks are
biotite granite which may contain colorless
amphibole (79CF13) and muscovite (79CHS5,
7, 8). The amphibole and muscovite are
considered to have formed by subsolidus
reaction, but hydrothermal alterations over
plagioclase and biotite are weak. Opaque
minerals are negligible in amount. Ilmenite
(0.2 mm in length) is most common occurring
in biotite. It is hematitized, then converted
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to goethite in dike rock (79CH7). Magnetite
is hardly seen but minute grain in the
muscovite-bearing rock has hematite lamellae,
indicating oxidation at the latest stage of
crystallization of this granite. Very minute
grains of chalcopyrite >pyrite may be seen.
Viria del Mar (x=80-290, 79SA6A, B, C):
The rocks are biotite granite which are
stressed and recrystallized. Hydrothemal
alteration is almost nil. Opaque minerals are
very small in amount. Magnetite is polygonal
to irregular in shape occurring in biotite and
very rarely in plagioclase. Ilmenite is not
visible except for secondary one occurring
with sphene. Sulfides are tiny grains of
pyrite and chalcopyrite but 79SA6A speci-
men contains rather abundant pyrite>chal-
copyrite.

Jurassic Granitoids

Tocopilla (x=480-720, 79TCS8, 10, 13,
14): The rocks are pyroxene-hornblende
diorite to hornblende-biotite tonalite. Mag-
netite is medium-grained (0.5 mm) and is
euhedral-subhedral occurring in mafic silicates
or along grain boundary between mafic and
salic silicates (Plate IC). Magnetite of rela-
tively unaltered 79TC8 and 10, whose plagio-
clase is weakly altered to sericite, coexists
often with homogenous ilmenite of anhedral
form, and contains no (79TC8) or some
(79TC10) ilmenite lamellac. Few chalcocite-
covellite grains are observed in this rock.

Magnetite of two sericitized and epidotized
samples (79TC13, 14) from the Tocopilla
township where the manto-type copper de-
posit of Buena Esperanza and other copper
veins are distributed, is strongly oxidized, as
shown by crossed lamellae of hematite. This
oxidation which is possibly due to hydro-
thermal alteration is consistent with intense
hematitization and epidotization observed
over the intruded andesitic rocks nearby
plutonic bodies. Ilmenite is also hematitized
and isolated grains of hemo-ilmenite are seen
associated with the ilmenite. Whole rock
sulfur isotopic ratio of the altered rocks
(79TC13) is magmatic value as high as
+9.1%0, while nearby ore sulfur of Buena

Esperanza mine gives —0.3%. 83*S. Mantos
Blancos ore yields similarly —0.1 and
—1.5%0 83*S (SAsAKI et al., 1984, this vol-
ume).
South of Chariaral (x=100-570, 79CHI10,
11, 12, 13): The rocks range from biotite-
pyroxene tonalite (79CHI13) to biotite-
hornblende granodiorite. Magnetite is coarse-
grained (up to 1.5 mm), euhedral-subhedral
and occurs associated with mafic silicates. The
mineral often contains ilmenite lamellae and
hematite crystals (Plate IIA). Cross-lamellae
of hematite is also developed in some mag-
netites. Ilmenite is composed of homogeneous
crystals attached with magnetite, while the
others with hematite lamellae. Also recog-
nized are small crystals of hemo-ilmenite and
hematite, especially in rocks altered moder-
ately (e.g., 79CH10). Sulfides are only few
grains of very minute crystals of chalcopyrite
and pyrite whose ratio is about 3:1.

Cretaceous Granitoids

Copiapo (x=160-770, 79CH15, 79CP7,
9A, 9B, 11): The rocks range from biotite-
hornblende tonalite to granodiorite, but locally
to biotite granodiorite and granite (79CP9A,
B). Tonalite contains generally homogeneous
magnetite whose margin is only slightly hema-
titized; the hematitization is strong on 79CH15
specimen. Ilmenite and hemo-ilmenite are
rarely seen, except for 79CP11 (Plate ITA).
Chalcopyrite (20 um) occurs commonly fill-
ing negative crystals in magnetite. The whole
rock sulfur isotopic ratio is +4.2%. (79CH15)
and ore sulfur of Cerro Iman manto-type
iron deposits is —0.1%0 (SASAKI et al., 1984).
Felsic facies (79CP9A, B) contains small
amount of fine-grained magnetite. Illmenite
is again rare. Lath-shaped hematite may be
pseudomorph after ilmenite.
El Salado (x=680-920, 79SAS8, 9): The
rocks occur just below the manto-type copper
deposit at El Salado (hornblende diorite,
79SA9) and its vicinity (biotite-bearing horn-
blende tonalite, 79SA8). These rocks are
hydrothermally altered; plagioclase is strongly
sericitized, mafic silicates are converted to
epidote-group minerals and chlorite to a
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moderate degree. Magnetite of 79SA8 con-
tains almost always cross-lamellae of hema-
tite, and ilmenite is sometimes surrounded by
sphene. Hemo-ilmenite is present and is
associated also with sphene. The footwall
diorite is slightly different from the tonalite.
Magnetite is more strongly hematitized along
the margin and ilmenite is more often con-
verted to sphene, and sulfides (chalcopyrite>>
pyrite) are commonly seen in the interstices
of silicates and in quartz. 83%S is +2.2%
for 79SA8 and +5.0%. for 79SA9, but ore
sulfur of El Salado mine gives —1.3%0 83S.

Tertiary Granitoids

East of Copiapo (x=620-1190, 79CP2,
4, 5): The rocks range from biotite-horn-
blende-pyroxene quartz monzodiorite to bio-
tite-hornblende granodiorite. They are often
porphyritic and myrmekite is common indi-
cating a high level of intrusion. Primary
epidote is rare but is seen (79CP2).

Magnetite is coarse-grained (up to 1.5 mm)
and subhedral-rounded occurring mostly in
mafic silicates and rarely in plagioclase, and
it contains inclusions of silicates. Magnetite
has generally cross-lamellae of hematite.
Ilmenite is common; anhedral-homogeneous
ones are intimately related to magnetite with
irregular boundary, euhedral-stubby ilmenite
and hemo-ilmenite are also present. Chal-
copyrite grains filling negative crystals in
magnetite is not uncommon in magnetite
(Plate IIB).

The epidote-bearing rock is unique: hema-

tite in the hematitized magnetite is seen as
rectangular or granular crystals, and chal-
copyrite is abundant. Large chalcopyrite
grain occurs in mafic silicates but droplet is
seen mostly in salic minerals.
El Salvador (x=1150, 79PT-L, “L porphy-
ry”): L porphyry is least altered among X,
K and L porphyries related to the El Salva-
dor porphyry copper mineralizations. The
rock is biotite tonalite having Z’ color of
biotite of pale brown, which may be a color
of hydrothermal biotite, but successive alter-
ations (sericite = calcite >chlorite) are ob-
served only slightly in the specimens.

Magnetite is abundant and is euhedral to

subhedral with no ilmenite lamellae in general.
Its margin is slightly hematitized. Ilmenite is
mostly hemo-ilmenite having irregular co-
existing boundary. Some crystals occurring
in the interstices of silicates as irregular form
(Plate IID) may be secondary in origin for
the mode of occurrence and alteration prod-
ucts contained in it. Chalcopyrite (up to
0.05mm) and pyrite (0.05 mm), with the
ratio of approximately 10:1, occur as irregu-
lar rod shape in all the silicates and along
grain boundary of salic minerals. Pyrite is
also seen along cracks without any hydro-
thermal alterations. Bornite (?) may be pre-
sent. Whole rock sulfur of L porphyry is
+5.9%0 84S and is quite different from ore
sulfur of the main orebody, which varies
from —3 to —9%. on pyrite (FIELb and
GUSTAFSON, 1976).
Chugquicamata (x=900-960, 79CHU3, 4,
5, 6): The granitoids here are composed
of Andina tonalite (79CHUG6) and Fortuna
granodiorite (79CHU3-5). The Andina
tonalite is unaltered, pyroxene-bearing bio-
tite-hornblende tonalite, in which pyroxene
occurs as relict in hornblende. The opaque
mineralogy is similar to that of the Fortuna
granodiorite, but sphene is seen around
ilmenite-magnetite crystals.

The Fortuna granodiorite is characterized
by euhedral sphene. It is sphene-bearing
hornblende-biotite granodiorite with nil alter-
ation. Magnetite is coarse-grained (up to
1mm). Coarse crystals tend to occur with
mafic silicates, but small ones are associated
with salic minerals. Magnetite often has
hematite blades along the margin. Euhedral
ilmenite occurring in biotite is homogenous.
Sphene occurs abundantly not particularly
associated with ilmenite but together with all
the other rock-forming minerals (Plate ID).
Hemo-ilmenite with a high percentage of
hematite molecule is also common (Plate
IIC) and is considered as secondary in origin
for dusty hydrothermal minerals contained in
the crystal. Sulfides are very rare, although
sulfur contents of these rocks are relatively
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high (Fig. 14). The rock sulfur yields mag-
matic value of +4.0%., while related ore
sulfur is —4.7%0 8%*S (SASAKI et al., 1984).
Rio Blanco mine (x=630, 79031402):
The rock is biotite-hornblende granodiorite.
Hydrothermal alteration is weak. Magnetite
is coarse-grained (up to 1 mm) being associ-
ated with irregular intergrowth of ilmenite
and occurs generally with mafic silicates.
Ilmenite has very strong anisotropism. Some
large crystals of chalcopyrite (up to 0.1 mm)
is present in tourmaline. The rock sulfur
gives +6.1%., while related ore sulfur yields
—1.3%0 8%S (SASAKI et al., 1984).

Summary

Late Paleozoic granitoids have only little
of opaque minerals with a simple mineralogy.
Mesozoic-Cenozoic ones, on the other hand,
contain abundant opaque minerals of mostly
magnetite. Majority of the magnetite are
seen associated with mafic silicates as eu-
hedral to subhedral grains, generally 0.05 to
0.5mm but occasionally up to 1.5mm in
diameter, but subhedral magnetite may be
seen along grain boundaries of salic minerals,
especially in rocks with high magnetic sus-
ceptibility. Small euhedral magnetites of 5 to
20 um size may occur in plagioclase core,
suggesting an early stage crystallization of
the mineral. The textural evidence indicates,
however, that almost all of magnetite crys-
tallized after plagioclase but prior to mafic
silicates.

Magnetite grains are commonly associated
with or intergrown with various amounts of
ilmenite. The mineral is very small in
amount in rocks of Vifia del Mar and
Copiapo areas. These rocks may belong to
the magnetite type of TAINosHO (1982). All
the other magnetite-series rocks are of his
co-existing type, in which fairly large amount
of ilmenite crystallizes together with mag-
netite.

Ilmenite occurs also as thin lamellae in
some magnetite, indicating subsolidus oxi-
dation of primary Ti-bearing magnetite. Mag-
netite is almost always replaced by hematite
along (111) plane in various degrees. The

amount of hematite is estimated to be 2 to
20% of host magnetite, the extreme case of
which is seen usually as cross-lamellae or
rectangular crystals of hematite (e.g., 79CP2).
The textural relationship indicates that the
hematitization took place after exsolution of
the ilmenite lamellae in magnetite.

Ilmenite also contains hematite lamellae of
less than 1 pm in width, which is considered
to have formed by subsolidus oxidation.
Hemo-ilmenite, which is believed to have
crystallized in highly oxidized condition of
solidifying magmas, is seen universally in the
Mesozoic-Cenozoic granitoids. However, the
mineral is contained less in fresh rocks of
Jurassic and Cretaceous ages (e.g., Tocopilla,
79TC11; Copiapo, 79CP7, 11), but much
more in Tertiary stocks (e.g., Chuquicamata
and east of Copiapo), and also in altered
rocks (e.g., Tocopilla, El Salado, Chafiaral,
79CH10). There seem to be at least two
generations of hemo-ilmenite; primary, clean
one crystallized in magmatic stage and sec-
ondary, dusty one formed during deuteric
stage. The strongly oxidized environment
throughout the magmatic history is charac-
teristic feature of the Chilean rocks and is
similar to the history of typical magnetite-
series granitoids in Southwest Japan.

The other diagonostic feature observed in
the Chilean rocks is low content of sulfides
but very high ratio of copper/iron sulfides.
Sulfide minerals are chiefly chalcopyrite and
subordinately pyrite, which are generally 10
to 20 um in size occurring in salic minerals
rarely in magnetite. Bornite, chalcocite and
pyrrhotite(?) may be present but precise
identification is needed. The chalcopyrite
occurring in magnetite may be an early crys-
tallized phase of magmatic Cu—Fe sulfide,
but most of sulfides appear to be crystallized
in the late stage. Whole rock sulfur isotopic
ratios of +2.2 to +9.1%, indicate that sul-
fur of fresh and even moderately altered rocks
is magmatic in origin. Sulfides are occasion-
ally surrounded and replaced by goethite,
indicating oxidation during much later stages.

In fresh rocks, chalcopyrite is always more
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abundant than pyrite, having the ratio by
number of grain about 3 (e.g., Chafiaral and
Copiapo). In the case of Tertiary stocks to
the east of Copiapo, the ratio goes up to 7.
In mineralized areas, there are two types in
the mode of occurrence: Tertiary Fortuna
granodiorite (fresh) in the Chuquicamata
area contains no visible sulfides. The same
is true in Jurassic least altered diorite-tonalite
in the Tocopilla area and Tertiary fresh
granodiorite in the Rio Blanco mine. Cop-
per sulfides may have been expelled out of
the magmatic systems to ore deposits. L
porphyry at El Salvador, on the other hand,
contains abundant sulfides mostly of pyrite.
This rock occurs within the porphyry cop-
per system and has received biotitization,
but later hydrothermal alterations such as
sericitization, carbonatization and chloriti-
zation are only slight; thus the pyrite is
considered to be of magmatic origin, which
is supported by whole rock 8%4S of +5.9%,
(SASAKI et al., 1984).

Chemical Compositions

Chemical analyses were made on 66 sam-
ples and listed in Table 2. Their localities are
shown in Figures 5-7. The results were pro-
cessed by GEOCAPS (GEOChemical data
Analysis Program System) of YosHnm and
SATO (1983) for normative calculation and
graphic presentation.

General Remarks—Comparison with

Japanese Granitoids

Analytical results are plotted on the
HARkER’s diagram and compared with the
average composition of Japanese granitoids
of ARAMAKI et al. (1972) for major com-
ponents and of ISHIHARA et al., (unpublished)
for minor elements (Fig. 9). The Chilean
rocks are grouped into late Paleozoic, Meso-
zoic (Jurassic and Cretaceous) and Tertiary
granitoids.

Among major components, those enriched
in the Chilean rocks are Al,O;, Na,O and
Fe.O; K,O is not much different from that
of the Japanese average. Fe,O3;/FeO ratio is

definitely higher in the Chilean rocks, be-
cause the Japanese rocks are composed
roughly equal amount of magnetite-series and
ilmenite-series granitoids, while the Chilean
rocks are predominantly of magnetite-series
ones. Among the Chilean magnetite-series
granitoids, Tertiary ones are more potassic
and oxidized (higher Fe,O;/FeQ) and less
calcic than the Mesozoic rocks.

Minor components show clear difference
in the two regions. Total carbon, which ap-
pear to imply CO. carbon, is much lower
in the Chilean rocks. This is truely observed
in the microscopic studies mentioned before
that carbonates are rarely seen but sericite is
most popular everywhere and that epidote is
diagonostic in the Mesozoic granitoids related
to manto-type copper deposits. Sulfur is low
even in ilmenite-series granitoids of late Paleo-
zoic age, which is quite different from most
of ilmenite-series granitoids in Japan, but
zinc, lead, lithium and tin contents are low
in the Chilean rocks. Within the Chilean
magnetite-series granitoids, the Tertiary ones
are higher in content of nearly all the ele-
ments as total C, Cu, Zn, Pb, Li, Rb, Sr and
Be than the Mesozoic ones.

Alkali Ratio

Alkali ratio of igneous rock is often found
to change across continental margin magmatic
belt. The ratio of the analyzed rocks were
examined in K,0-Na,0-CaO diagram (Fig.
10). Late Paleozoic granitoids are divided
into two groups: those of Vifia del Mar (SA
in Fig. 10), El Salvador (PT) and Ci Funcho
(CF) areas are faintly more potassic than
the Japanese average, whereas those of
Chafiaral (CH) area are quite sodic. The
former group has initial Sr ratio of 0.70637—-
0.70641, while the latter has 0.70455 (Sa1BA-
TA et al., 1984). Thus there is a positive
correlation between K,O/Na,O and initial Sr
ratios. Altered granitoids at south of Copiapo
and east of El Salvador are most potassic,
because of sericitization over plagioclase.

Mesozoic-Cenozoic granitoids have K,O/
Na,O ratio more or less lower than that of the
Japanese average. In the Chuquicamata area,
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Table 2a List of analyzed plutonic rocks: so-called Paleozoic granitoids (serial nos. 1-22).
Note for Tables 2a and 2b: Ferromagnesian minerals are listed in increasing order of abun-
dance. (J) Jurassic, (K) Cretaceous, and (T) Tertiary in age. T.C, total carbon but mostly
carbonate carbon; Kai, magnetic susceptibility in emu/g, x10-%. * Weakly, ** strongly
altered rock. Ser, sericite; cc, calcite; epd, epidote; sph, sphene. n. d., not determined.

Serial No. 1 2 3 4 5 6 7 8
Sample No. 79SA6A 79SA6B  79SA6C  T9SA6D 79CF11 79CF13 79CF14 79CF12
SiO» 68.78 71.34 75.82 73.89 n.d. 66.75 70.04 75.63
TiO: .35 .34 13 .05 n.d. 46 31 .05
Al;,Os 14.36 14.72 12.46 13.91 n.d. 16.34 15.58 13.26
Fe;0s 1.44 1.15 .84 .64 n.d. .87 .63 52
FeO 2.80 1.51 .61 25 n.d. 2.23 1.80 .54
MnO .09 06 .02 .16 n.d. .05 .05 .04
MgO .86 .57 .10 .14 n.d. 1.35 .79 .06
CaO 2.72 2.53 1.08 .61 42 3.36 2.30 .70
Na.O 3.58 3.90 2.69 3.88 2.76 3.78 3.72 3.78
K:0 3.75 3.04 5.17 5.63 1.46 2.78 3.25 4.42
P:Os 15 .07 .04 .02 n.d. A1 .08 .02
H.0-+ 21 21 32 25 n.d. .96 .67 .19
H0— .36 .20 22 .20 n.d. .26 32 26
Total 99.45 99.64 99.50 99.63 4.64 99.30 99.54 99.47
T.C 0 4 5 100 410 9 70 270
S 140 3 2 20 30 4 10 20
Cu 7 4 3 3 11 13 8 5
Zn 51 31 13 2 30 44 35 36
Pb 16 15 15 32 12 21 22 40
Li 24 22 14 1 14 54 59 8
Rb 125 106 161 203 64 110 150 141
Sr 140 129 138 20 68 328 185 51
Sn 1.5 1.2 1.0 1.1 1.5 3.3 4.4 2.1
Be 2.0 1.9 .9 5.2 1.2 2.5 2.4 1.5
Kai 170 80 290 180 20 20 20 20
Q 25.41 30.32 37.92 28.25 —_ 23.99 29.01 34.94
C — .58 .57 .37 —_ 1.27 1.95 1.03
or 22.16 17.97 30.55 33.27 — 16.43 19.21 26.12
ab 30.29 33.00 22.76 32.83 — 31.99 31.48 31.99
an 12.04 12.09 5.10 2.90 — 15.95 10.89 3.34
wo-di .20 — — — — — — —
en—di .08 — — — —_ — — .
fs—di 13 _ — — — — — —
en-hy 2.07 1.42 .25 .35 — 3.36 1.97 15
fs—hy 3.41 1.37 25 .14 - 2.71 2.37 55
mt 2.09 1.67 1.22 .93 — 1.26 91 75
hm — — — . _ _ — —
il .66 .65 25 .09 —_— .87 .59 .09
ap .35 .16 .09 .05 — 25 19 .05
Others .57 41 .54 45 — 1.22 .99 45
Total 99.45 99.64 99.50 99.63 — 99.30 99.54 99.47
Q-4-or+ab 77.86 81.29 91.24 94.35 — 72.40 79.69 93.05

Santiago area: T9SA 6. 71°33.3'—32°57.4/, A~C. Biotite granite, stressed, D. Aplite dikelet.
Ci Funcho avea: T9CF 11, 13. 70°38.7/—25°39.6/, 11. Biotite-sericite-quartz schist; 13. Hornblende-bearing biotite
granite*(ser); 14. 70°39.7/—25°40. 2/, Biotite granite*(ser); 12. 70°38.7/—25°39. 6/, Same as 14.
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Table 2a (Continued)
Serial No. 9 10 11 12 13 14 15 16
Sample No. 79CH3 79CH4 79CHS 79CH2 79CH7 79CHS 79CH9 79PT1
SiO; n.d. n.d. 73.08 73.53 74.54 n.d. n.d. n.d.
TiO: n.d. n.d. 21 22 .06 n.d. n.d. n.d.
Al:O; n.d. n.d. 14.79 12.47 14.49 n.d. n.d. n.d.
Fes0s3 n.d. n.d. 75 .67 .60 n.d. n.d. n.d.
FeO n.d. n.d. .97 1.15 .79 n.d. n.d. n.d.
MnO n.d. n.d. .06 .04 .05 n.d. n.d. n.d.
MgO n.d. n.d. 46 .87 24 n.d. n.d. n.d.
Ca0 42 .34 1.78 1.34 .90 .38 .10 5.23
NaxO 94 7.25 4.76 3.00 4,78 4.56 4.54 2.88
K0 3.76 2.48 2.42 5.04 2.54 3.60 3.72 2.10
P.Os n.d. n.d. .10 .07 .08 n.d. n.d. n.d.
H,0-}- n.d. n.d. 38 .69 .62 n.d. n.d. n.d.
H.0— n.d. n.d. .04 .16 .18 n.d. n.d. n.d.
Total 5.12 10.07 99.80 99.25 99.87 8.54 8.36 10.21
T.C 415 20 3 230 120 40 30 560
S 20 1340 80 10 60 30 30 60
Cu 5 5 4 4 3 4 2 13
Zn 20 80 31 14 21 10 32 65
Pb 6 9 11 17 12 13 4 17
Li 15 20 18 22 28 4 8 28
Rb 114 43 68 229 73 96 215 118
Sr 32 35 163 74 100 31 18 270
Sn 3.9 1.6 1.4 1.9 .6 7 3.3 n.d.
Be 1.7 1.1 1.2 2.3 2.1 1.1 3 2.0
Kai 15 20 20 20 20 10 10 60
Q — — 31.49 32.35 34.52 — — —
C — — 1.34 — 2.43 — — —
or — — 14.30 29.78 15.01 — — —-
ab — — 40.28 25.38 40.45 — — —_
an — — 8.18 5.67 3.94 — — —
wo—di — — — 22 — — — —_
en—di — — — 13 — — — —
fs—di — — — .08 — — — —
en-hy — — 1.15 2.04 .60 — — —
fs—hy — —_ .93 1.19 95 — — —
mt — —_ 1.09 .97 .87 — — —_—
hm J— — — — — — — —
il — — 40 42 A1 _— — —
ap — —_ 23 .16 .19 —_ —_ —
Others — — 42 .85 .80 — — —
Total —_ — 99.80 99.25 99.87 — — —_
Q+-or+-ab — —_ 86.07 87.52 89.98 — — —

Chafiaral area :

Potrerillos area :

79PT 1. 69°27.3’—26°18. 3/, Biotite-hornblende granodiorite**(ser»epd>cc).
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79CH 3. 70°37.5/—26°17.9’, Biotite-sericite-quartz slate; 4, 5. 70°37.2'—26°22.8/, 4. Sericite-biotite-
hornblende diorite**(ser >cc); 5. Biotite granite*(ser); 2. 70°29.7/—26°21. 7/, Biotite granite (218 Ma)*
(ser); 7. 70°39.6/—26°23. 3/, Muscovite-biotite granite; 8, 9. 70°39.6/—26°23. 3/, 8. Biotite-muscovite
aplite dikelet; 9. biotite-muscovite aplite dike.
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Table 2a (Continued)

Serial No. 17 18 19 20 21 22 23 24
Sample No.  79PT3 79PT4 79PT8 79CP6A 79CP6B  79CP6C 79MJT6 79MT4
SiO: n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
TiO: n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d.
ALOs nd. n.d. nd. nd. nd. nd. nd. nd.
Fe:0s n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeO n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d.
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CaO 4.94 2.64 1.70 5.40 3.21 2.16 13.50 3.36
Na0 3.13 3.76 3.37 2.90 2.75 2.47 2.28 3.72
K.0 3.15 2.83 4.06 2.79 4.56 5.30 37 1.75
P05 nd. n.d. n.d. n.d. nd. n.d. n.d. n.d.
HO+ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
H.0— n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd.
Total 11.22 9.23 9.13 11.09 10.52 9.93 16.15 8.83
T.C 1000 140 50 110 100 70 1540 1600
S 310 10 40 40 40 30 90 1000
Cu 18 4 4 25 12 5 68 30
Zn 32 30 37 68 48 35 37 56
Pb 20 15 22 19 23 24 14 19
Li 31 22 59 32 40 34 14 39
Rb 96 108 150 138 173 192 8 66
Sr 292 350 154 316 292 281 282 281
Sn nd. n.d. n.d. n.d. n.d. n.d. n.d. " nd.
Be 1.4 2.4 2.4 1.6 14 1.2 .6 2.7
Kai 220 110 15 45 340 320 25. 10
Q — —_— — _ - — — _
C — — — _ — _ _ —
or — — e — — — — —
ab - —_ — — — — — —
an — — — — — — —_ -
wo-di — — — — — — — —
en—di — — — — — — — —
fs—di — — — - — — —_— —
en-hy —_ —_— — — — —_— —_ —
fs—hy — — — — — — —_ —
mt — — — — — — — —
hm — — — — — — — —
il — — — — — — — —
ap — — — — — e — —
Others — — — — — — — —
Total — — — —_ — — — —

Potrerillos (Maricunga) area : TIPT 3. 69°27.3'—26°18. 3/, Biotite-hornblende granodiorite**(ser>cc>epd), less altered
than 79PT-1; 4. 69°15. 9'—26°20. 4/, Biotite granite; 8. (Maricunga)68°58. 2'—26°59. 4/, Same as 4¥*(ser).

South of Copiapo : TICP 6A~C. 69°58.7/—28°01’; A. Hornblende-biotite granodiorite**(ser>epd) ; B. Biotite-hornblende
granodiorite**(ser>epd>sph); C. Biotite-epidote (secondary) granite dikelet**(epd>ser>sph).

Northern Region (22°—24° S), Mejillones Peninsula : TIMJ 6. 70°35.4/—23°26.7’/, Hornblende gabbro, no opaques
(Paleozoic?)*(ser>cc>epd); 4. 70°32.4’—23°11. 4/, Pegmatitic biotite granite, vein 7cm wide in
biotite gneiss, no opaques (Paleozoic?)*(ser>cc>epd).
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Table 2b List of analyzed plutonic rocks: Mesozoic-Cenozoic granitoids (serial nos. 23-66).

Serial No. 25 26 27 28 29 30 31 32
Sample No.  79VA3 79VA4 79VA5  79TC11 79TC8  79TC13  79TC10 79TC14
SiO; n.d. n.d. n.d. 48.30 54.22 n.d. 56.22 62.81
TiO: n.d. n.d. n.d. .83 .84 nd. 67 .66
AlO3 n.d. n.d. n.d. 17.29 17.53 n.d. 16.46 15.23
Fe:0s n.d. n.d. n.d. 3.94 3.11 n.d. 2.03 2.52
FeO n.d. n.d. n.d. 6.54 6.07 nd. 5.28 3.27
MnO n.d. n.d. n.d. 21 21 n.d. 17 .10
MgO nd. n.d. n.d. 8.02 4.37 n.d. 4.45 2.08
CaO 6.63 3.98 3.71 11.62 8.50 8.42 7.74 4.40
Na;O 3.38 438 4.47 2.24 3.67 3.89 3.52 3.86
K0 2.27 2.25 2.40 26 .54 1.07 1.52 2.86
P,0s n.d. nd. n.d. .02 .10 n.d. 17 .16
H:0+ n.d. n.d. n.d. .26 21 n.d. 1.30 1.45
H,0— n.d. n.d. n.d. 28 .28 n.d. .04 12
Total 12.28 10.61 10.58 99.81 99.65 13.38 99.57 99.52
T.C 230 90 100 130 50 130 60 100
S 220 50 100 20 30 50 50 30
Cu 111 78 27 18 105 38 83 237
Zn 63 43 45 75 80 27 85 38
Pb 9 8 10 14 11 11 15 9
Li 19 24 16 12 10 23 12 9
Rb 95 60 45 7 12 32 60 166
Sr 356 402 398 324 332 368 271 262
Sn n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Be 1.2 1.6 1.6 A4 .6 .8 1.0 1.2
Kai 590 300 440 1740 1060 655 480 720
Q —_— — — — 5.45 — 6.63 17.04
C — — _ _ — _ — —
or — — — 1.54 3.19 — 8.98 16.90
ab — — — 18.95 31.05 — 29.78 32.66
an — — — 36.35 29.76 — 24.62 15.78
wo—di —_ — — 8.84 4.91 — 5.29 2.09
en—di — —_— — 5.89 2.77 — 3.05 1.25
fs—di —_ — — 2.29 1.93 — 1.99 73
en-hy — — — 10.23 8.11 — 8.03 3.93
fs-hy — — — 3.98 5.65 — 5.24 2.29
mt — —_— — 5.71 4.51 — 2.94 3.65
hm — _— — — — — — —
il — — —_ 1.58 1.60 — 1.27 1.25
ap — — — .05 23 — .39 37
Others — — — .54 49 — 1.34 1.57
Total — — — 95.96 99.65 — 99.57 99.52
Q-ortab — — — 20.49 39.69 — 45.40 66.60

Northern region (22°—24°), Varillos: T9VA 3. 70°22.2/—23°53.4/, Pyroxene-hornblende-biotite quartz mozodiorite,
stressed (J?); 4. 70°23.9’/—23°57. 3/, Hornblende-biotite granodiorite (J?)*(ser
>chl); 5. 70°18.3/—23°55. 2/, Hornblende-biotite granodiorite (J?)*(ser).

Tocopilla area : T9TC 11. 70°15.8’—22°18.8’, Pyroxene diorite (J); 8. 70°20.4’—23°08. 4/, Hornblende-biotite-pyroxene

quartz diorite (J); 13. 70°17.7/—23°06. 8/, Pyroxene-bearing hornblende diorite (J)**(ser>epd); 10.
70°14.4’—22°26.2’, Biotite-hornblende quartz diorite (J)*(ser); 14. 70°10.5/—22°06.2/, Pyroxene-
biotite-hornblende tonalite**(ser >epd).
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Table 2b (Continued)

Serial No. 33 34 35 36 37 38 39 40
Sample No. 79CHU7 79CHU6 79CHU3 79CHUS5 79CHU4 79CHU11 79CHU12  80MZH3
SiO, 59.24 62.22 64.02 64.17 n.d. 55.30 71.18 62.70
TiO: 74 77 44 .50 n.d. 99 35 .61
Al O3 17.36 16.31 17.42 16.92 n.d. 18.83 14.57 17.25
Fe:0; 2.76 3.31 2.51 2.27 n.d. 3.47 1.31 2.12
FeO 3.20 2.01 1.40 1.51 n.d. 4.17 1.22 2.66
MnO 12 A1 .07 .04 n.d. A3 .06 .06
MgO 3.12 2.09 1.42 1.55 n.d. 2.48 .76 2.54
CaO 5.55 4.10 4.36 4.00 3.68 6.82 2.35 5.08
Naz0 3.91 3.85 4.82 4.33 4.49 3.88 3.25 3.42
K,O 2.61 3.82 239 3.04 2.95 1.43 3.74 2.51
P.0Os 22 .19 22 .19 n.d. 32 .07 .16
H.0+ .92 77 .60 74 n.d. 1.44 .63 .68
H,O— .02 .06 .04 .14 n.d. .14 .09 02
Total 99.77 99.61 99.71 99.40 11.12 99.40 99.58 99.81
T.C 210 70 160 100 90 100 150 190
S 30 470 20 440 370 130 30 50
Cu 82 21 12 46 115 36 16 48
Zn 72 62 40 26 20 63 27 44
Pb 14 16 13 10 8 10 12 14
Li 23 23 22 15 12 19 9 20
Rb 118 182 84 103 91 52 130 107
Sr 546 404 702 603 631 380 182 412
Sn n.d. n.d. 1.0 9 1.1 n.d. n.d. n.d.
Be 1.5 23 1.8 1.4 1.6 1.4 .6 1.3
Kai 770 880 960 900 920 1130 730 510
Q 10.26 14.52 16.29 17.12 — 8.74 31.68 17.96
C — — — — — — 1.07 .05
or 15.42 22.57 14.12 17.97 — 8.45 22.10 14.83
ab 33.09 32.58 40.79 36.64 — 32.83 27.50 28.94
an 22.11 15.94 18.84 17.75 — 29.74 11.20 24.16
wo-di 1.66 1.32 57 35 — .84 — —
en—di 1.15 1.14 A9 .30 — 51 — —
fs-di .38 — — .01 — .28 — —
en-hy 6.62 4.07 3.05 3.56 — 5.67 1.89 6.33
fs-hy 2.21 — — 13 — 3.12 .69 2.24
mt 4.00 4.60 3.46 3.29 — 5.03 1.90 3.07
hm — 13 12 — — — — —
il 1.41 1.46 .84 .95 — 1.88 .66 1.16
ap 51 44 St 44 — 74 .16 .37
Others .94 .83 .64 .88 — 1.58 72 .70
Total 99.77 99.61 99.71 99.40 — 99.40 99.58 99.81
Q-+or+ab 58.77 69.68 71.20 71.72 — 50.02 81.28 61.73

Chuquicamata arvea : TICHU 7. 68°58.5/—22°21. 3/, Hornblende-biotite-pyroxene tonalite (Andina, K-T); 6. 68°57.3'—
22°20.8’, Pyroxene-bearing biotite-hornblende tonalite (Andina, K-T); 3,5,4. 68°56.1/—22°16.2/,
3. Sphene-bearing biotite-hornblende granodiorite (Fortuna, 36 Ma); 5. Hornblende-biotite
granodiorite (Fortuna, T); 4. Biotite-hornblende tonalite (do., T)*(chl).
North of Chuquicamata : 11(K). 68°42/—21°42/, Biotite-hornblende tonalite (T); 12 (T). 68°45’—21°35’, Hornblende-
biotite granodiorite (T).
Interior of Arica: 80MZH 3. Biotite-hornblende granoriorite (T).
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Table 2b (Continued)
Serial No. 41 42 43 44 45 46 47 48
Sample No.  79SE16 79CH1  79CHI13 79CH10 79CH12 79CHI15 79CHI1 79CP7
SiO; n.d. n.d. 58.19 n.d. 61.55 n.d. 66.94 n.d.
TiO: n.d. n.d. .81 n.d. .85 n.d. .40 n.d.
AlOs n.d. n.d. 17.15 n.d. 16.83 n.d. 16.60 n.d.
Fe.0Os n.d. n.d. 1.51 n.d. 1.59 n.d. 1.43 n.d.
FeO n.d. n.d. 4.99 n.d. 4.35 nd. 1.87 n.d.
MnO n.d. n.d. .13 n.d. .10 n.d. .07 n.d.
MgO n.d. n.d. 4.07 n.d. 3.00 n.d. 1.64 n.d.
CaO 4.55 7.76 7.28 6.30 5.88 5.05 3.92 7.80
Na0 4,22 3.09 3.40 3.30 3.54 3.54 4.49 3.36
K-0 2.22 1.32 1.40 1.48 1.56 2.38 1.61 1.48
P:Os n.d. n.d. .14 n.d. 13 n.d. .14 n.d.
H:O0+ n.d. n.d. 31 n.d. 42 nd. .36 n.d.
H.0— n.d. n.d. .14 n.d. .02 n.d. .14 n.d.
Total 10.99 12.17 99.52 11.08 99.82 10.97 99.61 12.64
T.C 420 290 80 1160 100 180 80 210
S 190 70 30 50 150 50 40 50
Cu 166 54 53 34 17 12 9 116
Zn 81 49 62 62 60 52 48 50
Pb 16 15 12 13 11 9 12 11
Li 32 14 21 22 33 22 21 13
Rb 106 68 51 58 46 66 44 40
Sr 280 281 272 224 265 425 374 768
Sn n.d. 1.4 1.4 1.6 2.3 9 1.6 9
Be 1.2 1.1 1.0 1.1 1.0 1.5 1.1 1.2
Kai 790 260 440 570 100 710 120 700
Q — — 10.36 — 16.42 — 23.43 —
C — — — — — — .68 —
or — — 8.27 —_ 9.22 — 9.51 —
ab — — 28.77 —_ 29.95 — 37.99 —
an — — 27.40 — 25.42 — 18.53 —_
wo-di — — 3.26 — 1.21 — — —
en—di — — 1.86 — .67 — — —
fs—di — — 1.25 — .49 — — —
en-hy — — 8.28 — 6.80 — 4.08 —
fs—hy — — 5.57 — 4.96 — 1.72 —
mt — — 2.19 — 2.31 — 2.07 —
hm — — — — — — — —
il — —_ 1.54 — 1.61 — .76 —
ap — — 32 — .30 — 32 —
Others — — 45 — 44 — .50 —
Total —- — 99.52 — 99.82 — 99.61 —
Q-+or+ab — — 47.41 — 55.60 — 70.94 —

Taltal-Copiapo Region (25°30'—28° S): T9SE-16. 70°31. 5'—25°54. 3’. Biotite-hornblende granodiorite(J)**(ser:»chl>
sph, cc); 79CH 1. 70°26.2’—26°21. 4/, Pyroxene-bearing biotite-hornblende
quartz diorite (J); 13. 70°47.7’—26°54. 6/, Biotite-pyroxene tonalite (J, 187
Ma); 10. 70°41.7'—26°30. 6/, Biotite-hornblende tonalite (J)**(ser>cc>epd,
chl); 12. 70°45.6’—26°17. 7', Biotite-hornblende tonalite (J); 15. 70°30.3'—
27°17. 4/, Same as 12 (K, 123 Ma); 11. 70°41.4’—26°35. 7/, Hornblende-biotite
granodiorite (J, 191 Ma); 79CP 7. 70°29.4’—27°27.6’, Biotite-hornblende
tonalite (K)*(ser>epd).
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Table 2b (Continued)

Serial No. 49 50 51 52 53 54 55 56 57
Sample No. 79CP11.  79CP12 79CP10 79CP9A 79CP9B 79CP2 79CP5 79CP4  79PTL
SiO- 54.76 n.d. 64.18 71.79 74.50 60.38 63.83 66.03 58.70
TiO: .59 n.d. 34 17 13 .67 57 .50 1.03
AlOs 19.42 n.d. 17.45 15.04 13.71 17.40 16.50 16.03 18.80
Feq03 3.56 n.d. 2.63 1.24 1.00 3.06 2.30 1.99 3.48
FeO 3.52 n.d. 1.72 75 43 2.44 2.16 1.80 2.62
MnO 22 n.d. .16 .04 .03 .10 .09 .08 .03
MgO 3.61 n.d. 1.40 .57 .26 2.77 2.24 1.68 2.27
CaO 7.62 6.70 4.94 2.31 1.43 4.58 4.03 3.61 5.05
Na.O 3.94 3.84 424 3.40 2.96 4.00 3.87 3.64 5.00
K0 1.10 1.20 1.79 3.76 4.92 3.55 3.43 3.80 1.62
P:O; .19 n.d. 17 .08 .03 21 15 12 .33
H.0+ .82 n.d. .49 .29 27 .52 71 51 A5
H,O0— 36 n.d. 12 .18 .09 .04 .02 .02 .28
Total 99.71 11.74 99.63 99.62 99.76 99.72 99.90 99.81 99.66
T.C 140 200 270 50 60 150 110 130 460
S 60 180 10 30 20 110 40 20 4840
Cu 44 12 13 76 21 160 75 24 53
Zn 60 47 48 11 4 67 64 38 25
Pb 10 9 8 7 7 17 22 11 9
Li 15 16 26 15 11 21 37 32 17
Rb 29 30 48 88 88 144 143 172 53
Sr 550 558 518 290 207 500 423 345 745
Sn 9 1.0 9 .8 .6 1.8 1.9 1.3 9
Be 1.0 1.0 1.1 1.0 1.0 2.1 1.6 1.5 1.4
Kai 760 1570 980 280 160 1190 620 840 1150
Q 6.09 — 20.17 31.98 35.09 10.21 16.38 20.17 10.01
C — — — 1.37 .99 — — — 43
or 6.50 — 10.58 22.22 29.08 20.98 20.27 22.46 9.57
ab 33.34 — 35.88 28.77 25.05 33.85 32.75 30.80 42.31
an 32.05 — 23.29 10.94 6.90 19.04 17.52 16.18 22.90
wo—di 1.88 — .04 — — 97 .62 .40 —
en—di 1.30 — .03 — — 75 46 .29 —
fs—di 43 — .01 — — A1 A1 .07 —
en-hy 7.69 — 3.46 1.42 .65 6.15 5.12 3.89 5.65
fs—hy 2.53 —_ g1 15 — 92 1.19 92 .29
mt 5.16 — 3.81 1.80 1.11 4.44 3.33 2.88 5.05
hm —_ — — — .24 f— - — —
il 1.12 — .65 32 25 1.27 1.08 .95 1.96
ap 44 — .39 .19 .07 49 .35 .28 76
Others 1.18 — .61 47 36 .56 73 53 73
Total 99.71 — 99.63 99.62 99.76 99.72 99.90 99.81 99.66
Q+or-+ab 4593 — 66.62 82.97 89.21 65.03 69.39 73.43 61.89

Copiapo area : 79CP 11, 12. 70°25.8'—27°31. 8, Biotite-hornblende tonalite (K); 12 is weakly altered*(epd, chl, sph);
79CP 10. 70°25.8'—27°31.8’, Hornblende-biotite tonalite (K); 9A. 70°25. 8/—27°31. 5/ , 9A. Biotite
granodiorite (K); 9B. Allanite-bearing biotite granite (K); 79CP 2. 69°54.6'—27°05.4’, Biotite-
hornblende-pyroxene granodiorite, myrmekitic (T); 5, 4. 70°12.6’—27°49.2’, 5. Biotite-hornblende
quartz monzodiorite (T); 4. Biotite-hornblende granodiorite, porphyritic (T).

El Teniente mine: T9PT-L, Inca adit, Dr 8532N-3956W, Biotite tonalite (T, 40 Ma).

— 524 —




Plutonic Rocks of North-Central Chile (Ishihara et al.)

Table 2b (Continued)

Serial No. 58 59 60 61 62 63 64 65 66
Sample No. 79SA1 79SA2 79SA9 79SA8  79SA13 79111101  79SA12 79SA11 79031402
SiO: 51.44 57.03 54.58 65.53 61.18 70.82 59.69 56.35 65.91
TiO: 96 1.05 1.12 43 .64 34 .63 94 .53
AlOs 18.04 18.12 16.03 15.87 16.88 14.07 18.15 18.41 15.65
Fe,0s 5.73 2.27 2.99 1.79 3.15 1.23 2.87 2.87 1.87
FeO 4.46 4.06 5.64 1.98 2.08 1.62 2.62 4.24 1.76
MnO 14 A1 .14 .07 .07 .06 12 13 .06
MgO 4.29 2.99 3.45 1.23 2.35 .92 2.05 3.08 1.70
CaO 8.96 5.57 6.92 3.33 4.98 2.51 4.67 6.42 3.48
Na.0 3.84 4,24 3.53 4.15 4.09 3.69 3.33 4.16 4.47
K0 .85 3.18 3.48 3.84 2.86 3.56 4.04 2.16 3.10
P05 34 31 57 .16 22 .08 29 31 .15
H.0-+ 77 57 1.28 1.03 .67 34 1.10 .56 43
H,O0— .06 .10 .08 .08 .26 .16 .18 .16 24
Total 99.88 99.60 99.81 99.49 99.43 99.40 99.74 99.79 99.35
T.C 920 80 130 110 40 70 300 370 180
S 60 80 110 50 1820 10 130 90 30
Cu 28 76 272 18 95 18 62 80 12
Zn 38 69 26 19 40 35 79 86 31
Pb 13 18 9 5 8 14 30 19 8
Li 2 10 5 3 34 28 23 24 5
Rb 14 76 108 95 97 128 147 84 84
Sr 563 460 332 291 726 182 674 550 485
Sn n.d. n.d. n.d. n.d. n.d. nd. n.d. n.d. nd.
Be 1.0 1.7 1.5 1.1 1.4 1.2 2.4 1.5 1.5
Kai 2900 850 680 420 n.d. 400 250 1100 630
Q 3.00 3.83 2.30 17.92 13.63 28.65 11.88 5.55 18.66
C — —_ —_ — — — .50 — —
or 5.02 18.79 20.57 22.69 16.90 21.04 23.87 12.76 18.32
ab 32.49 35.88 29.87 35.12 34.61 31.22 28.18 35.20 37.82
an 29.48 21.02 17.62 13.33 19.25 11.31 21.27 25.18 13.48
wo—di 5.32 1.92 5.42 .89 1.68 .26 — 1.94 1.17
en—di 4.00 1.17 3.01 .56 1.40 15 — 1.19 .87
fs—di .80 .64 2.20 .29 .07 .10 — .64 .19
en-hy 6.69 6.28 5.58 2.51 4.46 2.14 5.11 6.48 3.37
fs-hy 1.33 3.41 4.09 1.29 22 1.41 1.62 3.47 73
mt 8.31 3.29 4.33 2.59 4.57 1.78 4.16 4.16 2.71
hm — — — — — — — — —
il 1.82 1.99 2.13 .82 1.22 .65 1.20 1.79 1.01
ap .79 72 1.32 .37 S1 .19 .67 72 35
Others .83 .67 1.36 1.11 .93 .50 1.28 72 .67
Total 99.88 99.60 99.81 99.49 99.43 99.40 99.74 99.79 99.35

Q+ortab  40.52 58.50 52.74 75.73 65.14 80.92 63.93  53.51 7481

Santiago Region : TISA 1. 70°59.1’—33°04. 5, Sphene-pyroxene-bearing hornblende diorite (K)*¥; 2. 71°09’~—33°04. 2/,
Pyroxene-bearing hornblende-biotite monzodiorite (K)*(ser); 9. 70°59.1’—32°55,4’, Hornblende
diorite (K)**(ser); 8. 70°58.8'—32°57.9/, Biotite-bearing hornblende tonalite (K)**(ser>epd); 183.
70°57’—33°25’, Same as 8 (K); 79111101. 70°31.2’—33°35.6’, Biotite-hornblende granodiorite (T);
79SA 12. do. La Obra, Same as 1 (T, 24 Ma); 11. 33°45'—70°15/, Pyroxene-biotite-hornblende
granodiorite (T, 14 Ma).

Rio Blanco mine (Andina Div. CODELCO) : 79031402. Biotite-hornblende granodiorite (T, 4 Ma).
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Ko, O
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© Mesozoic granitoids
O Late Paleozoic granitoids

" Japanese average —>

CaO Na,O

Fig. 10 K:0-Na,O-CaO diagram for Chilean plutonic rocks.

CF, Ci Funcho; CH, Chafiaral; CHU-A, Chugicamata, Andina tonalite; CHU-F, Fortuna

granodiorite; CP, Copiapo; L, L porphyry at El Salvador; PT, Portrerillos; R, Rio Blanco

mine; SA, Santiago.
Tertiary “Fortuna” granodiorite (CHU-F)
is more sodic than Cretaceous-Tertiary
“Andina” tonalite (CHU-A, Fig. 10). Quartz
diorite in the Rio Blanco mine (R) and L
porphyry in the El Salvador mine (L) are

Thus most of Tertiary granitoids appear to
have sub-alkaline trend evolving from quartz
monzodiorite to monzogranite.

Quartz

also sodic. Thus Tertiary granitoids are
generally more sodic than Mesozoic ones,
except for those to the east of Copiapo (CP).
Similar characteristics of K,0/Na,O ratio
varying in time is also observed between
Jurassic and Cretaceous granitoids in the
Copiapo transect, although they are not shown
by different symbols in Figure 10.

Figure 11 illustrates normative quartz-
orthoclase-plagioclase diagram. If unaltered
and least altered rocks are concerned, late
Paleozoic and Mesozoic granitoids have a
trend from the plagioclase corner to monzo-
granite clan. Tertiary ones of the Chuqui-
camata, Rio Blanco and east of Copiapo
areas, however, are plotted toward quartz-
depleted but orthoclase-enriched area from
this trend within quartz monzodiorite clan.
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Table 3 XRF analyses of some magnetite-series granitoids from the Antofagasta transect, northern Chile.

Sample No. Si0; (%) MnO (%) Y (ppm) Zr (ppm) Zr)Y
79 CHU 5 (Fortuna) 64.2 0.04 9 123 13.7
79 CHU 3 (do.) 64.0 0.07 9 93 10.3
79 CHU 6 (Andina) 62.2 0.11 25 211 8.4
79 CHU 7 (do.) 59.2 0.12 18 174 9.7
79 TC10 (Tocopilla) 56.2 0.17 27 68 2.5
79TC8 (do.) 54.2 0.21 15 41 2.7

SiOg and MnO from Table 2. Y and Zr analyzed by O. UJIKE.

Yitrivm and Manganese Ratio

BALDWIN and PEARCE (1982) found in the
Chilean porphyry copper belts that productive
intrusions are depleted in Y and MnO, relative
to non-productive intrusions, by an early sepa-
ration of these components into mafic silicates.
Their samples to represent the productive
porphyries are very much dependent upon
L porphyry at El Salvador, because fresh
porphyries are not generally available in the
Chilean porphyry copper deposits. At Chu-
quicamata, they chose East and West porphy-

SO S N

100 .

Non-productive

[JTC 10

trTes

Productive

MnO (%) °° :

Fig. 12 Yttrium and manganese plot of some
Chilean plutonic rocks with the division of
productive, sub-productive and non-productive
porphyries by BALDWIN and PEARCE (1982).
Numerals are the last digits of the sample
numbers listed in Table 3. Broken line a~b is
the discriminant boundary for intrusions of
Pacific arcs.

ries, and Elena granodiorite, all of which have
been altered to various degrees.

Six unaltered granitoids from the Anto-
fagasta transect were examined for Y and Zr
by XRF analysis. The results are listed in
Table 3 and are plotted, together with MnO
content given in Table 2, in Figure 12.

The examined rocks are grouped into three
in the Y-MnO diagram. Jurassic granitoids
of Tocopilla coast (TC series), which occur
in a zone of manto-type copper deposits, are
most enriched in Y and MnO, being plotted
in the non-productive area. Andina tonalite
of the Chuquicamata area has similar abun-
dance but Fortuna granodiorite of the same
area is least enriched in these components.

In the Chuquicamata area, the studied rocks
were taken from the area just west of the
West Fissure, and the Fortuna granodiorite
crops out right next to the Chuquicamata
orebody. Thus the proposal of BALDWIN
and PEARCE (1982) appears to be valid on
the studied rocks, although the discriminant
boundary between the porphyry copper pro-
ductive and non-productive porphyry line is
shifted to the boundary for their Pacific arc
type (broken line with a-b, Fig. 12).

Sulfur and Copper Contents

As is shown in Figure 9, Chilean granitoids
have characteristic feature on sulfur and
copper contents. Figure 13 indicates more
detailed distribution pattern of these elements
of fresh and least altered rocks (** of Table
2 is excluded). Sulfur is much lower than
the average composition of Japanese gran-
itoids, except for the Chuquicamata rocks
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and L porphyry. Copper content of late
Paleozoic granitoids are consistently lower
than that of the Japanese granitoids, but
Mesozoic-Cenozoic rocks have a large vari-
ation on this element being generally rich
in copper. Thus, Chilean rocks are charac-

1 I L 1 L 1

ppm

] ocP2
150 L
Cu |
i o o o
100 ° L
i o o
o 2 o ©
. [w]
o
50- a oL eio/_
J O\Jem%

ppm CHU 60 oL
50
400~ =
S
200+
0 2 4 6

Ca0 8 %

Fig.13 Copper and sulfur contents vs. CaO
content for Chilean plutonic rocks. -+ Late
Paleozoic, O Mesozoic, [] Tertiary granitoids.
CHU-4, 5, 6, Chuquicamata; CP-2, East of
Copiapo; L, L porphyry at El Salvador.

terized by low S/Cu ratios as compared with
the Japanese granitoids (Fig. 14).

In Japanese Islands, both magnetite-series
and ilmenite-series granitoids have S/Cu ratio
higher than that of chalcopyrite, which is
consistent with microscopic observation that
either pyrrhotite (in ilmenite-series) or
pyrite (in magnetite-series) are much more
common than chalcopyrite in both the series
(ISHIHARA ef al., 1983; TERASHIMA and ISHI-
HARA, 1983, 1984). In the Chilean rocks,
however, many unaltered granitoids of mag-
netite series have the ratios of bornite and
chalcocite (Fig. 14). Although chalcocite was
found in one altered rocks, the mineral is
very uncommon in the studied rocks.

In porphyry copper mineralized areas of
southwestern United States, BANKS (1982)
reported distribution of copper and sulfur in
non-sulfide rock-forming minerals of granitic
rocks that copper is contained in vermicu-
lite(?) up to 10 wt.% and chlorite up to a
few thousands ppm, and sulfur is present
mostly in apatite (average 640 ppm) and
biotite (avg. 200 ppm). The Chilean rocks
with low S/Cu ratios may have possibility
of the copper contained in the fringe alter-
ation products of biotite, because sulfides are
not found abundantly. Similarly, bulk sulfur
of felsic granitoids with a low level of sulfur
content, in which sulfides are not visible, may
have their source in the biotite, although
detailed studies are needed in future.

Table 4 gives a list of average compositions
of selected components from different areas.

Table 4 Average compositions of selected components from different areas.

Area Age & mineralization Si0O, S Cu

Fe,03/FeO x

Chanaral (79 CH 11,12,13)

Jurassic; barren

62.2% T3ppm 26ppm 0.48 220

Tocopilla (79 TC 8,10) do. ; Cu (manto) 55.2 40 94 0.45 770
Copiapo (79CP 9 A,10,11) Cretaceous; Fe, Cu (do.) 63.6 33 44 1.40 673
E. Copiapo (79CP 2,4,5) Tertiary; Cu, Au (vein) 63.4 57 86 1.14 631
Chuquicamata (79 CHU 3,5,6,7) do. ; Cu, Mo (porphyry) 62.4 240 40 1.45 878
Average, Japan (n=572) Mesozoic-Cenozoic 62.5 277 28 0.45 441

Gabbro and granite are excluded. Fresh and least altered rocks are averaged. Used sample numbers are given in

parethesis. x, magnetic susceptibility in emu/g, x 10-€.
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Fig. 14 Sulfur vs. copper diagram for Chilean plutonic rocks. + Late Paleozoic ( @ altered),

QO Mesozoic (& altered) and [] Tertiary

A minority of rock types such as gabbro
and granite and altered rock are excluded.
Thus the averages reveal characteristics of
the Chilean rocks studied. Mineralizations
dominantly with copper are seen throughout
the four areas, except for the Chaflaral coast;
copper is very strongly concentrated as por-
phyry type in the Chuquicamata area, mag-
netite-hematite deposits of manto type is
diagonostic with the Cretaceous Copiapo
rocks, and manto-type copper deposit is dis-
tinct in the Tocopilla area. Granitic rocks
of the mineralized areas have generally low
initial strontium ratios indicating a primi-
tive source material (SHIBATA et al., 1984),
and their S/Cu ratios are consistent with
those of the related ore deposits, ie., low
in the manto-type and high in the porphyry-
type mineralized areas.

Characteristics of rocks from mineralized
arcas, as compared with those of barren
granitoids, are high values of copper content,

% altered) granitoids. TC, Tocopilla.
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Fig. 15 Copper vs. magnetic susceptibility dia-
gram for Chilean plutonic rocks. -+ Late
Paleozoic, O Mesozoic, and @ Tertiary grani-
toids. Line A-B, average Japanese granitoids
(50-77.5% SiOz).
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Fe,0O3/FeO ratio and magnetic susceptibility.
Apparent low value of Fe;O3;/FeO on the
Tocopilla rocks have to be considered with
their low silica content (55% ). Similarly,
copper content and magnetic susceptibility of
the same rocks need to be reduced when they
are compared with other rocks with 6263 %
Si0,. Among the granitoids related to miner-
alizations, those from the Chuquicamata
porphyry copper area have highest S/Cu and
Fe,03/FeO ratio indicating that this type of
mineralization is resulted from granitic mag-
mas with a high fO, and £S,.

Concluding Remarks

The Chilean plutonic rocks studied fall into
two distinct categories: one ranging in age
from late Paleozoic to early Mesozoic being
composed predominantly of ilmenite-series
which are low in their magnetic susceptibility
and copper content, whereas the other vary-
ing in age from middle Mesozoic to late
Cenozoic being almost solely composed of
magnetite-series, which are characterized by
high magnetic susceptibility and copper con-
tent (Fig. 14). The magnetite-series plutonic
rocks are associated with manto-type copper
and iron deposits in the western half, while
huge porphyry copper deposits in the eastern
half of the Andean plutonic belt. This copper-
rich metallogeny relative to the Japanese one
depend upon basically high concentration of
copper in the original magmas.

The magnetite-series rocks contain almost
always hematitized magnetite and hemo-
ilmenite of both primary and secondary in
origin. These rocks appear to have crystal-
lized under an oxidized condition throughout
the magmatic stage and even in the deuteric
stage. This satisfies one of the most basic
requirement for the formation of sulfide de-
posits. The oxidized characteristics may have
resulted from the original high Fe,Os/FeO
ratio. Source rocks involving altered ocean
floor basalts are most pausible for the Chilean
magnetite-series magmatism. The presence of
magnetite-series rocks with a moderate de-

gree of the initial strontinum ratio indicates
relatively low carbon content in the Chilean
continental crust.

Very low contents of sulfides in the Chilean
plutonic rocks suggest that copper in rocks
and ore deposits were contained in magmas
not only as sulfide melt—but also in the
silicate melt. These coppers were concentrated
into the top of pluton by fractional crystal-
lization of magmas and circulation of mag-
matic waters. Magmas in the manto-type
deposit area were originally low in sulfur;
thus formed low S/Cu ore deposits of the
manto-type. Higher values in sulfur content
and Fe,O3/FeO ratio of porphyry copper
related rocks, relative to rocks close to
manto-type deposits, indicate that the porphy-
ry copper related magmas were originally
rich in sulfur and highly oxidized. Thus in-
soluble oxidized species of sulfur was moved
out from the magmas and formed high S/Cu
ore deposits of the porphyry type.
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Plate I A-B Mafic xenoliths: A, Dioritic rocks, which is common in the Jurassic granitoids
along the Chaifiaral coast, occurring in a pegmatitic obicular granodiorite at north of Caldera.
Size of the obicular is most commonly 6-8 cm in diameter. B, Poorly digested, fragmental
xenolith of andesite in Tertiary stock at east of Santiago (79111101).

Plate IC-D Photomicrographs under transmitted light. C, Euhedral-subhedral magnetite
(black) occurring with pyroxene (Px) and biotite (Bt) (79TC8). D, Euhedral magnetite }
(black) occurring with sphene (gray, high relief), hornblende (Hb) and biotite (Bt)
(79CHUS).
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Plate II Photomicrographs under reflected light. A, Primary hemo-ilmenite (hematite white,
ilmenite gray) occurring with magnetite (Mt) (79CP11). B, Chalcopyrite (Cp) occurring
in magnetite. White blade at margin of magnetite is hematite (79CP4). C, Secondary hemo-
ilmenite containing dusty hydrothermal minerals. Mt, magnetite (79CHUS5). D, Secondary
hemo-ilmenite occurring in the interstices of salic minerals in L porphyry (79PT-L).




