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Abstract 

The Maricunga belt is a linear metallogenic unit defined by at least 14 zones of gold and/ 
or silver mineralization between latitudes 26 ø and 28 ø S in the Andean Cordillera of northern 

Chile. After 10 years of exploration, three precious metal deposits are in production, two 
more have proven resei'ves, and others are being drilled. Total geologic reserves are 420 
metric tons of gold and about 14,000 metric tons of silver divided between intrusion-hosted 
porphyry-type deposits and volcanic-hosted epithermal deposits of high sulfidation, acid sul- 
fate type. 

Precious metal mineralization is related to a belt of Miocene volcanic rocks, most of which 
constitute a series of large compound stratovolcanoes of calc-alkaline composition. The volcanic 
rocks overlie unconformably and largely conceal an igneous and sedimentary basement of 
Paleozoic and Mesozoic age. Volcanic rocks and contained alteration and mineralization are 
subdivided on the basis of K-Ar dating into partly overlapping, western early Miocene (24- 
20 Ma) and eastern middle Miocene (14-13 Ma) subbelts. High-angle reverse faulting occurred 
between these two epochs in response to regional compression induced by subduction zone 
flattening. A northwest alignment is also prominent in the belt as reflected by the strike of 
several components of the alteration and mineralization zones. 

Nine zones of porphyry-type mineralization have been discovered in the Maricunga belt, 
where they are present in both western and eastern subbelts. The porphyry-type mineralization 
was generated beneath andesitic-(dacitic) stratovolcanoes, which were dissected more exten- 
sively in the western than in the eastern subbelt. Volcanic rocks were intruded by isolated, 
composite porphyry stocks which are dioritic in the eastern subbelt but include quartz dioritic 
phases in the western subbelt. Weakly porphyritic microdiorite and associated intrusion breccia 
are prominent stock components. Minor inter- to late mineralization hydrothermal breccias 
are commonly present. 

Gold-copper mineralization is believed to have been introduced with K silicate alteration, 
which is well preserved only at the Amalia, Refugio, and Casale Hill (Aldebaran) prospects. 
K silicate alteration is overprinted and commonly obliterated by sericite-clay-chlorite assem- 
blages of intermediate argillic type. Much of the gold is present in quartz stockworks. Iron 
oxides, both early magnetite and late hematite, constitute 5 to 10 vol percent of mineralized 
zones. Sulfides are dominated completely by pyrite but include minor chalcopyrite and trace 
bornite and molybdenite. Supergene leaching of copper is developed to various degrees, but 
enrichment is developed only incipiently. 

Several porphyry-type stockworks are overlain by pyrite- and alunite-rich advanced argillic 
alteration, which carries barite, native sulfur, enargite, and at La Pepa, high-grade, vein-type 
gold mineralization of high sulfidation, epithermal type. The quartz stockworks and advanced 
argillic caps are telescoped at Marte, Valy, Santa Cecilia, and La Pepa but are separated by a 
chloritized zone transected by a swarm of gold-poor, polymetallic veins with quartz-alunite 
selvages at Aldebaran. 

Marte and Lobo are rich in gold (1.43 and 1.6 ppm) and poor in copper (0.05 and 0.12%) 
and molydenum (46 and -'• 10 ppm), and may be designated as porphyry gold deposits. How- 
ever, gold contents are lower (0.6-1 ppm) and hypogene copper contents probably higher at 
Refugio and Casale Hill. Zinc tends to occur as a geochemical halo to the Au-Cu-Mo miner- 
alization, which is always deficient in silver (<0.1 ppm). Arsenic and mercury are enriched 
in the advanced argillic caps, and along with lead, are also weakly anomalous at Marte in the 
underlying, shallow-level quartz stockwork. 

The depth of erosion of Maricunga porphyry-type systems is believed to decrease from the 
K silicate zones exposed at Refugio and in the Casale Hill sector at Aldebaran, through Marte, 
Valy, Santa Cecilia, and La Pepa where remnants of advanced argillic caps are present, to the 
highest, mercury-rich part of the Cathedral Peak sector at Aldebaran and zones higher than 
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and west of Marte which comprise advanced argillic alteration rich in native sulfur. Recon- 
struction of the porphyry systems suggests that gold-bearing quartz stockworks were generated 
600 to 1,000 m beneath paleosurfaces. 

Gold-rich porphyry mineralization in the Maricunga belt is closely comparable to that in 
the Philippines because of the association with dioritic to quartz dioritic porphyry stocks 
intruded into andesitic-(dacitic) stratovolcanoes, the widespread distribution of intermediate 
argillic assemblages as partial or complete overprints to K silicate alteration, the abundance 
of hypogene iron oxides with ore, and the common preservation of advanced argillic caps. 
The Maricunga porphyry-type mineralization stands in contrast to the porphyry deposits else- 
where in northern Chile, which are associated with more felsic intrusions lacking coeval volcanic 
rocks, contain large volumes of sericitized rocks, lack abundant ore-related iron oxides, are 
molybdenum rich, gold poor, and more than ten times larger, and include major supergene 
enrichment blankets. However, both the gold-rich Maricunga belt and the molybdenum-rich 
deposits in northern Chile are underlain by thick continental crust, whereas the Philippine 
copper-gold province is in an island-arc setting. 

Introduction 

The Maricunga belt 

As ̂  direct consequence of the discovery and defi- 
nition of the high-grade E1 Indio gold-silver-copper 
(enargite-gold) deposit from 1976 to 1978, intensive 
exploration for epithermal precious metal deposits has 
been undertaken during the last 10 years in the An- 
dean Cordillera of central and northern Chile. The 

Maricunga belt in northern Chile is one of the most 
important provinces detected to date and currently 
possesses an aggregate geologic reserve of 420 metric 
tons (13.5 million oz) of gold and about 14,000 metric 
tons of silver. Other prospects under exploration 
probably will increase this total substantially. 

The name "Maricunga belt" has been employed 
informally by explorationists in the area for the last 
five years or so to denote a geographically restricted 
metallogenic unit. Usage is therefore equivalent to 
that of "El Indio belt" for the north-trending metal- 
logenic unit centered on the E1 Indio deposit farther 
south (Fig. 1; Siddeley and Araneda, 1990). The Ma- 
ricunga belt is formalized here as a north-south elon- 
gate area, roughly 200 X 50 km in extent, between 
latitudes 26o00 ' and 28ø00 ' S and 4,000 to 6,000 m 
above sea level (Fig. 1). Morphologically, the Mari- 
cunga belt covers a north-northeast-trending chain of 
at least six large Miocene compound volcanoes along 
the Western or Domeyko Cordillera; the two largest, 
Copiap6 and Jotabeche, are schematized in Figure 1. 
The volcanic chain and its basement are bounded by 
a system of reverse faults, which caused the devel- 
opment of a series of horsts and grabens (Figs. 2 and 
3). The grabens control a number of closed basins, 
such as the Salar de Maricunga and Laguna del Negro 
Francisco (Figs. 2 and 3), which are sites of salt lakes 
(salares) in which evaporite deposits are still being 
precipitated. The Salar de Maricunga lends its name 
to the metallogenic belt under discussion. 

The largest volcanic center in the Miocene chain 
is the Volc•tn Copiap6 massif (6,052 m), which en- 
compasses an area of 25 X 15 km and includes at least 

eight parasitic cones. The Miocene volcanic chain is 
separated from the zone of Quaternary volcanism 
farther east by the Altiplano or Puna block, a 30- to 
50-km-wide, subhorizontal plateau which narrows 
progressively southward and ends about latitude 
27ø30 ' S in an area dissected by steep-sided canyons. 
The western border of the Miocene volcanic chain 

also is incised deeply by valleys which drain west into 
the Atacama desert. 

The Maricunga belt hosts numerous alteration 
zones marked by prominent color anomalies, at least 
14 of which are associated with appreciable precious 
metal mineralization (Figs. 2 and 3). Gold-silver min- 
eralization in the northwestern part of the belt (Es- 
peranza, La Coipa) is most closely related to dacite 
dome complexes, whereas that farther south, as ex- 
emplified by Marte, Lobo, and Aldebaran, is domi- 
nated by gold-rich porphyry deposits and prospects 
(>0.3 ppm Au) associated with eroded andesitic stra- 
tovolcanoes. At least half of the known porphyry-type 
systems are hosted by the Volc•tn Copiap6 massif (Fig. 
2). Gold-rich porphyry deposits were unknown pre- 
viously in the Andean Cordillera of Chile. 

Exploration history 

Preliminary geologic exploration of the Andean 
Cordillera of northern Chile was commenced in late 

1980 and 1981 by Minera Anglo American Chile 
Ltda. as operators for an Anglo American-Cominco 
Resources joint venture, and at roughly the same time, 
by other groups, most notably Exploraciones y Min- 
erales Sierra Morena (a Gold Fields' Mining Corpo- 
ration subsidiary since 1981). Exploration used fixed- 
and rotary-wing aircraft to search for color anomalies 
and associated silicified outcrops of which about 200 
were identified by BT Exploraciones Ltda. on behalf 
of Minera Anglo Cominco Ltda. Exploration at that 
time was oriented to define areas prospective for E1 
Indio vein-type gold-silver deposits. 

On the basis of the Anglo American-Cominco re- 
connaissance, the Maricunga belt stood out as having 
high potential. More detailed geologic work was ac- 
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I•G. 1. Location of the Maricunga belt with respect to late 
Cenozoic volcanism in northern Chile. Volcanic rocks taken from 
Gardeweg et al. (1984). 

complished from mid-1981 through mid-1982 with 
geologic mapping, rock-chip sampling, and grid soil 
geochemistry over the Esperanza (Ag-Au), Marte 
(Au), Lobo (Au), Valy (Au), and Escondido (Au) pros- 
pects. Exploration continued during late 1982 and 
1983 and included underground exploration at Es- 
peranza and Marte and shallow (80 m), reverse-cir- 
culation drilling at Marte and Lobo. The exploration 
effort was focused on the Esperanza silver-gold pros- 
pect during 1984-1985, with diamond drilling and 
underground development leading to the definition 

in 1986 of the Chimberos silver orebody. Chimberos 
is a highly silicified, structurally localized hydrother- 
mal breccia containing 4.3 million metric tons aver- 
aging 340 g/metric ton (9.9 oz/metric ton) Ag in ox- 
idized (silver halide) ore. 

By this time, a reasonable understanding of gold- 
bearing systems in the Maricunga belt had been de- 
veloped, with much valuable information being de- 
rived from the Aldebaran prospect (Fig. 3) where a 
1,000-m vertical profile from subvolcanic to shallow 
epithermal levels is recognized. It was now clear that 
the most important gold mineralization in the south- 
ern part of the belt is not of epithermal vein type but 
of low-grade porphyry type. A new metallogenic sub- 
province had been discovered in a region known be- 
fore 1980 only for its native sulfur potential. 

With this new exploration approach, deeper re- 
verse-circulation and diamond drilling plus more tun- 
neling were carried out during 1986-1987 at Marte, 
leading to delineation of 46 million metric tons av- 
eraging 1.43 g/metric ton Au (Vila et al., 1991). The 
orebody entered production in late 1989 as an open- 
pit, heap leach operation. Encouraged by these re- 
sults, a diamond drilling campaign at the similarly 
mineralized Lobo prospect nearby (Fig. 3) was com- 
pleted in 1988-1989. Geologic reserves are calcu- 
lated as 80 million metric tons averaging 1.6 g/metric 
ton Au. Anglo American's initial drilling at the Refugio 
prospect was continued by the Bema Gold Corpora- 
tion, which announced recently 200 million metric 
tons of 0.96 g/metric ton Au in the Verde sector. 

La Coipa gold-silver and La Pepa gold prospects 
(Fig. 3) were not explored by the Anglo American- 
Cominco joint venture. La Coipa, near the site of a 
long-abandoned vein silver mine, was discovered in 
1981 by Amax de Chile (R. H. Sillitoe and ]. Cabello, 
unpub. repts.) and was explored subsequently by Ex- 
ploraciones y Minerales Sierra Morena (Rivera, 1988; 
Oviedo et al., 1991). The deposit, comprising a total 
of 90 million metric tons averaging 1.2 g/metric ton 
Au and 133 g/metric ton Ag, came on stream in 1989 
with Cia. Minera Mantos de Oro (Placer Dome-TVX 
Gold) as operators. La Pepa was discovered in 1983 
and explored by Exploraciones y Minerales Sierra 
Morena, which proved 440,000 metric tons averaging 
23.7 g/metric ton Au plus 3.2 million metric tons av- 
eraging 1.3 g/metric ton Au. The high-grade zone has 
been exploited on a small scale, currently by Minera 
Horus Ltda. (a Bridger Mining Co. subsidiary), which 
also is engaged in further exploration. 

Geologic Setting 

The regional geologic setting of the Maricunga belt 
is defined by the progressively more detailed studies 
of Segerstrom (1968), Zentilli (1974), Mereado 
(1982), and Davidson and Mpodozis (1991); only a 
summary is included here. 
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The late Cenozoic Andes of northern and central 

Chile comprise two fundamental segments: the vol- 
canically active Central Volcanic zone and, south of 
about latitude 28 ø S, a nonvolcanic zone (Fig. 1). A 
gradual decrease in dip of the subducted Nazca plate, 
from 30 ø to 10 ø, takes place as latitude 28 ø S is ap- 
proached (Barazangi and Isacks, 1976; Bevis and Is- 
acks, 1984), and the extremely shallow angle is be- 
lieved to cause the absence of volcanism (Jordan et 
al., 1983). On the basis of trace element signatures 
of volcanic rocks, Kay et al. (1988, in press) proposed 
that the process of slab flattening began about 18 Ma 
and accelerated between 11 and 7 Ma. The Maricunga 
precious metal belt is located at the southwestern ex- 
tremity of the Central Volcanic zone (Fig. 1) and was 
generated both immediately before and after initiation 
of flattening (see below). 

Neogene volcanic sequences accumulated over, 
and largely conceal, folded and faulted igneous and 
sedimentary rocks of Paleozoic and Mesozoic ages. 
However, reverse faults of mid- to Late Cretaceous 
and mid-Miocene ages bound north-northeast-elon- 
gated strips of pre-Andean (late Paleozoic-Early 
Triassic) and Late Triassic to Cretaceous rocks, es- 
pecially along the western border of the Maricunga 
belt (Fig. 3). Reverse faults have documented dis- 
placements of as much as 700 m (Bruce, 1988). Al- 
though the reverse fault system and the north to 
north-northeast orientation of rock units in the Mar- 

icunga belt (Figs. 2 and 3) parallel the overall struc- 
tural grain of the Andean Cordillera in northern Chile, 
a subordinate but distinctive northwest structural 

component is present in all the alteration zones where 
it is reflected by the orientations of faults, veins, 
stockworks, breccia dikes, and/or soil geochemical 
anomalies. Intersections of these two main structural 

trends appear to control many of the alteration-min- 
eralization loci. 

The oldest rocks cropping out in the Maricunga 
belt are Devonian to Carboniferous(?) clastic sedi- 
mentary sequences intruded by late Carboniferous to 
Permian granitoids, which constitute the core of the 
Andean Cordillera at this latitude. The youngest late 
Paleozoic granitoids and comagmatic rhyolitic vol- 
canic sequences are products of crustal melting in a 
pre-Andean extensional setting (Kay et al., 1989). 
Such rhyolites constitute the wall rocks at Amalia, are 
cut in depth by auriferous veins at La Pepa, and crop 
out west of Refugio (Fig. 4). A crustal thickness of 
about 50 km at this latitude (James, 1971) suggests 
that a pre-Devonian, and even Precambrian, basement 
is present, although much of the crustal thickness and 
Andean uplift is undoubtedly attributable to the mid- 
to Late Cretaceous and mid-Miocene compressional 
events responsible for the reverse faulting. 

The best exposed Mesozoic rocks are represented 
by thick Late Triassic continental sequences com- 
prising andesitic lava, sandstone, conglomerate, and 

black shale which, in part, act as host rocks for the 
La Coipa and Esperanza deposits (Fig. 3). Stratified 
Jurassic and Cretaceous volcanic and sedimentary 
rocks overlie unconformably the Late Triassic se- 
quence. A complete cycle of marine transgression and 
regression during the Early and Middle Jurassic, rep- 
resented by limestone and calcareous sandstone, gave 
way transitionally to a Late Jurassic to Early Creta- 
ceous lacustrine-continental environment character- 
ized by deposition of red sandstone and conglomerate. 

The Cenozoic in the Andean Cordillera of northern 

Chile was dominated by early Miocene to Pleistocene 
volcanism, which was characterized by two tempo- 
rally and spatially overlapping groups of rocks: com- 
pound stratovolcanoes of andesitic to dacitic com- 
position, associated locally with stocks and domes; and 
rhyolitic to dacitic ignimbrite sheets (e.g., Lahsen, 
1982). Early to middle Miocene volcanic rocks of an- 
desitic to dacitic composition, especially breccias, 
tuffs, and lavas, are most widespread in the Maricunga 
belt although felsic ignimbrites were erupted locally 
during caldera collapse of mid-Miocene stratovolcan- 
oes (e.g., Volcftn Copiap6; Walker et al., 1985). 

Volcaniclastic sedimentary rocks of latest Oligo- 
cene to early Miocene age are distal facies of the 
desitic volcanic sequences included in the early Mio- 
cene volcanic unit shown in Figure 3 (C. Mpodozis, 
pers. commun., 1990) and crop out in the southeast- 
ern part of the Maricunga belt where they abut the 
Casale Hill sector of the Aldebaran prospect. 

Late Miocene to Pleistocene compound volcanoes, 
dome complexes, cones, and explosion craters, with 
products ranging from basaltic andesite through rhy- 
olite, are exposed east of the Maricunga belt and con- 
stitute the highest peaks in this part of the Andean 
Cordillera (e.g., Ojos del Salado--6,887 m and Ne- 
vado Tres Cruces--6,330 m, Fig. 3; Gonzfdez-Ferrb, n 
et al., 1985; Baker et al., 1987). 

Metallogenic Setting 

Hydrothermal ore deposits in Chile and Argentina 
between latitudes 26 ø and 28 ø S are dominated by 
iron, copper, gold, and silver and are related to epi- 
zonal, including subvolcanic, intrusions and coeval 
volcanics generated during eastward subduction. In- 
trusions, volcanics, and ore deposits are products of 
a series of discrete magmatic-metallogenic epochs 
during the Early Jurassic to late Miocene interval, 
each of which gave rise to an elongate, north-north- 
east-trending, trench-parallel subprovince. From the 
Early Jurassic to the late Miocene, the locus of mag- 
matism migrated systematically eastward (Farrar et 
al., 1970) and was accompanied by a concomitant 
change in the character of the associated metallogeny 
(e.g., Zentilli, 1974). 

Following an interval of relative volcanic quies- 
cence in the Oligocene (Coira et al., 1982), K-rich 
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FIG. 2. Landsat false-color multispectral scanner image of the Maricunga belt, northern Chile, 
supplied by NASA. The image is keyed to the schematic geologic ,nap in Figure 3. 

calc-alkaline volcanism (Dostal et al., 1977) recru- 
desced in the Miocene. Volcanic rocks, high-level 
stocks, and copper, gold, and silver mineralization 
define an exceptionally wide (ca. 250 km) subprov- 
ince east of the early Tertiary magmatic arc. This 
eastward breakout of magmatism is attributable to the 
subduction zone flattening described above. In the 
Plio-Pleistocene, however, the locus of volcanic ac- 
tivity contracted again to produce a much narrower 
arc superimposed on part of the Miocene subprovince 
and located along the Chile-Argentina frontier. The 

Maricunga belt constitutes the westernmost part of 
this broad Miocene magmatic-metallogenic sub- 
province, where the volume of volcanic products is 
greatest. 

On the basis of K-Ar dating, GonzS, lez-Ferr•n et 
al. (1985; see also Baker et al., 1987) subdivided the 
Miocene volcanic rocks in the northern part of the 
Maricunga belt (northern extremity of Figs. 2 and 3 
and beyond) into western: La Coipa-Maricunga vol- 
canic chain of early to mid-Miocene age (23-15.7 
Ma), and eastern: Pastillitos volcanic chain of 
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FIG. 3. Schematic map of the Maricunga belt, northern Chile, to illustrate selected geologic features 
observable in Figure 2. Extracted from Davidson and Mpodozis (1991) with alteration ages from Sillitoe 

ß et al. (1991). LNF = Laguna del Negro Franeiso, SM = Salar de Marieunga. 

mid-Miocene age (13.9-12.9 Ma). Comparable, 
partly overlapping volcanic chains were confirmed 
throughout the Maricunga belt by Davidson and 
Mpodozis (1991). A third, late Miocene event (8.8- 
6.1 Ma) generated the Wheelwright Volcanic Group 
(Gonzftlez-Ferr•tn et al., 1985; Baker et al., 1987), 
about 20 km east of the northern part of the Mari- 
cunga belt. 

New geochronologic data for nine precious metal 
deposits and prospects in the Maricunga belt (Sillitoe 
et al., 1991), in conjunction with structural and ero- 

sional features of associated volcanic landforms, per- 
mit definition of two metallogenic epochs represented 
as two overlapping subbelts throughout the Mari- 
cunga belt; they coincide well with the two volcanic 
chains of Gonzftlez-Ferrftn et al. (1985). 

The western metallogenic subbelt, mostly dated at 
24 to 20 Ma but including a 17.3-Ma age at La Coipa 
(Sillitoe et al., 1991), has been defined mainly along 
the western slope of the Domeyko Range for at least 
120 km and over a width of about 25 km (Fig. 3). The 
subbelt is host in its northern part to epithermal silver- 
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Chile. Scale limitations preclude delimitation of quartz diorite porphyry stocks and apophyses in the 
quartz stockwork areas. 

gold deposits of high sulfidation, acid sulfate type as- 
sociated with dacite dome complexes at Esperanza 
and La Coipa, whereas in its southern part there is a 
predominance of gold-rich porphyry-type mineral- 
ization in subvolcanic stocks, with or without epi- 
thermal veins of high sulfidation type, as at La Pepa, 
Refugio, and Santa Cecfiia. The porphyry-type min- 
eralization in this western subbelt is associated with 
degraded volcanic centers and has been affected by 
mid-Miocene (ca. 18 Ma) reverse faulting to reveal 
relatively deep, K silicate-altered rocks in some up- 
thrown blocks. 

The eastern metallogenic subbelt is dated at 14 to 
13 Ma and is recognized along the eastern side of the 

Volefin Copiap6 massif for 25 kin, where it encom- 
passes well-documented gold-rich porphyry deposits 
at Marte and Lobo and the geologically simfiar Valy 
and Escondido prospects (Fig. 3). The subbelt may 
extend 50 km farther south to include the Aldebaran 
gold-rich porphyry deposit and related high sulfida- 
tion epithermal veins (Fig. 3). The positions of Pan- 
tanillos, part of the western subbelt based on age, and 
Aldebaran demonstrate spatial overlap between the 
two metallogenic subbelts. Gold-rich porphyry-type 
mineralization is associated with compound strato- 
volcanoes that are relatively little eroded, such as 
Volefin Copiap6, Jotabeche, and Cadillal (Figs. 2 
and 3). 
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At some of these compound volcanoes, such as 
Volcftn Copiap6, radiometric dating documents a 
protracted eruptive history (ca. 5 m.y.), with late- 
stage activity (10-8.6 Ma; Walker et al., 1985) per- 
sisting even after the main locus of volcanism had mi- 
grated eastward to the Wheelwright Volcanic Group 
(8.8-6.1 Ma; Gonzfdez-Ferrftn et al., 1985; Baker et 
al., 1987). The late Miocene Wheelwright Volcanic 
Group and younger volcanic rocks east of the Mari- 
cunga belt also host extensive hydrothermal altera- 
tion, but no mineralization of consequence other than 
sulfur is reported to date. 

Porphyry-type Mineralization 

Distribution 

In the Maricunga belt, nine examples of well-de- 
veloped porphyry-type mineralization carrying gold 
and variable amounts of copper have been recognized 
to date (Table 1): Marte, Lobo, Valy, Escondido, A1- 
debaran (Casale Hill sector), La Pepa, Refugio, 
Amalia, and Santa Cecilia. Weakly developed quartz 
stockworking similar in style to that constituting the 
porphyry-type mineralization, and anomalous in gold, 
was observed within the alteration zones at Esperanza, 
La Coipa, and Pantanillos, but it is not well enough 
developed to be considered further here. As described 
above, porphyry-type mineralization is present in 
both the western--early Miocene--and eastern-- 
middle Miocene--metallogenic subbelts (Fig. 3; Ta- 
ble 1). 

Volcanic wall rocks 

The porphyry stocks in the Maricunga belt transect 
mainly volcanic rocks at observed levels (Table 1). As 
established above, the volcanic rocks are broadly co- 
eval with spatially associated alteration-mineraliza- 
tion, of either early or middle Miocene age (Fig. 3), 
except at Amalia where the wall-rock lavas are be- 
lieved to be Early Triassic. 

Early Miocene volcanic rocks, which host por- 
phyry-type mineralization at La Pepa, Refugio, and 
Santa Cecilia in the western subbelt, attain thicknesses 
of 500 m and comprise mainly pale-colored dacitic 
to andesitic tuffs and breccias, including lahars, with 
local intercalations of poorly welded felsic ignimbrite 
(as at Santa Cecilia) and lacustrine sediments. These 
sequences were displaced appreciably by the mid- 
Miocene reverse faulting and commonly owe their 
preservation to tectonically controlled depressions 
(e.g., Refugio; Fig. 4) within which they are underlain 
unconformably by Paleozoic-Mesozoic basement. 

Middle Miocene volcanic sequences in the eastern 
subbelt are thicker, up to 1,000 m, and contain major 
proportions of dark-colored andesitic to dacitic lavas 
and less pyroclastic material. Lavas range from py- 

roxene-amphibole-bearing through amphibole-bio- 
tite-bearing andesites and dacites to biotite dacite, 
and are of medium to high K calc-alkaline composition 
(Mulja, 1986; Bruce, 1988). Middle Miocene volca- 
nics are commonly parts of recognizable stratovol- 
canoes, as at Marte, Lobo, and Aldebaran. Middle 
Miocene volcanic rocks partly covered and helped to 
protect early Miocene alteration-mineralization zones 
which, judging by their proximity to middle Miocene 
volcanic centers (Figs. 2 and 3), were exhumed only 
relatively recently. 

Intrusive complexes 

Subvolcanic porphyritic intrusive complexes are 
recognized locally in the Maricunga belt and appear 
to be located principally in the nuclei of eroded com- 
pound volcanoes, exclusively in association with areas 
of hydrothermal alteration. Some petrographic dif- 
ferences are detected between intrusions in the west- 

ern and eastern subbelts, although the absence of un- 
altered intrusive rocks precludes meaningful whole- 
rock analysis. 

Intrusions in the eastern subbelt are all dark-col- 

ored porphyry stocks and dikes of predominantly di- 
oritic composition. The textures of the least altered 
rocks are fine- to medium-grained porphyritic, locally 
with flow features around large seriate phenocrysts 
of zoned plagioclase. Marlcs comprise relicts of biotite, 
hornblende, and very subordinate pyroxene, all al- 
tered largely to chlorite, sericite, and clay. Surface 
mapping and core logging of the Lobo and Marte sys- 
tems reveal a strikingly similar intrusive evolution, 
with pre-, syn-, and late mineralization phases distin- 
guishable. The sequences begin with relatively coarse- 
grained diorite porphyry followed by at least one finer 
grained porphyry of similar composition, and finally 
by fine-grained and only weakly porphyritic micro- 
diorite displaying miarolitic cavities. At least three 
microdiorite phases spanning the mineralization in- 
terval are recognized in the Lobo deposit. Intrusive 
contacts are generally abrupt and clearcut, although 
microdiorites tend to have brecciated and partially 
assimilated earlier intrusions along their roofs at Marte 
and Lobo to form intrusion breccias consisting of 
diorite porphyry xenoliths in a microdiorite matrix. 

The stock at Santa Cecilia in the western subbelt 

appears to comprise diorite porphyry and microdior- 
ite similar to those in the eastern subbelt. At Amalia 

and La Pepa, however, porphyries are quartz dioritic, 
as are several of the numerous poorly defined por- 
phyry phases at Refugio (Table 1). Quartz diorite 
porphyries are commonly dark green in color and, 
because of their fine-grained matrices, might be 
termed dacite porphyries. Phenocryst populations are 
dominated by oligoclase-andesine accompanied by 
only scarce (3-4 vol %) marlcs, which comprise clay- 
sericite-chlorite-altered biotite, hornblende, and py- 
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roxene. The rounded quartz eyes display over- 
growths. 

A distinctive feature of several intrusive complexes 
throughout the Maricunga belt is the presence of 
postmineralization dacite porphyry plugs exhibiting 
flow banding and only weak propylitic alteration. 
Plugs cut mineralized intrusions or their immediate 
wall rocks at La Pepa, Refugio (Fig. 4), and Santa 
Cecilia in the western subbelt and at Aldebaran in 
the eastern subbelt. 

Hydrothermal alteration and mineralization 

Gold mineralization of porphyry type in the Mar- 
icunga belt accompanies two broad types of alteration: 
K silicate and intermediate argillic, or mixtures be- 
tween them (Table 1). Other alteration types recog- 
nized beyond main gold zones are marginal propylitic, 
spatially restricted sericitic (phyllic), and shallow- 
level advanced argillic, the last described below under 
the section on the epithermal environment. 

K silicate alteration is best developed in stock- 
worked quartz diorite porphyries at Amalia, Refugio, 
and Casale Hill, where biotite as disseminations, 
veinlets, and mafic pseudomorphs, and alkali feldspar 
in veinlets and as a matrix flooding, are developed 
pervasively. The alkali feldspar is albite at Casale Hill 
(N.M. Lindsay, unpub. rept., 1989). Gypsum after 
anhydrite also occurs at deeper levels (ca. 300 m) at 
Casale Hill where it escaped supergene dissolution 
(see below). 

Intermediate argillic alteration is the term em- 
ployed to describe quartz-chlorite-sericite-clay as- 
semblages that accompany most gold-bearing stock- 
works elsewhere in the Maricunga belt (Table 1); they 
are best studied in diorite porphyries at Marte and 
Lobo. Clay has been subjected to only limited X-ray 
diffraction analysis and is therefore poorly known. 
However, much of it in oxidized rock is suspected to 
be kaolinitc of supergene origin. Smectite is also 
present in sulfide-bearing rock (N. M. Lindsay, pers. 
commun., 1990) and is considered hypogene. Plagio- 
clase phenocrysts underwent conversion to clay, ser- 
icite, and minor chlorite, marlcs to chlorite and sub- 
ordinate sericite and clay, and groundmass silicates 
to clay-sericite-chlorite mixtures. Gypsum is ubiqui- 
tous, especially at Marte, as crosscutting veinlets and 
impregnations and is believed to result in part from 
hydration of anhydrite. 

Both K silicite and intermediate argillic alteration 
carry disseminated grains of hypogene sulfides and 
iron oxides and are transected by quartz veinlet 
stockworks which also contain the same sulfides and 
iron oxides. Iron oxides comprise magnetite and he- 
matite, the latter present in both specular form and 
as martitc after magnetite. Sulfides are dominated 
completely by pyrite but also include minor chalco- 
pyrite, traces of bornitc and molybdenite, and in in- 

termediate argillic alteration, traces of sphalerite, and 
at Marte, enargite and tennantite as well. At Alde- 
baran and Refugio, disseminated grains and veinlets 
of magnetite were introduced as part of the K silicate 
assemblage, but much of it underwent partial marti- 
tization during overprinting by specularitc-bearing 
quartz stockworks, apparently with K silicate stability 
maintained. In intermediate argillic alteration, mar- 
titized magnetite and specularitc predominate and 
only minor magnetite remains. Iron oxides range in 
volume between 5 and 10 vol percent and sulfides 
from 1 to 5 percent. K silicate alteration zones tend 
to be lower in total sulfide content (1-3 vol %) and 
to contain more copper (pyrite/chalcopyrite = 3; 0.1- 
0.3% Cu) than zones with intermediate argillic as- 
semblages. For example, copper contents average 
only 0.12 percent at Lobo and 0.05 percent at Marte. 

Little is known of the mineralogic residence of gold 
in the Maricunga porphyry-type mineralization, al- 
though native gold grains from 5 to 50 #m in maximum 
exposed dimensions have been observed in quartz and 
as inclusions in pyrite and magnetite. However, the 
close correlation between gold grades and stockwork 
intensity suggests that most gold is present in quartz 
veinlets. Average gold contents of stockworks accom- 
panied by K silicate-dominated alteration at Refugio 
and Casale Hill approximate 1.0 and 0.6 ppm, re- 
spectively, but attain 1.6 and 1.43 ppm, respectively, 
in intermediate argillic zones at Lobo and Marte. 

Stockworks are made up of multiple generations 
of multidirectional quartz veinlets which range in 
width from I mm to 3 cm. Veinlets are composed of 
translucent, white, gray, and black varieties of quartz 
which, especially at Marte, are interbanded within 
individual veinlets. Quartz stockworks at Marte, Lobo, 
Valy, and Refugio are cut by one or more later gen- 
erations of white, opaque chalcedony veinlets, which 
carry pyrite but not iron oxides. These chalcedony 
veinlets at Marte and Valy are most abundant im- 
mediately beneath the advanced argillic caps. All 
stockworks carry a preponderance of steeply dipping, 
northwest-trending veinlets, which occur commonly 
as closely spaced bundles traceable for several meters 
along strike. The northwest alignment of veinlets is 
most marked at Marte, Valy, and Escondido, where 
stockworks follow the strike for 300 to 400 m but 

range in width from only 30 m at Valy to 150 m at 
Marte. In contrast, at Lobo a steep, annular body of 
multidirectional stockworking dominated by north- 
west- and northeast-striking veinlets carries the gold 
mineralization and surrounds a low-grade (<0.1 ppm 
Au) core (Figs. 5 and 6). At Marte and Lobo, gold 
grades increase systematically inward from the pe- 
ripheries of the stockworks to attain 2 to 3 ppm in 
their centers (Fig. 6); local higher grade (4-7 ppm 
Au) zones are also present. 

Available evidence suggests that intermediate ar- 
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FIG. 5. Surface geology of the Lobo porphyry deposit and environs, Maricunga belt, northern Chile. 

gillic alteration developed at the expense of preex- 
isting K silicate assemblages. Weakly developed in- 
termediate argillic alteration partially overprinted K 
silicate zones at Refugio and Casale Hill, and volu- 
metrically minor remnants of hydrothermal biotite 
and alkali feldspar were observed in hand samples 
and thin sections of drill core from Santa Cecilia, 
Marte, and Lobo. Thus, most of the gold-bearing 
quartz veinlets, which are sulfide poor, as well as the 
magnetite are believed to have been introduced dur- 
ing K silicate-stable events. 

Both K silicate and intermediate argillic alteration 
are transitional outward to propylitic alteration char- 
acterized by chlorite, epidote, calcite, and several 
percent pyrite. Propylitized rocks on the lowermost 
northwestern periphery of the Santa Cecilia system 
are cut by narrow quartz-barite-chalcopyrite-galena 
veins carrying gold and silver values. 

A small area of sericitic alteration with tourmaline 

and pyrite is exposed poorly on the northern periph- 
ery of the K silicate zone at Casale Hill and may be 
considered transitional to that described below in the 
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vein zone farther west. Similar sericitization is also 

present at Santa Cecilia, where it overprinted inter- 
mediate argillic-altered diorite porphyry. 

Hydrothermal breccias 
Hydrothermal brecciation is a common but volu- 

metrically unimportant feature of porphyry systems 
in the Maricunga belt. Breccias are all intra- to late 
mineralization in age and commonly appear to have 
been localized by preexisting faults or fault intersec- 
tions (e.g., Figs. 5 and 6). 

Intramineralization breccias constitute relatively 
small bodies, up to tens of meters long, at Marte, Lobo, 
Refugio, and Casale Hill, where they are character- 
ized by tightly packed fragments of stockworked por- 
phyry cemented by small volumes of hydrothermal 
minerals. Fragments underwent rotation but probably 
not a great deal of displacement. Specular hematite, 
which postdated that in quartz veinlet stockworks, is 
a prominent breccia cement, especially at Refugio and 
Casale Hill, whereas quartz and pyrite are also abun- 
dant in breccias at Marte and Lobo. Oxidized copper 
minerals after chalcopyrite occur between breccia 
fragments at Refugio and Casale Hill, and at this latter 
locality, a pulse of gold mineralization clearly accom- 
panied introduction of the hydrothermal cement. 

Late mineralization breccias are of two main types. 
The first is recognized at Marte and Lobo, where it 
is related spatially and probably temporally to micro- 
diorites and associated intrusion breccias. Fragments 
in these breccias are angular and polylithologic, ap- 
pear to have undergone more transport than those in 
the intramineralization breccias, and are cemented 
by rock flour as well as hydrothermal minerals. Brec- 
cias of this type at Marte are highly chloritized (Vila 
et al., 1991). The second type of late mineralization 
breccia is present as funnel-shaped bodies up to 50 
m across or as dikelike bodies from I to 10 m wide 

and up to 100 m long. These breccias, well repre- 
sented at Lobo (Figs. 5 and 6), Valy, and Escondido, 
comprise poorly defined fragments in a vuggy, rock 
flour matrix, which in the linear, northwest-striking 
bodies also displays the effects of faulting (Fig. 6). 
These breccias are silicified, alunitized, kaolinized, 
pyritized, and carry small amounts of native sulfur, 
and at Lobo, hypogene covellite, and are considered 
as the telescoped roots to the overlying epithermal 
environment (see below). 

Supergene alteration 
The principal supergene effects in the porphyry- 

type stockworks of the Maricunga belt are the con- 

FIG. 6. Schematic cross sections (along A-A' in Fig. 5) showing 
!ithology, hydrothermal alteration, gold distribution, and sulfide 
distribution at the Lobo porphyry deposit, Marieunga belt, north- 
ern Chile. 
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temporaneous leaching of sulfides, kaolinization of 
silicates (especially plagioclase), and hydration to 
gypsum or removal of anhydrite. Leaching produced 
mainly goethite in K silicate assemblages but jarosite 
in other, more pyritic alteration types, and progressed 
rather irregularly. Leached rock extends to a depth 
of about 150 m at Casale Hill but to only 20 to 50 m, 
depending on the topography, in the Pancho Hill sec- 
tor at Refugio (Fig. 4). At Lobo, sulfide oxidation and 
kaolinization attain a depth of 150 m beneath the 
northwest-trending, fault-controlled valley but are not 
as deep within the annulus of quartz stockworking 
(Fig. 6). Marte displays a deep leached zone overlain 
by a horizon of sulfide-bearing rock as a result of 
the impermeability of a remnant advanced argillic cap 
(see below; Vila et al., 1991). 

Oxidized copper minerals are absent from the 
leached cappings, except for minor malachite in K 
silicate-altered porphyries at Refugio and Casale Hill. 
However, incipient supergene enrichment affected 
all systems, with localized concentrations of covellite 
and/or chalcocite (sensu lato) beneath the leached 
cappings accounting for copper assays as high as 0.5 
to 0.6 percent at Lobo, Refugio, and Casale Hill but 
substantially lower (maximum 0.27% Cu) in the cop- 
per-poor Marte system. 

Relations with the Epithermal Environment 

Unambiguous transitions between gold-bearing 
porphyry-type stockworks and shallower zones of ad- 

vanced argillic alteration containing precious metal 
mineralization of high sulfidation, acid sulfate type 
(e.g., Bonham, 1986; Heald et al., 1987) are clearly 
observable in the Maricunga belt (Table 1). The most 
completely exposed example is at Aldebaran (Figs. 7 
and 8), but erosional remnants of advanced argillic 
zones also are present as caps above quartz stockworks 
at Marte, Valy, Santa Cecilia, and La Pepa. That at 
Marte was removed as part of the preproduction 
stripping. 

At Aldebaran, the K silicate-altered diorite por- 
phyry stock and its contained gold-bearing stockwork 
is transitional westward and upward through a system 
of veins bordered by advanced argillic alteration to a 
caplike zone of pervasive advanced argillic alteration. 
The entire sequence is exposed over distances of 3.5 
km horizontally and 1 km vertically (Figs. 7 and 8). 

The vein zone crops out over about I km 2 and 
comprises chloritized andesitic breccia and tuff cut 
by a swarm of steep, west-northwest (N 500-80 ø W)- 
striking quartz veins, which are 2 to 10 m wide and 
up to 700 m long. The veins bifurcate, pinch, and 
swell, are discontinuous along strike, and are sigmoi- 
dal in plan; many of them exhibit hydrothermal brec- 
ciation. Vein selvages change from sericite-tourmaline 
in proximity to the K silicate zone, at the eastern ex- 
tremity of the zone, to quartz-alunite along much of 
its length. Sericite-tourmaline alteration therefore is 
found as vein selvages as well as locally in association 
with the porphyry-type quartz stockwork (see above). 

• Casale Hill' 

Cathedral Peak, 

Vein Zone 

.•., 

FIG. 7. The Aldebaran porphyry system, Maricunga belt, northern Chile, viewed from the north. 
The Casale Hill sector with its diorite porphyry stock and quartz veinlet stockwork is at the eastern 
extremity (left, trenches visible) of the alteration zone, the vein zone is in the middle, and the advanced 
argi!!ic zone underlying Cathedral Peak is at the western extremity (right). 
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FIG. 8. Schematic cross section through the Aldebaran porphyry system, northern Chile, from K 
silicate-altered stockwork at Cerro Casale to the epithermal environment at Cathedral Peak. The chal- 
cedonic veins strike parallel to the section line so are marked in generalized form only. 

Central vein sutures carry 3 to 5 vol percent dissem- 
inated and veinlet pyrite accompanied locally by en- 
argite, luzonite, and tennantite-tetrahedrite. Silver 
contents range from 30 to 600 ppm, but gold values 
are <1 ppm. Vein quartz is chalcedonic and of re- 
placement origin. Its texture is generally dense and 
massive but locally porous and slaggy: the residual 
product of hypogene leaching under low pH condi- 
tions (vuggy silica of Stoffregen, 1987). The chalce- 
dony is accompanied by barite and minor native sul- 
fur. The quartz veins are accompanied, and probably 
cut, by a subordinate set of narrow (0.1-0.5 m), mas- 
sive sulfide veins dominated by well-crystallized py- 
rite along with chalcopyrite (1-3 vol %), sphalerite, 
and galena (up to 20 vol % combined). Silver values 
range from 30 to 200 ppm, but again gold is <1 ppm. 

Veins in the eastern part of the zone are flanked 
by intense kaolinization which coincides with thick 
surface accumulations of gypcrete. Such large con- 
centrations of gypsum may have formed by supergene 
acid attack of chloritized wall rocks and/or supergene 
hydration of vein anhydrite. Jarosite, chalcanthite, 
scorodite, and wavellite are present as surficial oxi- 
dation products. 

The Cathedral Peak sector, at the western end of 
the Aldebaran alteration zone (Figs. 7 and 8), consists 
of a roughly tabular, 500-m-thick mass of pervasive 
advanced argillic (chalcedonic quartz-crystalline 
alunite-kaolinite-pyrite) alteration, within which 

west-northwest-striking, barite-bearing chalcedonic 
quartz veins carrying up to 120 ppm Ag and <1 ppm 
Au are developed irregularly. Much of the vein chal- 
cedony is the porous, residual variety. Native sulfur 
is widespread and constitutes as much as 10 vol per- 
cent of the rock at the highest elevations (>5,000 m). 
Anomalously high arsenic soil geochemistry (see be- 
low) and surficial occurrences of scorodite suggest 
the presence of enargite in the veins before oxidation. 

At Marte and Valy, caplike zones of pyritic chal- 
cedonic quartz-alunite-kaolinite-(diaspore) alteration 
carrying barite, native sulfur, and at Marte, traces of 
disseminated enargite directly overlie the quartz 
stockworks but do not contain appreciable precious 
metal values (Vila et al., 1991). Similar chalcedony- 
rich, advanced argillic remnants constitute the highest 
ground in the vicinities of porphyry stockworks at 
Santa Cecilia and La Pepa, where they are both un- 
derlain and bordered by chalcedonic veins carrying 
local concentrations of enargite and gold. The N 20 ø 
W-striking veins of porous, residual chalcedony-(bar- 
itc-native sulfur) at La Pepa carry high gold values, 
locally 50 to 100 ppm. At Santa Cecilia, advanced 
argillic alteration affected two subhorizontal sheets 
of unwelded felsic ignimbrite which are cut by chal- 
cedonic veins. 

Advanced argillic alteration that characterized late 
mineralization breccias at Lobo and Valy (see above), 
as well as that present around very minor barite- and 
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native sulfur-bearing veins at Refugio, is similar to 
that in the remnant caps at Marte, Valy, Santa Cecilia, 
Aldebaran, and La Pepa and may be interpreted as 
the deeper parts of once more extensive zones of ad- 
vanced argillic alteration. 

Geochemical Relationships 

Multielement lithogeochemical data obtained from 
representative drill cores are available only for Marte 
and Lobo orebodies, whereas multielement rock chip 
and grid soil geochemistry were conducted over and 
around all zones of porphyry-type stockworks. Se- 
lected aspects of this vast data base are summarized 
here, with particular emphasis on the vertically ex- 
tensive Aldebaran system. 

Lithogeochemical data for Marte (Vila et al., 1991) 
and Lobo show that they constitute gold-only ore- 
bodies and possess low copper and molybdenum con- 
tents (Table 1). Copper averages 0.05 and 0.12 per- 
cent and molybdenum 46 and 7 to 10 ppm, respec- 
tively. On this basis, Marte and Lobo are designated 
as porphyry gold deposits (Vila et al., 1991). Copper 
contents listed in Table 1 for the Santa Cecilia, Re- 
fugio, and Casale Hill stockworks are of the same or- 
der but, with the exception of that for Santa Cecilia, 
are averages for mainly oxidized rock. Therefore hy- 
pogene copper contents are certainly higher at Re- 
fugio and Casale Hill. All other metals in the Marte 
and Lobo orebodies are either only weakly anomalous 
or approach average crustal abundances. Silver and 
antimony are both •1 ppm. However, three elements 
(Pb, As, Hg) are notably higher in Marte ore (185 
ppm, 125 ppm, 170 ppb) than in Lobo ore (48 ppm, 
46 ppm, 20 ppb). 

Soil geochemical data available over all Maricunga 
porphyry-type stockworks mirror the lithogeochem- 
ical results from Marte and Lobo. There is also a close 

correspondence between soil and rock chip values, 
as shown by gold results at Lobo (Fig. 9). The K sil- 
icate zone at Aldebaran, for example, is characterized 
by broadly coincident gold (•0.1 ppm), copper (• 100 
ppm), and molybdenum (•9 ppm) anomalies (Fig. 10; 
Table 2). Gold (up to 10.4 ppm) and molybdenum 
(up to 647 ppm) describe a subcircular pattern coin- 
cident with the quartz stockwork, although the latter 
anomaly is less widespread than the former (Fig. 10). 
In contrast, the copper anomaly, accompanied by 
subordinate zinc values, is more clearly oriented west- 
northwest thereby reflecting the main structural 
alignment of the entire Aldebaran system (Fig. 10). 
Similar soil geochemical signatures outline the Re- 
fugio, Marte, Lobo, and Valy stockworks, although 
molybdenum anomalies at the last three are more ex- 
tensive areally than those of gold and copper. Zinc 
generally constitutes a well-defined halo around Au- 
Cu-Mo anomalies, as at Marte (Vila et al., 1991), Lobo 

(Fig. 9), Valy, Escondido, and Casale Hill (Fig. 10), 
although at Refugio it is restricted areally and defines 
several small podlike zones within the Au-Cu-Mo 
anomaly. Arsenic also adopts a peripheral position at 
Lobo (Fig. 9). 

At Aldebaran, the Casale Hill copper anomaly 
overlaps westward with an extensive (2.3 X 0.4 kin) 
polymetallic anomaly defined by silver (•3 ppm), lead 
(•200 ppm), zinc (•300 ppm), and antimony (•6 
ppm), which reflects the sulfide suite (see above) 
present in the vein zone (Fig. 10; Table 2). Intense 
Ag-Pb-Zn-Sb soil anomalies generated by polymetallic 
vein systems have not been encountered in association 
with any other porphyry systems in the Maricunga 
belt, with the possible exception of Escondido, where 
silver-lead soil anomalies may be related to a single 
siliceous vein superimposed on the linear, gold- and 
copper-bearing stockwork. However, Ag-Pb-Zn-Sb 
anomalies also characterize peripheral portions of the 
lower ignimbrite sheet at Santa Cecilia (see above). 

The vein zone polymetallic anomaly grades upward 
and westward into a zone dominated by mercury 
(•400 ppb) and arsenic (•100 ppm), which coincides 
with advanced argillic alteration of Cathedral Peak 
(Fig. 10; Table 2). Arsenic gives way to mercury at 
the highest elevations (ca. 5,000 m) where native sul- 
fur is most widespread in outcrop. Other Maricunga 
porphyry systems lack such high Hg-As anomalies, 
although the advanced argillic caps at Marte and Valy 
are also characterized by elevated mercury and ar- 
senic values: up to 280 ppb and 300 ppm, respec- 
tively, at Marte (Vila et al., 1991). Late mineralization 
hydrothermal breccia at Escondido is also outlined by 
Hg-As soil anomalies. The caps at Marte and Valy are 
characterized by relatively high bismuth (up to 44 
ppm) and thallium (up to 23 ppm), but bismuth dis- 
tribution is very erratic at Cathedral Peak and fails to 
define a coherent anomaly. Only copper and gold 
constitute appreciable anomalies over the advanced 
argillic cap at Santa Cecilia. No data are available to 
us for the advanced argillic cap at La Pepa. 

A Model for Maricunga Porphyry Systems 

The geologic settings, structural controls, host 
rocks, intrusive sequences, and alteration-mineral- 
ization types of the Maricunga porphyry systems are 
so similar, irrespective of whether they are early or 
middle Miocene in age, that observations from all nine 
deposits and prospects may be integrated to produce 
a well-constrained occurrence model (Fig. 11). 

Within the porphyry environment (Fig. 11), inter- 
pretations of geologic relationships, hydrothermal al- 
teration patterns, lithogeochemistry, and volcanic 
geomorphology suggest that the observed intrusive 
complexes were eroded to different degrees. The api- 
ces of composite stocks are exposed beneath erosional 
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FIG. 9. Selected soil and rock chip geochemical data over the Lobo porphyry deposit, Maricunga 
belt, northern Chile. 

remnants of the original volcanic roofs at Marte (Vila 
et al., 1991), Valy, Santa Cecilia, and La Pepa, where 
the relict volcanics underwent advanced argillic al- 
teration. Volcanic roofs were removed by deeper 
erosion at Lobo and Escondido, where advanced ar- 
gillic alteration is present only as an overprint in veins 
and pipes of hydrothermal breccia. Deeper levels of 
stocks are inferred to be exposed at Amalia, Refugio, 
and Casale Hill, where K silicate alteration was not 

obliterated by overprinted intermediate argillic as- 
semblages (Fig. 11), and advanced argillic alteration 
is absent except for the very minor late veins at Re- 
fugio. At Amalia, even coeval volcanic rocks are ab- 
sent. 

The interpreted deeper level of erosion at Lobo 
than at Marte gains additional support from the po- 
sition and size of the late mineralization microdiorite 
and associated intrusive breccia which are found as 
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FIG. 10. Soil geochemistry over the Cerro Casale, the vein zone, and Cathedral Peak sectors of the 
Aldebaran porphyry system, Maricunga belt, northern Chile. A geologic section along A-A' is presented 
as Figure 8. 

small apophyses only at depth at Marte but crop out 
as sizable bodies at Lobo (Fig. 5); the higher lead, 
arsenic, and mercury contents in gold ore at Marte 
than at Lobo; and applying the Lowell and Guilbert 
(1970) model, the presence of a well-developed min- 
eralized annulus surrounding a barren core at Lobo. 

A transition zone (Fig. 11), characterized by poly- 
metallic veins with advanced argillic selvages, is well 
represented only in the vein zone at Aldebaran, which 
lies higher than the porphyry stockwork and deeper 
than the main advanced argillic zone. Tourmaline- 
bearing sericitic alteration is present where the vein 

zone and the stockwork approach each other. In con- 
trast, at Marte, Valy, Santa Cecilia, and La Pepa, the 
advanced argillic zones abut directly the tops of 
the porphyry-type stockworks, thereby giving the 
impression that the porphyry-type and epithermal 
environments are telescoped. $illitoe (1989) sug- 
gested that such telescoping of epithermal over por- 
phyry-type mineralization is due to active erosion and 
lowering of base levels during the lifespans of hydro- 
thermal systems. 

Epithermal precious metal concentrations of high 
sulfidation, acid sulfate type are present in steep, 
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Associated elements 

Elevation Principal 
Sector (m above sea level) element Major Erratic 

Principal element parameters 

Maximum 

Anomalous Threshold value Anomalous 

samples • (ppm) (ppm) area (km) 

Cathedral Peak 5,080-4,700 Hg Au, Sb, Zn, Ag 
5,000-4,600 As Ag 

Vein zone 4,700-4,125 Ag Pb, Zn, Au, Hg, As 
Cu, Sb 

Casale Hill 4,450-4,050 Au Cu, Mo Ag, Pb, (Sb) 

125 (4.2%) 0.3 61 1.2 X 0.9 
473 (16%) 100 6,000 1.5 X 0.7 
314 (11%) 3 176 2.3 X 0.4 

330 (11.2%) 0.1 10.4 1.6 X 1.0 

• From 2,941 samples 
Analyses by Geolab, Santiago, Chile, using atomic absorption 

structurally controlled bodies containing porous, re- 
sidual chalcedonic quartz of replacement origin, 
which commonly displays hydrothermal brecciation. 
The chalcedonic veins cut and underlie the advanced 

argillic caps but, as a result of erosion, may also occur 
at lower elevations immediately beyond them. The 
veins, in common with extravein advanced argillic al- 
teration, carry barite, native sulfur, and enargite. 
However, the presence of structurally controlled 
chalcedonic veins does not ensure the presence of 
gold and/or silver ore, as emphasized by comparing 
Cathedral Peak at Aldebaran with La Pepa. 

The shallowest parts of advanced argillic zones, 
within 200 m or so of the palcosurface, are charac- 
terized by friable assemblages (Fig. 11) in which opal, 
cristobalite, and native sulfur are abundant. Such ma- 
terial dominates the Soledad (Fig. 3) and other high- 
level prospects in the Maricunga belt and crops out 
as erosional remnants west of, and 100 to 200 m 
higher than, the advanced argillic cap at Marte (Vila 
et al., 1991). Mercury may be concentrated in these 
near-surface advanced argillic zones, but base and 
precious metals are absent. These shallow advanced 
argillic zones are the products of acid leaching in- 
duced by aqueous solutions resulting from conden- 
sation of HaS-bearing steam boiled off as ascending 
fluids approached the palcosurface and from disso- 
lution of the condensate in cool ground water. The 
native sulfur- and mercury-rich zone in the vicinity 
of the Cathedral Peak summit is interpreted to have 
immediately underlain a now-eroded acid-leached 
zone. 

Permeable pyroclastic or epiclastic horizons at 
various depths in the advanced argillic environment 
underwent transformation to massive chalcedony and/ 
or opal, which commonly were brecciated hydro- 
thermally (Fig. 11). Such horizons, commonly dubbed 
"silica caps" where they crop out at the present sur- 
face, are interpreted as shallow palcoaquifers or pa- 
lcowater tables. Those that represent palcowater ta- 
bles are commonly opaline, devoid of metals, and 
overlain by acid-leached zones. The ignimbrite ho- 

rizons at Santa Cecilia are interpreted as palcoaquifers 
and were transformed in part to massive chalcedony. 

Evidence provided by reconstruction of volcanic 
landforms on the southeastern side of the Pastillitos 

stratovolcano, combined with interpretation of pre- 
liminary fluid inclusion data collected from the veinlet 
stockwork, suggests that the porphyry gold deposit 
at Marte was generated 600 to 700 m beneath the 
palcosurface (Vila et al., 1991). At Aldebaran, the au- 
riferous stockwork was generated about 600 to 700 
m beneath the advanced argillic environment which 
is represented at the summit of Cathedral Peak if the 
advanced argillic zone is projected horizontally east- 
ward to cover the Casale Hill sector (Fig. 8). Given 
the enrichment in native sulfur and mercury, no more 
than 300 m, and perhaps appreciably less, is likely to 
have been lost to erosion from Cathedral Peak. 

Therefore, porphyry-hosted auriferous stockworks 
were generated in the Maricunga belt only 600 to 
1,000 m beneath the early or middle Miocene vol- 
canic palcosurface (Fig. 11). 

Comparisons and Contrasts with Other 
Porphyry Deposits 

On the basis of the description presented above, 
the Maricunga porphyry systems are closely similar 
to gold-rich porphyry copper systems elsewhere, es- 
pecially those in the Philippines and that at Bajo de 
La Alumbrera (and nearby prospects) in the Faral16n 
Negro district of northwestern Argentina, 250 km east 
of the Maricunga belt (Fig. 1). However, the Mari- 
cunga systems possess a number of very marked dif- 
ferences with respect to the major porphyry copper 
deposits in northern Chile (Fig. 1). This concluding 
section highlights some of the comparisons and con- 
trasts, with special reference to porphyry deposits in 
the Philippines and the central Andes (Table 3). 

Crustal setting 

The gold-rich porphyry deposits in the Maricunga 
belt and the Faral16n Negro district, along with por- 
phyry copper-molybdenum deposits elsewhere in the 
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FIG. l 1. Reconstructed section through a typical porphyry system in the Maricunga belt, northern 
Chile, to show the transition from goid-(copper)-bearing stockworks to advanced argiilic alteration and 
high su!fidation epithermal mineralization at shallow levels. In most deposits (Santa Cecilia, La Pepa, 
Marte, Valy), the stockwork and advanced argiilic zones are telescoped, and the polymetallic veins of 
the transition zone at Aidebaran are absent. 

central Andes, were all emplaced at a continental 
margin characterized by thick (40-50 km) crust, 
whereas the Philippine deposits all occur in an assem- 
blage of island arcs built directly on oceanic litho- 
sphere. Clearly, the enrichment of porphyry copper 
deposits in either gold or molybdenum cannot be at- 
tributed to the character of the upper crust (of. Sil- 
litoe, 1979; Perell6 and Cabello, 1989), contrary to 
views expressed by some investigators (e.g., Hollister, 

1975), except perhaps insofar as upper crustal lith- 
ologies may influence the redox state of parent mag- 
mas (e.g., Sillitoe, 1990). 

Volcanic setting 

The gold-rich porphyry deposits in the Maricunga 
belt, the Faral16n Negro district (Sillitoe, 1973), and 
the Philippines (Sillitoe and Gappe, 1984) were gen- 
erated within composite stratovolcanoes of andesitic- 
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TABLE 3. Comparison of Porphyry Deposits in Northern Chile and the Philippines 

An-rich porphyry deposits, 
Maricunga belt, An-rich porphyry deposits, Porphyry Cu-Mo 
northern Chile Philippines deposits, northern Chile 

Crustal setting 
Volcanic setting 

Intrusive complexes 
Intrusive composition 

K silicate alteration 

Sericitic alteration 

Intermediate argillic 
alteration 

Quartz stockworking 
Hypogene Fe oxides 

Advanced argillic alteration 

Hypogene metal content 
Deposit size 

Supergene enrichment 

Continental 
Andesitic stratovolcanoes 

Composite stocks 
Diorite-(quartz diorite) 

Ore-related, minor alkali 
feldspar 

Very restricted 

Widespread overprint to 
ore zones 

Abundant in ore zones 
Abundant in ore zones 

Commonly preserved above 
ore zones 

An, Au-Cu 
Small: ca. 50-100 million 

metric tons 

Absent 

Oceanic 

Andesitic stratovolcanoes 

Composite stocks 
Diorite-quartz diorite 

Ore-related, minor alkali 
feldspar 

Very restricted 

Widespread overprint to 
ore zones 

Abundant in ore zones 
Abundant in ore zones 

Commonly preserved above 
ore zones 

Au-Cu, Cu-Au, Cu-Au-Mo 
Medium size: ca. 50-250 

million metric tones 
Absent 

Continental 

Uncertain, but coeval 
volcanics deficient 

Composite stocks 
Tonalite-granodiorite- 

monzogranite 
Ore-related, abundant 

K feldspar 
Widespread, commonly 

beyond ore 
Not reported 

Abundant in ore zones 

Present (but minor) in 
some ore zones 

Locally preserved above 
ore zones 

Cu-Mo, Cu-Mo-(Au) 
Large: 500 million 

metric tons 

Well developed 

(dacitic) composition. As documented in the Mari- 
cunga belt, deposit generation was at only shallow 
depths, on the order of 1 km (cf. Cox and Singer, 
1988). 

In contrast, it has been emphasized recently that 
many late Eocene to early Oligocene porphyry cop- 
per-molybdenum deposits in northern Chile (e.g., 
Chuquicamata, Escondida, E1 Salvador; Fig. l) were 
generated during an interval of relative volcanic qui- 
escence (see above), which coincided with oblique 
subduction and transcurrent faulting at the Chilean 
margin (Coira et al., 1989.; Mpodozis and Ramos, 
1990; Davidson and Mpodozis, 1991). Stocks which 
host this porphyry copper-molybdenum mineraliza- 
tion were emplaced into much older rock units but 
may have been overlain by small central-vent volca- 
noes or flow-dome complexes. However, gold-poor 
porphyry copper-molybdenum deposits of late Mio- 
cene age in central Chile (e.g., R•o Blanco-Los 
Bronces, E1 Teniente) were generated within tem- 
porally related andesitic volcanic sequences--the 
products of coalesced stratovolcanoes. 

Intrusive complexes 
In common with mineralized stocks in the Mari- 

cunga belt, gold-rich porphyry copper stocks in the 
Philippines (Sillitoe and Gappe, 1984) and molyb- 
denum-rich porphyry copper stocks in northern Chile, 
as exemplified by that at E1 Salvador (Gustafson and 
Hunt, 1975), have multiple phases, the latest of which 
tend to postdate much of the mineralization. How- 
ever, porphyry copper-molybdenum deposits are re- 

lated to more felsic and potassic calc-alkaline stocks, 
such as the granodiorite-monzogranite porphyries at 
Chuquicamata (Alvarez and Aracena, 1985) and the 
granodiorite porphyries at E1 Salvador (Gustafson and 
Hunt, 1975), than the gold-bearing diorite or quartz 
diorite porphyries of the Maricunga belt and the Phil- 
ippines (Sillitoe and Gappe, 1984). 

An additional similarity between gold-rich por- 
phyry deposits in the Maricunga belt and the Phil- 
ippines is the common occurrence of postminerali- 
zation dacite porphyry plugs, which are inferred to 
have attained the paleosurfaces as domes (Fig. 11). 
However, the plugs in the Philippine deposits are re- 
lated genetically to diatremes (Sillitoe and Gappe, 
1984), the absence of which in the Maricunga belt is 
attributed to aridity and the consequent deficiency 
of the meteoric water necessary to induce phreato- 
magmatic activity. 

Ore-related alteration and mineralization 

Most hypogene porphyry copper ores, whether 
they are enriched in molybdenum, gold, or both met- 
als, were introduced with K silicate alteration, which 
grades outward to propylitization. However, there 
tends to be more alkali feldspar in the K silicate as- 
semblages of porphyry copper-molybdenum deposits 
in northern Chile (e.g., Gustafson and Hunt, 1975; 
Hunt et al., 1983; Alvarez and Flores, 1985) than in 
those present in the Maricunga belt or the Philippines 
(Sillitoe and Gappe, 1984). Pyrite-rich sericitic 
(phyllic) alteration is developed widely in the por- 
phyry copper-molybdenum deposits of northern 
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Chile, as at Chuquicamata (Alvarez and Flores, 1984) 
and E1 Salvador (Gustafson and Hunt, 1975) but is 
very minor and patchy in gold-rich porphyry deposits 
of the Maricunga belt and the Philippines (Sillitoe 
and Gappe, 1984). Sericitic alteration is, however, 
present as a halo to the K silicate zone at Bajo de La 
Alumbrera (Sillitoe, 1979). 

Sericite-clay-chlorite (intermediate argillic) as- 
semblages are widespread as overprints to K silicate 
alteratio• in the ore zones of porphyry deposits in 
the Maricunga belt and the Philippines (Sillitoe and 
Gappe, 1984) but have not been emphasized in de- 
scriptions of porphyry copper-molybdenum deposits 
in northern Chile. 

Quartz stockworks carry much of the copper, mo- 
lybdenum, and/or gold in all porphyry deposits, but 
the gold-rich ones in the Maricunga belt, the Faral16n 
Negro district (Sillitoe, 1979), and the Philippines 
(Sillitoe and Gappe, 1984) are much richer (up to 10 
vol %) in hypogene iron oxides than are the porphyry 
copper-molybdenum deposits of northern Chile (cf. 
Sillitoe, 1979; Cox and Singer, 1988; Perell6 and Ca- 
bello, 1989). 

High-level advanced argillic alteration- 
mineralization 

Gold-rich porphyry deposits in the Philippines, like 
Dizon and Guinaoang (Sillitoe and Gappe, 1984), and 
the Maricunga belt were generated beneath extensive 
tabular zones of volcanic-hosted advanced argillic al- 
teration up to several hundred meters thick, which 
commonly are partly preserved even when the min- 
eralized stocks have been unroofed. Some of these 

advanced argillic zones in the Philippines, in common 
with those in the Maricunga belt, carry epithermal 
enargite-gold mineralization of high sulfidation, acid 
sulfate type (e.g., Lepanto; Concepcion and Cinco, 
1989). Structurally localized advanced argillic over- 
prints to porphyry-type stockworks at both Guinaoang 
(Sillitoe and Angeles, 1985) and Lobo are character- 
ized locally by the high sulfidation pyrite-covellite 
assemblage. 

However, high-level advanced argillic zones are 
not restricted to gold-rich systems. One of the best 
preserved zones of this type was described by Gus- 
tafson and Hunt (1975) from above the El Salvador 
porphyry copper-molybdenum deposit, and the roots 
of advanced argillic zones are present elsewhere (e.g., 
Escondida; Ojeda, 1986). The high sulfidation gold 
deposit at E1 Hueso is located alongside but higher 
than the Potrerillos porphyry copper-molybdenum- 
(gold) deposit (Fig. 1) and may be interpreted as part 
of the advanced argillic zone that overlay the por- 
phyry stock prior to mid-Miocene tectonic disruption. 

Hypogene metal contents 

As shown in Figure 12, porphyry deposits in the 
Maricunga belt are the most gold rich discovered to 

date, with Marte and Lobo classified as porphyry gold 
deposits because of their low Cu/Au and Mo/Au ratios. 
The high gold contents of the Maricunga porphyry 
systems stand in marked contrast to the molybdenum- 
rich and generally gold-poor nature of porphyry cop- 
per deposits elsewhere in Chile (Fig. 12), where av- 
erage gold grades attain a maximum of 0.27 ppm as 
at Potrerillos but may exceed this value in restricted 
parts of individual deposits. 

The total metal contents of the giant, multibillion- 
ton porphyry copper-molybdenum deposits in north- 
ern Chile, like Chuquicamata and Escondida, also 
contrast strongly with the generally small size (say, 
50-250 million metric tons) of most gold-rich por- 
phyry deposits, including those in the Maricunga belt 
and the Philippines (cf. Cox and Singer, 1988). The 
large average size of Chilean porphyry copper-mo- 
lybdenum deposits is reflected in the multiplicity of 
alteration-mineralization events and the much greater 
intensity of alteration-mineralization compared to that 
seen in the Maricunga systems. 

Supergene enrichment 
The Maricunga systems lack the major multicyclic 

enrichment blankets that characterize many porphyry 
copper-molybdenum deposits of northern Chile, such 
as Quebrada Bianca (Hunt et al., 1983), Chuquica- 
mata (Flores, 1985), Escondida (Ojeda, 1986), and 
E1 Salvador (Gustafson and Hunt, 1975). Supergene 
copper enrichment in these deposits was later than 
the late Eocene to early Oligocene, when they were 
emplaced, but preceded the onset of arid conditions 
during the mid-Miocene (Sillitoe et al., 1968; Mor- 
timer, 1973; Alpers and Brimhall, 1988). 

The main reason for the presence of only incipient 
supergene enrichment in the Maricunga systems is 
the timing of their emplacement: deposits in the early 
Miocene western subbelt were emplaced during the 
concluding stages of the enrichment cycle and de- 
posits in the middle Miocene eastern subbelt after 
enrichment had ceased. However, high sulfidation 
gold-silver ore at La Coipa in the early Miocene sub- 
belt (Fig. 3) is entirely oxidized (Oviedo et al., 1991) 
and supergene silver enrichment locally may have 
preceded oxidation. 
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