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ABSTRACT

Tha Panulcillo skarn copper deposit devalopad in an Eary Cretaceous (Valanginian) volcano-sedimentary seguence
intruded by a Cretaceous diorite. The exaskam zone of the deposit iz composed of garnet skam comprising grandite
gamnel {Ad . .} and phlogopile wilh lesser amounts of diopside (D, ., ). clintonite, pargasitic hamblende, actinalite,
pumpallyite, chlorite, quartz and calcite, exhibiting characteristic Mg-Al-rich assemblages. The principal ores consist of
chaleapyrite, manaclinie pyrrhatita, sphalerite, pyrite, and magnetite with small amounts of galena, and locally secondary
marcasite, hematite and covellite, ganerally filling interstices of the gamel skarn. Chalcopyrile shows characlenstic
polysynthelic winning, nomally including fine star-like crystals of sphalerite as exsalution products. Sphalerite contains
14.4 - 22.5 mol% FeS and 1.6 - 9.2 mol% MnS, and is associated intimately with chalcopyrite, Itis highly likely that such
Fa-rich sphalarite has coaxistad primarily with hexagonal pyrrhotite under low-sullidation conditions athigher temperatures
than 275 - 254°C, balow which monoclinic pyrrhotite is stable.

Key words: Crafaceous mineralization, Diorite, Grandite garmet, Magnesian skarm, Monachoie pyriholte, Low sulfidation. Panuicilic
roppar deposit, Chila.

RESUMEN

Mineralogia del yacimiento cuprifero tipo skarn de Panulcille, Regidn de Coquimbo, Chile. El
yacimiento tipo skarn de cobre de Panulcille se desarmolld en una secuencia volcana-sedimentaria de adad craticica
inferior (Valanginiana), la que es infruida por un cuerpo crelacico de composicion dionitica. La zona del exoskam
caracteristicamente presenta una asociacidn mineralégica rica en Mg y Al v corresponde a un skam de granale
compuesto por granate tipo ugrandita (Ad )y flogopita con candidades mencras de digpside (D, ). clintonita,
homblenda pargasitica, actinolita, pumpeliita, clorita, cuarzoy calcita. Los minerales metdlicos consisten mayaritariamante
en calcopirita, pirrotina monoclinica, esfalerita, pinta, y magnetita con menos galena, localmanta marcasita, hematita y
coveling secundarias, generalmente rellenando los intersticios del skamm de granale, La calcopinia exhibe maclas
polisintéticas caracteristicas, y normalmente contiene pequenos cristales da esfalenta en forma de estrellas como
productos de exsolucion, La eslalerita contiene 14,4-22 5% molar de Fe3, 1,6-9,2 % maolar de Mn5, y estd astrechamante
asociado a calcopirita. Es muy probable que asie lipo de esfalenta nica en Fe oniginalmente haya coexistido con la pirratina
hexagonal en condiciones de baja sulfidacion y temperaturas suparioras a 275-254°C, dado que a temperaiuras
infenores, la fase estable corresponde a pirrotina monoclinica.

Palabras claves: Mineralizaciin cratdcica, Diorta, Granate de ugrandita, Skarm magnésice. Pirroling monoclinica, Baja sulfidacian,
Yercurriprdo Cuparetorg Farnaionilo, ol
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INTRODUCTION

The Panulcillo skarn copper deposit belongs
to the Lambert-Panulcillo belt located in the
Coguimbo region of Chile, and is famous for
producing a high grade chalcopyrite ore; the ming
has produced more than 500,000 tons of are with an
average grade of 2.75 to 3.5 % Cu and 1 10 0.5 g1
Al (A Cruzat'; Camus, 1986; Ardila, 1993). Gene-
ral descriptions of this deposit have been made by
A Cruzat (1968)", E.R. Carrascal® (1989), Ardila ef

al. (1981) and Ardila (1993); neverlheless, few
mineralogical studies have been performed.
Particularly, detailed compositional data for skarn
and ore minerals have not yet been published. The
objectives of this study are to describe exoskarn
and ore minerals from the deposit and to specify
their mineralogical and composilional character-
istics, based on microscopic observations and
electron microprobe analysis.
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FIG. 1. Location of the Lambert-Panulcillo mining district and distribution of granitic recks {after Moscoso e al,, 1982),
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GEMERAL GEOLOGY

The Panulzillo mine located in the Chilean
Coastal Range (30°27.3'S, 71113.1'W), about 50
km south of La Serena (Fig. 1) and 400 km north of
Santiago, is a copper skam deposit, genelically
related to granitic igneous activity of Cretaceous
age. The Panulaille mining area is dominated by the
Early Cretaceous (Neocomian) stratiform volcano-
sedimentary formations of the Estratos de Tamaya.
Estratos del Reloj and the Arqueros Formation of
the Ovalle Group, in ascending order, and become
younger westward in the area (Fig. 2).

The Esitratos de Tamaya (Valanginian) crop out
to the southeast end of the district of Panulcillo
minge, and consist of andesitic lava flows and breccias
intercalated with rhyolitic tuff. The Estratos del Re
loj, which concordantly overlie the Estralos de
Tamaya, are composed of andesitic lava flows and
breccias, fosiliferous marine limestone, and red
candstones of approximately 800 min total thickness
(A, Cruzat)'. In general, the sequence has a M40"W
trend with dips varying between &4 and 84°E
{Thomas, 1967}, and is separated from the Arque-
ros Formation by a NNW-trending fault. The Arque-
ros Formation is composed of porphyritic andesite
('ocoita’) and sandstone of Hautarivian-Barremia
age (Aguirre and Egert, 1965), and is, at least, 675
m thick (A. Cruzat)'. As shown in figure 2, the
Panulcillo deposit resides in the lower level of the

Estratos del Relo) (Valanginian stage). in the vicinily
of the depasit, the sequence is intruded by a barren
dioritic stock, which caused contact metamorphism
and hydrothermal alteration. This obliterated the
original texture of the rock and generated meta-
andesite, hornfels, marble and meta-sandstone.
These rocks are distnbuled as an elongated lens in
a zone 8 km long and S00 m wide, having a north-
south trend with dips of 60 to 707 east. Within the
marble strata, there are three mineralized orebodies,
of which the Panulcillo copper deposit is the most
important (Gonzalez, 1954). It is composed
predominantly of garnel skarn impregnated with
sulfide minerals,

Granitic rocks such as diorite, granodiorite, mon-
sodiorite and tonalite occurring in the Coguimbo
region (A. Cruzat)' belong to the infrusive zone of
the Cretaceous magmatic are (Moscoso efal, 1982).
The granitic plulons were previously considered to
have formed in Aplian-Albian time, because thay
intrude the Arqueros Formation (Aguirre and Egert,
1965). However, the dioritic stock localed at the
east of the Panulzillo mine {30°26.4'S, T1°12.5'5)
has a K-Ar radiometric age of 13247 Ma (A. Sugaki
and M. Shimada)?, indicaling an older Valanginian
to Hauterivian age based on the fime scale by
Gradstein and Ogg (1996).
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FIG. 2. Geologic map of the
Fanulcillo mane anea
(afler Gonzalez. 1954
Thomas, 1967
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MINERALOGY AND PARAGENESIS

The Panulcille skarn deposit is composed of an
extensively developed skam (unmineralized) zone,
an ore zone and a marble zone, with the ore zone
occurring as soma ‘baggy’ forms of <160 m in
length, ~40 min width and ~50 min height within the
skarn zone (Ardila, 1993). Samples of skarn-ore
and host rocks were collected from the walls of the
main adit and the ald stoping cave at the samea lavel
in the underground, and from the surface mine area,
respectively. For approximalely 40 polished sections
and thin-sections of selected samples, their min-
eralagy and mineral paragenesis were examined by
microscopic observations under both reflected and
transmitted light. Chemical compositions of princi-
pal exoskarn minerals and sphalerite were
determined by electron microprobe analyses mainly
with JEOL JXA-8600 (GEA, Universidad de Concep-
cion) and 8800M type (Tohoku University) instru-
mentsin conventional wavelength-dispersive meth-
ods under accelerating voltages of 15 kV and 20kV,
respectively. X-ray powder diffraction analyses by
the Guinier-Hagg camera method were made for a
typical gamet under operating conditions of 35-30
kV and 15-10 mA, using Cu-K o, radiation mono-
chromatized by a curved quarlz crystal and metallic
silicon as aninternal standard. Then, crystallographic
data were obtained with the method of Kitakaze
(1996).

INTRUSIVE AND HOST ROCKS

The diorite intrusive exhibits holocrystalline
equigranular texture, and is moslly composed of
plagioclase, biotite, hornblende, cummingtoniie,
clinopyroxene (augite), and orthopyroxens with small
amounts of quarle, zircon, sphene, magnetite and
apatite. Alkali feldspar is absent in the rock. Plagio-
clase, the most abundant mineral shows well-
developed albite twinning and partial sericitization.
Magnetite is usually fine- to medium-grained (<70
pmy}, including fine lamellas of exsolved iimenite.
Thus this rock shows the typical magnetite-series
assemblage (Ishihara and Ulriksen, 1980; Ishihara
et al., 1984).

The limestones which crop out in the mine are
intruded locally by aplilic dikes, which give rise to
some decimetric skam zones (Ardila et al, 1991).
The limestones are altered to crystalline marbla,

containing spotty garnet and phlogopite crystals
near the boundary with the exoskarn zone, Garnet
is granular, partly showing optical anomaly
{anomalous anisotropy) under crossed polars.
Usually phlogopite occurs as layered aggregates of
thick platy crystals. The marble contains dis-
seminations of small amounts of sullide minerals,
such as pyerhotite, chalcopyrite, pynte, sphalente
and secondary covellite,

SKARN AND ORE MINERALS

The exoskarmn contains both a zone of calc-
silicate minerals with no ore mineralization (skam
zone) and a garnet-rich zone impregnated with
sulfide minerals (ore zone). It also contains phlogo-
pite with lesser amounts of diopside, clintonite,
homblende, actinolite, pumpellyite, chlorite, quartz
and calcite, A, Cruzat (1968)" and Ardila el al
(1991) have noted scapolite and feldspar minerals
as anhydrous endoskarn in the interior of the aplitic
dikes. In addition, manganese axinile has been
recognized in the exoskarn zanae (Ardila, 1993).

The ore minerals in the mineralized skam include
chalcopyrnite, pyrrhotite, sphalerite, pyrite, and
magnatite with lesser amounts of galena, secondary
marcasite, hematite and covellite. Moreover, Ardila
{1993) has reportad the occurrence of arsenopyrite
and molybdenite as minor ore minerals. Although
the Panulcillo orebody contains 1 100.5 g/t Au as an
average grade, no gold minerals, such as electrum
were observed in the samples examined. The
paragenelic sequence of skarn and ore minerals is
shown in figure 3. As with most skams, sulfide ore
mineralization postdated the formation of anhydrous
silicate minerals. Hereafter, the mode of occurrence
and chemical composition of the principal minerals
are describad in the order: primary skarn, late stage
{(hydrous) skarn and ore minarals,

Garnet: in both skarn and ore zones, garnet is the
maost abundant mineral, exhibiling semitransparent
dark brown, light-brown and greenish colors,
euhedral to subhedral zoned grains, and locally
poikiloblastic textures. In general, the gamet in the
ore zone shows brownish colors, whereas the gre-
enish gametis observed in relatively marginal parts
of the unmineralized zone near the skarn-marble
contact (Ardila et al., 1991). Most garmet grains are
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isotropie, butl some show parlly anomalous ani-
sotropy in a zonal structure (Plate 1, Figs. a. b).
Garnet grains in the marble zone and barren skam
zone appear to show the anomalous anisotropy
more frequently than those in the mineralized skarn
Zone.

The garnat in the marble (Nos. 1-3 in Table 1)
is relatively andradite-poor (Ad,, , ., ). whereas the
garmel in the ore zone (Nos, 4-9 in Table 1) has a
wider compositional range (Ad 1 Allthe gamets
have trace amounts of pyrope component and va-
riable amounts of spessartine component (2.6 - 8.7
maol®s Mn Al SO ). X-ray powder diflraction data
tar a typical coarse-grained garnat with the
intermediate composition indicate the cubic unit-
cell parameter of a = 11.9235 (61 A (Table 2). This
value is compatibie with the composilional data as
shawn in figure 4, where all electron microprobe
data ofthe garnet are plotted in terms of the grossular-
andradite oyralspile ternary diagram. Compositional
variation within a typically zoned gamet (Fig. 5) was
examined 50 as to check the relationship between
the anomalous amsotropy and chemical com-
position. The analytical rasults {Table 3) show that
thi contral part of the zoned gamet, which exhibits
the anomalous anistropy (Nos, 1-68), is in the narrow
range of fairly andradite-poor composilions (ca.
Ad,, ). The compositional range is similar to that of
garnet in the marble zone. A similar phenomenon
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has baen observad in anisotropic grandite gamets
from Japanese skarn deposits, which show a much
wider compositional range (Mariko and Naga, 1980).

It 1s ewvident that the greenish garnel 15 much
more andraditic (<Ad__: Meinern, oral communication,
2000}, although such data are nat pravided in this
study. Conseguently, a wider compositional range
af Ad_ . which is typical of most copper skam
deposits, is given forthe Panulcillo garnets (Meinart,
oral communicatien, 2000).

Diopside: as compared with garmel, pyroxeng is
scarce. However, appreciable amounts of chno-
pyroxene are observed as a relict of the skarn 2zone
exhibiting corroded forms, and are closely associaled
with garnet and actinglite. The compositional dala
{Mos. 10-12 in Table 1) show clearly that the clino-
pyroxene comresponds 1o diopside near the Mg-end
composition (D 3 However, Ardila (1993) has
noted less diopsidic pyroxenes (D, ), which are
typical of metasomatic copper skarn deposits
{Meinert, 1992).

Phlogopite: in both skarn and marble zones,
phlogopite occurs as layered aggregates of wide
platy crystals with dark-green colors, In general,
phiogopite shows straight extinction under crossed
polars, andthe skarn phlogopite 18 closaly associaled
with garnet, clintonite and secondary chlorite.
Electron microprobe analysis shows that the phlo-
gopite contains appreciable amounts of Fe (2.4 -
9.0wt%) and Mn (0.5 - 0.6 wi%a) in additon to K, Mg,
Al and Si (Nos. 1-4 in Table 4}

For the well-crystallized phlogopite a K-Ar
radiometric age of 115 +3 Ma has been obtamed
(Ardila, 1993).

Clintonile: in some phlogopite-rich samples,
clintomite occurs as pnsmatic crystal aggregates,
which are closely associated with garnet and phio-
gopite (Plate 1, Fig. c). The clintonite is nearly
coloress in plane-polanzed light, showing straight
extinction under crossed polars. The margin of the
chintonite, as well as the phlogopite, 15 partially
changed into chiorite as a lale alteration mineral.
The analytical data (Mos. 5-7 in Table 4) show that
the clintenite is Mg-rich, containing smali amounts
ol Fe.

Hornblende: in the skam zone, small amounts of
hornblende occur as composite crystal aggragates,
varying in grain size. These homblende crystals
exhibit a distinct pleochroism in dark-green colors
under plane-polanzed light. The homblende usually
fills the pore space belween coarse-grained garnet
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TABLE 1. ELECTRON MICROPROBE ANALYSES OF PRIMARY SKARN MINERALS.
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| Envd membar mol percent
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| Gas 8.4 EBE B1.Y 4.4 64,7 6.7 568 525 AT 48
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andradile.

TABLE 2. X-RAY POWDER DIFFRACTION DATA FOR crystalsin the unmineralized zone, but has nolbeen
SKARN GARNET. observedinthe org zone. The homblende is relatively

Cn h K I diobs) d(calc) | rich in Al, Ma and K and poor in Si (5.82-5.91 in
fr— — ! formula), with a Mg/Mg+Fe ratio from 0.756 10 0.784
37 4 o o 2 9R2 2.981 i (Nos. 8-10in Table 4). Accordingtothe classification
I e . ; o §§E§ ! of Leake (1978) and IMA (1987), such a hornblende
1 : . . . .
i a7 4 2 2 2435 24134 | corresponds lo pargasile or ferropargasite.
[ 25 4 3 1 2.340 2. E Actinolite: smallamounis of actinolite are observed
|18 5 2 1 2178 2177 . ) - )
| 2w 5 a3 ] 1.9348 1.9343 . in the skarn and f'r:e Zoneas, Bhﬂ'-'-'lng.ladlal_f!:bruua
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i ?2 E‘ f f :fgﬁ: :%i‘g | gamat crystals and in small .-.reintets cutting the
| 18 B 4 a 1.6535 16535 garnet skarn zone (Plate 1, Fig. d). The former is
| 8 g -; ; 16223 1:3:{: frequently replaced by chlotite as the late ateration
I 7 2 1 . 16026 mineral. In the veinlets, actinolite is closely as-
|48 & 4 2 1.6835 1.5834 sociated with sulfide minerals, such as pyrite,
! ; b . ’ B | halcopyrite and sphalerite, The analylical dala
2 ? 4 3 1..3058 1.3861 c Py P - ylic
| 8 3 1 » 1.3861 (Mos. 11-12 in Table 4) indicate that the actinalite is
i 10 8 4 o 1.3334 1430 . L _
15 & 4 > 13012 13018 m{iﬁjﬂratﬂhf_Sl and Fe-rich [_Mgl."Mg+FE 0.42-0.44),
|5 ] & 4 1.1071 11071 corresponding to ferroactinolite according lo the
{ 10 . a . 107 | classification of IMA (1997).

gl parameter: & - 11,9235 (6} A
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Pumpellyite: a trace amount of pumpellyite has
bean observed in pore space of the skarn zone,
occurring as tiny polyhedral crystals. This mineral
exhibits the characteristic inlerigrence colors of
yellow to deep blue, being similar to epidote in
crossed-polanzed light. The compositional data
(MNas. 13-15in Table 4) show that the mineral is Al-
rich pumpellyile with limited Fe contants of 1010 12
wi.%a.

Chlorite: in the later stage of alteration. chlonle
occurs as low-crystalline fibrous aggregalte, locally
replacing the peniphery of phlogopite, clintonite and
actinolite. The compositional data (Mos. 16-17 in
Table 4) show that the chlorite is richiin Al {Al = 1.41-
1.43 in 4 (Si, Al)), having relatively low (Fe+Mn)/
(Fe+Mn} + Mg values (0.27-0.28), According to the
classification of Hey (1954) and Deer el al. (1962),
this type of chlorite corresponds to shendanite -
ripidolite.

Quartz and calcite: appreciable amounts of guantz
occur a5 fine-grained inclusions (<20 pm) in garnat
crystals or as a matnx consfituent, exhibiting
irregularly anhedral shapes. Calcite occurs as
infillings of principal skarn minerals. These are
considered 10 be lale stage minerals.
Chalcopyrite: as the mast abundant ore mineral,
chalcopyrite cccurs inthe are zone, filling interstices
of the garnet skarn (Plate 1, Fig. ). Chalcopynle
commonly forms patchwork-like aggregates,
frequently exhibiling palysynthetic twinning. In ge-
neral, chalcopyrite is closcly associated with
pyrrhofite and sphalenite, havingirregular interfaces

Pyralspite
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with them (Plate 1. Fig. fj. Frequently, chalcopyrite
includes fine-grained skeletal (star-like) crystals of
sphalenite (Plate 1. Fig. g), which are oriented along
the twin boundary of chalcopyrite in some cases. As
described below, chalcopyrite also occurs as hine
bleblike crystals in sphalerite.

Pyrrhotite: iregular massive pyrrhaotite s usually
observed in close association with chalcopyrite,
sphalerite and pyrite. This pyrrhotite is ferromagnetic,
correspoending to the monceline type (4C-type; Kissin
and Scoft, 1982), This was substantiated by X-ray
powder diffraction analysis and electron microprobe
analysis. The laller shows that the pyrrhotite contains
46.6 to 47.0 at.% Fe near the ideal compaosition of
Fe 5, and that contents of Cu, Zn, Mn and Cd are
negligible.

Sphalerile: in the ore zone, sphalerite also cccurs
as a principal mineral, and exhibits reddish-brown
colorsinplane-polarized transmitted light, Sphalerite
frequently includes bleblike and lamellar crystals of
chalcopyrite, which are onented along certain crys-
tallographic directions of sphalente (Plate 1, Fig. h),
Chemical compositions of sphalerite associated
wilh pyrite and/or pyrrhotite are givenintabla 5. The
sphalerite shows fairly Fe-rich compaositions with a
fairly wide FeS vanation (14.4-22.5 mol% Fe3),
which has no major relationships with Ihe associated
Fe-sulfide minarals (Fig. 6). Furthermore, the
sphalerite contains significant amounts of MnS
ranging from 1.6 to 2.2 mol%. Incontras!, Cuand Cd
normmally contamed as minor elements in natural
sphalerite are unitormiy low.

Lro .

i¥s
Andradite a0 &0

Grossular

Mol % C33 AIQ S|3 012

FIG. 4. Ternary plat showing redationship of composition and cell paramater of gamet from the Panulcilio mine. Solid and open circles
stand lor garnat in tha marbile zone and that in the one zone, respectively, Data of unit-cell parameters {in A} for garnat group
menerals are represented by dotted lines (Sriramadas, 1957). See text lor detaled cxplanations.
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Pyrite: commanly pyrite ccoeurs as idiomerphic 1o
anhedral crystals, coexisting intimately with chalco-
pyrite, pyrrhotite and sphalerite. Microscopic
observations under reflected light suggest that the
pyrite is present as coarse-grained holey crysials
and as irregularly-shaped grains. The former type
pyrite is regarded as an earlier stage product,
because the crystalis partially replaced by pyrrholile
and is overgrown with the latter type of pyrite. In a

MiNERALGGY GF THE PANULCILLO SKARN COPPER DEPDET, Cogumes Redwn, Crnc

pyrite-dominant ore sample, pyrite contains minule
inclusions of the chalcopyrite-pyrrhotite association.
Magnetite: irequently, magnelite occurs as discrete
grains in the garnat skarn, being closely associaled
with the Cu-Fe sulfide minerals.

Other ore minerals: small amounts of galena are
present locally in some garnel-rich samples.
Hematite occurs as tiny spherulitic crystals inter-
grown with the principal ore minerals, Marcasite is

FIG. 5. Back-scatiared electron image of zoned grandite gamel, Numbers 1 1o 10 comespond 10 the analytical peims of 1able 3.
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locally associated with pyrite as irregularhy-formed
discrete grans or fine-gramed aggregates. Covellite
ooours locally as the altered product of chalcopyrite.
The latter two minerals are considered to be super-
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gene products. Limonite (goethite) appears in the
later secondary alleration stage, occurring as col-
loform aggregale in the pore space of garnet skarn,

DISCUSSION

PRIMARY SKARN FORMATION

Itis significant to compare the paragenesis and
chemical compositions of skarn minarals from the
world's copper skarn deposits including the Lambenrt-
Panulcillo belt, in considering the characteristics of
the mineralization at the Panulcille deposit. Several
skarn copper districls and deposits are known in the
belt: e.g., San Antonio, San Cristébal (El Pefidn),
and Tambille (Fig. 1). The paragenelic sequences
observed in the other deposits are fairly similar to
that of the Panulcille deposit (Camus, 1986). In the
Panulcillo copper skarn deposit, grandile gamelt is
the most abundant constituent of the exoskarn,
where the pyroxene-rich skam is poorly developed.

The scarcily of pyroxene skarn s commonly

observed also at the aother skarn copper deposits in
the Lambert-Panulcille belt. On the other hand,
such Mg-rich skarn minerals as phlogopite and
clintonite, which are not observed in the other
deposits, occur in the Panulcille deposit. These
minerals are rare in the majority of copper skarn
depositsinthewarld, and sothe Panulcille exoskarns
show a general feature of magnesian skarns. This
may be diagnostic of a magnesian componentin the
original carbonate rocks.

Among the other deposits in the Lambert-
Panulcille belt, chemical data have been given only
tor principal skarnminarals (garmet, diopside, epidote
and actinolite) from the La Fortuna deposit in the
San Antonio district (M. Fukuoka et al?®; Ardila,
1993). The compositions of the garnet in the ore

11991, Skarn mingrals from Mina Fortuna of the San Antenio district, Regién de Cogquimbe, Chile. The Science Report of Economic
Gealogy Research Project, Univossity of Conegperin-Jdapan intemabional Cooperation Agency, Noo 1, p. 25-30
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zone are slightly distinet from those in this study; the
La Fortuna garnet in the ore zone is relatively
andradite-rich, ranging in Ad,_ ... As suggested
earlier, however, lypical copper skarns show varia-
ble compositions of garnet, ranging in approximately
Ad_ .. (e.g, Einaudi af al, 1881, Meinert, 1892,
Meinert etal, 1997), The grossularitic compositions
of garmels and the presence of calcic amphiboles
{actinalite, pargasitic hornblende) suggest that the
exoskarns of the Lambert-Panuleillo belt are rel-
atively aluminous, This wouldimply that some of the
skarns in the Lambert-Panulcille belt was devel-
apedfromthe surrounding andesite and sandstane.

Incontrast to the Panulcillo deposit hosted in the
Estratos del Reloj, the other deposils including the
La Fortuna occur inthe younger Arquaeros Formation
(Carmus, 1986; Ardila, 1993). A strong difference is
also present between the Panulcillo and La Fortuna
deposit, according to the gecchronological data of
the related intrusives; the intrusive related to the
latter is granodioritic in composition, showing much
younger ages (89-98 Ma; Aguirre etal, 1974, 1015
Ma; A. Sugaki and M. Shimada)”. As mantionad
earlier, the Panulcillo phlogopite indicates an older
mineralization age of -115 Ma {Ardila. 1293). This
age s much younger than that of the diontic ntrusive
(=132 Ma) which is clearly related to the primary
skarn formation of the Panulcillo deposit. Further-
mere, some local zonations of skarn minerals are
assumed to have tormed by the aplitic dikes at the
later stage than the dionitic intrusive (Ardila ef al,
1991). Thus, the authors can infer that the above
differences in assemblage and composition of skam
minerals would have hean induced by both host
rocks andintrusives presentin the respective areas,
and also that the Panulcillo deposit was developed
in a complicated process with polymelasomalic
reactions.

SULFIDE MINERALIZATION

Principal sulfide minerals in the ore zane of the
Panulcille deposit appear to have occurred in a
nearly simultangous mineralization with the late
stage skarn formation, althaugh two substages are
assumed in pyrite formation. Chalcopyrite, the most
abundant sulfide, characteristically shows poly-
synthetic twinning, suggestive of inversion and
includes fine-grained star-like crystals of sphalerite.
By comparing bulk compositions of the chalcopyrile-
sphalerite association in natural ores with the expe-

rimental data on solubility limits of zing inchalcopyrite
(Kojima and Sugaki, 1985); Sugaki &f al. (1987)
have stated that star-like sphalerite would be formed
by unmixing in chalcopyrite, Considering the above
two criteria, most star-like crystals of sphalente are
regardedto be a product exsolvad from chalcopyrite,
which would be the secandary mineralinverted from
a precursory Cu-Fo-sulfide,

Incontrast, it has been proved that most bleblike
and lamellar crystals of chalcopyrite in sphalenta
are not due to exsolution (e.g., Sugaki ef al, 1987),
bul replacement (Kojima and Sugaki, 1987) or
coprecipitation (Kajima, 1880). Judging from the
textural features of the two minerals (Plate 1, Fig. h),
the minute inclusions of chalcopyrite in sphalerite
are considered 1o have been epitaxially developed
during the growth of host sphalarite.

A pressure-temperature estimate for the sulfide
mineralization was not made in the present study,
g0 that the authors cannot quantitatively infer the
sulfidation state of the mineralization. The oc-
currence of monoclinic pyrrhotite may provide a
temperature constraint for some of the sulfide miner-
alization, since this type of pyrrhotite is stable only
attemperatures below ~275°C (Sugaki et al, 1977)
or -254°C (Kissin and Scott, 1982), Howewver, it s
uncertain whether monochmc pyrrholite was stable
as a primary mineral. In genaral, the star-like
sphalerite in chalcopyrite is regarded as a relatively
high-lemperature product, and the measured
sphalerite composilion (14.4-22.5 mol % FeS) is
not consistent with the monochinie pyreholite stable
region {ca. 11-18 mol % FeS: Scott and Kissin,
1973). Thus it is highly likely that the sulfide min-
aralization cccurred at higher temperatures than
275-254"C. In such a case, a relalively low-sui-
fidation assemblage including hexagonal pyrrhotite
is assumed to have been stable in the primary ore
mineralization. This is compatible with the temper-
ature for the principal stage of mineralization
(=320°C) estimaled by Ardila et al, 1991). The
ocourrence of pyrrhotite as a principal mineral is
confirmad anly at the Panulcille deposit in the
Lambert-Panulcille belt, although pyrrhotite is re-
ported as a minor mineral in San Antonio district
(Ardila et al, 1991). This means that the other
deposils in the Lambert-Panulcillo belt were formed
under relatively high-sulfidation conditions, and could
be a causative factor for the differences in as-
semblage and composition of the late stage skam
minarals as dascribed aarher.
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CONCLUSIONS

The Panulcille skarn deposit is regarded to have

formed by the reactions of the Valanginian volcano-
sedimentary seguence wilh the Early Crelaceous
plutonic rocks, producing high-grade copper ore
with chalcopyrite as the principal mineral. Mode of
occurrence and chemical compositions of the skam
andore minerals were examined, and charactenstic
features were found as follows:

* The exoskarn is composed predominantly of
grandite garnet and phlogopite as principal minerals,
and pyroxene skarn is ohserved as a small amount
ot relictdiopside (i, Jinthe specimens studied.
«  Usually the gamet in the ore zone is less andra-
ditic (Ad .. .), partially showing anomalous ani-
sotropy under crossed polars.

* The late stage skarn is composed mostly of
hydrous minerals such as clintonite, pargasitic
hormblende, actinolite, pumpellyite and secondary
chiorite.

*  Principal ore minerals are chalcopyrite, mono-
clinic pyrrhotite, sphalerite, pyrite, and magnetite,
generally occurring in the interstices of pnmary
skarn minerals.

*  Microscopic features of the ore minerals suggest
that most sulfides were formed by a nearly simul-
taneous mineralization.

*  Chalcopyrite usually exhibits polysynihetic twin-
ning, and frequently includes fine skeletal crystals
of sphalerite as an exsolution product.

* The sphalerite associated with monochnic pyr-
rhotite and/or pyrite is rich in FeS (14.4 - 22 .5 mol%:)
and MnS3 (1.6-9.2 mol%) components. The FeS
range suggests slability of hexagonal pyrrholile as
the precursory Fe-sulfide phase.

These results reveal that the Panulzillo exoskarn
is characterized by Mg-Al-rich compositions, and
that the copper mineralization occurred in relatively
low-sulfidation environment. The former implies
attnibubions of some dolomitic component in the
original carbonate rocks and the surrounding
aluminous rocks o the skarn formation. The latter is
acharactenstic common to world-wide copper skarn
deposits associated with barren stocks, but should
beconsidered as animportant feature in Cretaceous
copper mineralizations of Chile.
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PLATE 1

Photemicrographs showing mode of occurrences of skarm and ore minerals from the Panulcille mina

Figures
] Zoned garmet in the skam zone in plane-polanzed light.
b Identical field to a under crossed polars.
< Radial climanite associated with phlogopite undar crossed polars.
d Veinlet of actinodite and chalcopynte cuthng across gamel zone in plane-polanzed light,
[ Fatchwork-like chaloopyrile filling interstioe of garmael grains,
1 Typical asscciation of sullide minerals in the ore zone,
4] Star-like sphalerite In chalcopyrite,
n Blab lika and lameallar chalcopyrite parallal with oriemation of sphalarite; a-d- transmittad light; e-h- reflectad light.

Abbreviations: gt= gamet; phl= phlogopite; cl= clintonite: ac= actinolite; py= pyrite; po= pyrrhotite; cp= chalcopyrite; sp= sphalerite,
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