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Monterrosas is a hydrothermal deposit of copper and iron that is
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hosted by gabbro-diorites of the Upper Cretaceous Patap Superunit
within the Coastal Batholith of central Peru. The orebody is localized
by fractures and splays related to a nearby regional fault and is com-
posed of massive chalcopyrite, magnetite, and pyrite. Ore and altera-
tion minerals such as actinolite, sodic scapolite, epidotes, sphene,
magnetite, apatite, tourmaline, chlorites, hematite, and quartz formed
dominantly as replacements of magmatic diopside, labradorite-andesine,
and ilmenite. Hydrothermal mineralization was characterized by the
exchange of major, minor, and trace elements between hot saline fluids
and gabbro-diorite wall rocks. Metasomatism involved the addition of
FeOt, K20, Mg0, and the ore-forming metals (Cu, Co, Au, Ag, and Mo) to
the host rocks, and the concomitant depletion of Si0p, Ca0, Na0, and
Ti02. The Tlosses and gains of these major oxide components in samples
of gabbro-diorite may be used to define an alteration index that is
correlative with the distance to ore, the intensity of hydrothermal

alteration, and the concentration of copper. Geochemical data suggest
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that the ore and gangue minerals were deposited at high temperafures
from saline fluids derived from a magma. The evidence includes fluid
inclusions within gangue quartz that exhibit homogenization tempera-
tures of 400° to 500°C, salinities of 32 to 56 wt percent NaCl, and
the halite trend, and magmatic-like sulfur isotopic compositions that
range from 1.6 to 3.3 permil in pyrite and chalcopyrite. Ore-bearing
fluids evolved as a consequence of progressive crystallization of
labradorite-andesine, diopside, and ilmenite from gabbro-diorite
magma, which resulted in the residual concentration of iron, water,
chlorine, and other volatiles and metals. These components were sub-
sequently exsolved as a discrete fluid that migrated upward along
faults and fractures. Deposition of the ore and alteration minerals
resulted from decreases of temperature and (or) acidity in the fluids
because of reactions between the hydrothermal fluids and early-formed

gabbro-diorite host rocks.
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ORE GENESIS AT THE MONTERROSAS DEPOSIT
IN THE COASTAL BATHOLITH, ICA, PERU

INTRODUCTION

The Monterrosas Mine is a fracture controlled vein-like deposit of
copper and iron within the Coastal Batholith of central Peru. Gabbros
and diorites of the middle Cretaceous Patap Superunit host the orebody.
The ores, although hosted by plutonic rocks, are typical of skarn
assemblages in that they consist of chalcopyrite, magnetite, pyrite,
and actinolite in variable proportions. Secondary minerals such as
amphiboles, scapolite, epidotes, tourmaline, sphene, apatite, magne-
tite, chlorites, and quartz formed dominantly as replacements of
magmatic clinopyroxene and plagioclase feldspar in the Patap units.
Mineralization at the Monterrosas Mine is manifested by bimetasomatic
exchange of major, minor, and trace element components between hot
aqueous fluids and dioritic wall rocks along major fractures. It is
postulated that the hydrothermal fluids were heated by and possibly
derived from a unit of the Patap magma series as it cooled and under-

went crystallization to form gabbros and diorites.

Location and Accessibility

The Monterrosas Mine is about 20 km northeast of Ica, Peru, at
14°00' South latitude and 75°37' West longitude, as shown in Figure 1.
Ica is in the Peruvian Coastal Desert approximately 300 km south of
Lima and about 60 km inland from the Pacific Ocean. It is accessible
by car from the north and south via the Pan American Highway. The

mine, which is at an altitude of about 1100 m in the western foothills
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of the Andean Cordillera Occidental, may be reached by an improved
gravel road that extends across the desert from Ica as depicted in

Figure 2.

Purpose of the Investigation

The Monterrosas deposit has several unusual and perhaps unique
characteristics. For example, hydrothermal mineralization is asso-
ciated with intermediate to mafic plutonic rocks of the Coastal
Batholith. Furthermore, the ore and alteration mineral assemblages
resemble most closely a skarn~type replacement deposit hosted commonly
by limestones. Also, metals such as copper, iron, cobalt, molybdenum,
gold, and silver found in the ore present an unusually interesting
association. Thus, the purpose of this investigation was to study
the petrology and petrochemistry of the ore and host rocks. A careful
documentation of the distribution of elements and minerals in the ore
zone and in altered wall rocks was considered essential to better
understand the environment of mineralization. The ultimate Qoaf of
this study was to formulate a model for the genesis of this deposit
that will help to refine metallogenetic concepts for this and related

submagmatic-hydrothermal types of ore deposits.

Methods of Study

The study of the Monterrosas Mine incorporates both field and
laboratory examinations. Field work was done in December, 1979, and
June to August, 1981. Reconnaissance mapping of the surface geo]bgy
was conducted on a scale of 1:10,000. Detailed mapping underground of

the mineralized and altered zones was carried out at a scale of 1:100

.
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and 1:200. Field studies concentrated on the host rocks, alteration
zones, and ore. Samples collected were used for petrographic, min-
eralogic, and chemical studies. Over 200 thin sections, polished

thin sections, and polished sections were examined optically with
transmitted and reflected light. The electron beam microprobe (ARL)
at the University of Oregon was used to verify mineral identifications
and provide quantitative analyses of mineral species.

Whole rock major oxide analyses of Si, Al, Ti, total Fe, Ca, and K
were obtained by X-ray fluorescence spectrometry, and Na and Mg oxide
values were collected via atomic absorption spectrophotometry at
Oregon State University. Total iron was also analyzed with plasma
spectrometry, and ferric iron was obtained by titration methods at
Skyline Laboratories. Values of Cu, Mo, Pb, Zn, Ag, and Co were
determined by atomic absorption spectrophotometry, and samples with
greater than 1000 ppm were quantified witﬁ wet chemical assay tech-
niques by Chemical and Mineralogical Services. Preliminary analyses
for additional trace elements were acquired via X-ray fluorescence
spectrometry at the University of Nottingham, England.

Fluid inclusion studies were conducted on selected samples of
quartz. The fluid inclusions in doubly polished sections were first
studied optically and described. A Chaixmeca heating and freezing
stage was then used to determine freezing and homogenization tem-
peratures for the inclusions. This information provides estimates of
the salinity and temperatures of fluids that circulated through the

Monterrosas area.



The sulfur isotopic ratios of pyrite and chalcopyrite from the
ore zone were obtained by standard techniques of mass spectrometry at
the U.S. Geological Survey, Branch of Isotope Geochemistry in Denver,
Colorado. Two K-Ar whole rock age dates were determined on samples

provided to Richard L. Armstrong at the University of British Columbia.



REGIONAL GEOLOGIC SETTING

The Monterrosas deposit is within the western margin of the
Coastal Batholith of Peru. The batholith forms the core of the
Cordillera Occidental, or Western Cordillera, in the central part of
the Andean Orogen (Figure 3). Near Ica, the batholith is flanked to
the west by the Rio Canete eugeosynclinal basin (Cobbing, 1978). The
Coastal Cordillera, which is farther west, contains the Lower Devonian
San Nicholas Batholith (Shackleton et al., 1979) and a Precambrian
metamorphic massif of the granulite facies (Dalmayrac et al., 1977;-

Cobbing, Ozard, and Snelling, 1977).

The Coastal Batholith of Peru

The Coastal Batholith of Peru is exposed as a continuous body for
a length of 2000 km from 4° to 18° South latitudes and is subparallel
to the continental margin. The batholith consists of as many as 1000
separate plutons that were emplaced over a 70 million year (m.y.)
interval from 100 m.y. to 30 m.y. ago (Cobbing et al., 1981). It
includes five compositionally distinct segments, as illustrated in
Figure 4, and each segment of this batholith is composed of a specific
assemblage of intrusive rocks which represent a petrologically and
geochemically unique magma series (Cobbing, Pitcher, and Taylor, 1977).
These assemblages, or superunits, consist of a consanguineous suite of
associated plutonic units that are spatially and temporally related,
and that have similar chemical and petrological characteristics. Each
successively younger superunit in the batholith exhibits a more

restricted areal distribution, and thus it may be inferred that each
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successive pulse of magma generation in the batholith became volu-
metrically smaller (Cobbing, Pitcher, and Taylor, 1977).

Plutonic rocks in the Monterrosas area occupy the central portion
of the Arequipa segment of the batholith. Two of the five superunits
in the Arequipa segment are present at Monterrosas. The oldest rocks
belong to the Patap Superunit. The Patap represents the earliest
phase of batholithic activity about 100 m.y. ago (Atherton et al.,
1979). Magmas of the Patap Superunit were probably derived from the
mantle wedge above the descending oceanic plate as primitive melts and
were intruded along extension fractures at the outer edge of the South
American continent (Cobbing, 1982; Bussell, 1983). These tholeiitic
magmas were emplaced as small widely dispersed plutons within a
eugeosynclinal sequence that has a maximum thickness of 10 km or less.
Mullan and Bussell (1977) have recognized four primary types of gabbro
in the Coastal Batholith: (1) olivine-plagioclase-augite (troctolitic)
gabbro; (2) olivine-plagioclase-augite-orthopyroxene (troctolitic-
noritic) gabbro; (3) augite-plagioclase gabbro; and (4) hornblende
gabbro. However, repeated alternations of injection and deformation
give the Patap rocks a chaotic appearance, and post-crystallization
metamorphism, metasomatism, and hybridization contribute to the
complexity of these rocks (Mullan and Bussell, 1977; McCourt, 1981).
Clinopyroxene-plagioclasefhornblende gabbros and diorites characterize
units of the Patap Superunit in the Monterrosas area. An anomalously
young whole rock K-Ar age date of 82 ¥ 3 m.y. for the least altered
sample of gabbro-diorite exposed in the Monterrosas area presumably

reflects some of these changes in rocks of the Patap Superunit.
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Intrusions of the Linga Superunit about 97 m.y. ago were
emplaced during the granitoid cycle of the batholith in the Arequipa
segment (Cobbing and Pitcher, 1983). Monzonitic rocks of the Linga
and younger superunits reveal a primary, calc-alkaline compositional
trend. A subsidiary rhythm, which is superimposed on the primary
trend, is also calc-alkaline, and it denotes in-situ mafic to felsic
differentiation within individual plutons (Cobbing and Pitcher, 1972;
Pitcher, 1978). A K-Ar whole rock age date of 92 * 3 m.y. was
obtained from a granodiorite of the Linga Superunit at Monterrosas.

Overall, the batholith is characterized as an I-type granitoid
body (Chappell and White, 1974), accompanied by significant volumes of
gabbro and coeval extrusions of basaltic and andesitic rocks (Pitcher,
1979). Mafic and intermediate rocks constitute the largest proportion
of the batholith. Tonalites account for 55 percent of the Arequipa
segment; 32 percent is granodiorite and adamellite (quartz monzonite);
9 percent is gabbro and diorite, and granites constitute 4 percent of
the rocks exposed in this segment (Cobbing and Pitcher, 1972; Jenks
and Harris, 1953). Initial 875r/86Sr ratios exhibit a narrow range of
values (0.7040 to 0.7050) for the batholith as a whole (Pitcher,
1979), and an initial 875r/86Sr ratio of 0.7043 has been reported by
Stewart et al. (1974) for a granodiorite several kilometers east of
the Monterrosas deposit.

Pitcher (1978, 1979) and Cobbing et al. (1981) have provided a

comprehensive discussion of the generation and emplacement of the
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Coastal Batholith of Peru. This so-called cauldron batholithl
(Pitcher, 1979, pp. 648-649) was passively emplaced into predominantly
eugeosynclinal volcanic and volcaniclastic rocks. Intrusion was along
a major lineament parallel to the South American plate boundary, and
emplacement occurred at a high level in the crust. These events took
place in a tensional stress regime that was related to subduction pro-
cesses, at the close of a principal phase of deformation known as the
Subhercynian orogeny in the Andean Orogen (Pitcher, 1979; Cobbing and
Pitcher, 1983). Pitcher (1979) favored a partial melting process of
equilibrium fusion, as described by Presnall and Bateman (1973), for
the origin of the gfanitoid magmas of the Coastal Batholith. In this
model, melts are generated in the lower crust as a result of the
transfer of heat from rising basaltic and gabbroic melts generated in
the subduction zone. Magmatic differentiation accounts for the mafic
to felsic trend seen in batholiths and their individual plutons

(Presnall and Bateman, 1973).

Regional Metallogeny

The Arequipa segment, in which the Monterrosas deposit is situated,
represents the most mineralized part of the Coastal Batholith.
Pitcher (1978) has recognized a marked contrast in the composition and
intensity of mineralization between the weakly mineralized Lima segment
and the more productive Arequipa segment, which contains numerous

mineral deposits of several genetic types. The boundary between the

1 A cauldron batholith is one in which the granitoid magmas remain
highly mobile and are capable of being rapidly injected into the crust
along fractures, faults, and other potential voids, in contrast to
diapir batholiths, which intrude the crust by forcibly shouldering it
aside.
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two is located near the Abancay deflection (Figure 3). Many important
deposits of copper lie to the south of this boundary, whereas to the
north mineralization is sparse (Sillitoe, 1976). The Monterrosas
deposit is located immediately south of the Abancay deflection, as
shown in Figure 5.

Sillitoe (1974) has suggested that segments of the Andean Orogen
 have distinctive metallic characteristics. Although the same types of
deposits have formed in nearly all segments (Sillitoe, 1976), the
deposits differ in age, size, and grade of contained metals from one
tectonic segment to another (Sillitoe, 1974; Petersen, 1972). Regard-
less of such variations, metal distribution patterns form a series of
narrow metallogenic subprovinces that are elongated parallel to the
continental margin'and exhibit a general west to east zonation that is
perpendicular to the regional trend of the Andes (Figure 5). These
subprovinces, from west to east, are characterized by: (1) iron ¥
phosphorous as apatite; (2) copper ¥ gold ¥ silver ¥ molybdenum;

(3) polymetallic copper-lead-zinc-silver; and (4) tin with subordinate
tungsten, silver, gold, antimony, bismuth, and molybdenum (Sillitoe,
1976; Clark et al., 1976; Frutos, 1982). The Monterrosas deposit is
located at the boundary between the iron and copper metallogenic belts
(Figure 5).

Several mineral prospects in the region immediately surround
Monterrosas. Most are small deposits of copper in veins (Merwin
Bernstein, 1980, personal communication). Centromin Peru is currently
conducting an exploration program at two of the copper prospects, the
Huanaco Vein and the Azurita deposit, about 6 km northwest of the

Monterrosas Mine. Their efforts to date indicate potential reserves
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of at least 3 million tons of ore at these prospects (Todd, 1983). On
the basis of an airborne geophysical exploration program, Programmed
Neuro Cybernetics Ltd. of Great Britain has identified a belt of
copper-cobalt deposits in the Monterrosas area (Hyde, 1984). Acari,
Rio Pisco (Eliana), and Raul are among the better known deposits that
are found in central and southern Peru near Monterrosas (Figure 5).
Each of these deposits, along with Monterrosas, has been classified by
Cardozo and Vidal (1981) as part of the amphibole-pyrite-chalcopyrite
association that is present commonly along the western flank of the
Central Andes. The large porphyry copper deposits of Cerro Verde,
Cuajone, Toquepala, and Quellaveco are located about 500 to 625 km
farther to the south in southernmost Peru (Bellido et al., 1972).
Acari is an iron-copper deposit hosted by granodiorites of the
Linga Superunit (Park, 1972; Cobbing and Pitcher, 1983). It is
located approximately 180 km south of Monterrosas near the western
edge of the Coastal Batholith. The host rocks contain vein-like
(Sillitoe, 1976) or rod-like (Park, 1972) deposits of massive magne-
tite or chalcopyrite that are related genetically to units of the
enclosing Linga Superunit (Cobbing and Pitcher, 1983). Contacts
between ore and country rocks are sharp, and there is little evidence
of replacement or assimilation by the granodiorite (Park, 1972). The
iron deposits at Acari are believed to have formed by magmatic injec-
tion (Zevallos, 1966; Bellido, 1974) from an unexposed dioritic magma
at depth (Dunin-Borkowski, 1970). Veins of chalcopyrite-actinolite-
magnetite which have an appreciable vertical and lateral extent are
interpreted to represent hydrothermal deposits localized within frac-

tured granitoid intrusive rocks that possibly are related genetically
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to the iron deposits at Acari (Sillitoe, 1976). Marcona, which is a
contact metasomatic skarn deposit of iron, is 45 km northwest of Acari
(Figure 5). It consists of magnetite-hematite ore 1océlized in thin
or lensoid Paleozoic limestone units that have been intruded by diori-
tic units of the Coastal Batholith (Petersen, 1970).

Orebodies in the Eliana district, about 50 km north of Monterrosas,
occur as replacement veins and contact lodes within or adjacent to
gabbro-diorites of the Patap Superunit (Ponzoni and Vidal, 1982). The
primary minerals of these ores consist of massive intergrowths of
magnetite, apatite, pyrite, pyrrhotite, and chalcopyrite that are
intimately associated with actinolite. Wallrock alteration is per-
vasive and characterized by uralitized ferromagnesian minerals plus
chlorite, sphene, epidote, sodic scapolite after plagioclase feldspar,
“magnetite, calcite, and minor quartz. Mineralogic and fluid inclusion
evidence from the Eliana deposit (Vidal, 1980; Ponzoni and Vidal,
1982) indicates that the ores were deposited from chloride-bearing
solutions marked by high Na*/K* ratios. Ponzoni and Vidal (1982)
advocated that these mineralizing solutions were evolved from the
gabbro-diorite parent intrusions. The genesis of ores in the Eliana
area was by bimetasomatic hydrothermal replacement of gabbroic and
andesitic host rocks along structural channelways (Vidal, 1980).

In contrast, Agar (1981, 1982) has offered a substantially dif-
ferent explanation for the origin of the copper ore in the Rio Pisco
(Eliana) area. Sulfides localized as disseminations in volcanic and
gabbroic rocks and as components of veins and mantos in gabbroic rocks
have been attributed to porphyry copper-type mineralization. The

source of the ore-forming fluids, according to Agar (1981, 1982), was
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magmatic hydrothermal brines which emanated from successive intrusions
of monzonite that belong to the Linga Superunit.

The Raul Mine, about 170 km north of Monterrosas, is a pyritic
copper deposit confined to a eugeosynclinal assemblage of volcanic and
sedimentary rocks of Cretaceous age (Ripley and Ohmoto, 1979). The
ore is concentrated mainly as mantos, stringers, and disseminations,
and also as veins emplaced within the Chilca Formation. Chalcopyrite-
pyritetpyrrhotite are present as disseminations and as discontinuous
bands and lenses within amphibole-rich altered rocks. Other minerals
such as chlorite, scapolite, epidote, quartz, and magnetite are found
intergrown with the sulfide-amphibole assemblage of the mantos (Ripley
and Ohmoto, 1977, 1979). Ripley and Ohmoto (1977, 1979) and Wauschkuhn
and Thum (1982) categorized Raul as a volcanogenic exhalative massive
sulfide deposit that formed by submarine hydrothermal activity at or
near the interface between the sea floor and sea water. However,
Vidal (1980), Cardozo and Vidal (1981), and J. Injoque (personal and
written communication, 1981 to 1984) have recognized similarities be-
tween Raul, Eliana, and Monterrosas such as: (1) the actinolite-rich
a]tekation assemblage that also includes other amphiboles, magnetite,
chlorite, epidote, scapolite, sphene, and apatite; (2) an ore assem-
blage of chalcopyrite, pyrite, magnetite, and pyrrhotite; (3) gabbro-
diorite intrusions as the host rocks (Eliana and Monterrosas) and
possible source of the hydrothermal mineralizing fluids; and (4) bime-
tasomatic reaction with and replacement of mafic and intermediate
volcanic or plutonic host rocks along faults, fractures, and contacts.
Injoque (personal communication, 1981) has identified skarn-type

mineralization adjacent to a gabbroic intrusion of the Patap Superunit
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in the Raul-Condestable area. A paragenetic segquence of skarn for-
mation at Raul is recognized in which a deeper, higher temperature
garnet-pyroxene assemblage becomes an amphibolitic skarn at strati-
graphically shallower levels in the volcanic sequence. Vidal (1980)
and Injoque (in preparation) thus interpret mineralization in the Raul-
Condestable district to represent hydrothermal replacement, not a
volcanogenic massive sulfide deposit, that is possibly associated

genetically with a gabbro-diorite intrusion.

Regional Tectonics

The Monterrosas deposit is localized within a regionally complex
structural zone. It is located about 50 km south of the Abancay
deflection along an inland projection of the Nazca Ridge and just
north of a transition zone in the angle of subduction of the Nazca
plate (Figure 3). Regional variations of geologic features north and
south of the Abancay deflection near 13.5°S indicate that fundamental
tectonic elements of Peru may have persisted for long periods of
geological time (Cobbing et al., 1981; Dalmayrac et al., 1980). Such
regional variations to the north of the Abancay deflection include:
(1) a thin, flexible crustal segment with trends inclined to the
Brazilian Shield (Audebaud, 1973); (2) a compressional stress pattern
denoted by horizontal foreshortening and strike-slip faults (Megard
and Philip, 1976); (3) pre-Mesozoic rocks of the Eastern Cordillera
that narrow and are deflected westward (Petersen, 1972); (4) a change
in the regional strike and paleogeography of Mesozoic sedimentary for-
mations (Gansser, 1973); and (5) a uniform width of the Cenozoic

polymetallic belt of Cu-Pb-Zn-Ag in central Peru from 6° to 13°S
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(Sillitoe, 1974). To the south of the Abancay deflection, regional
variations include: (1) a thick continental crust with an intracra-
tonic character related to the Brazilian Shield (Audebaud, 1973);

(2) Precambrian crystalline rocks in the Coastal Cordillera which
disappear abruptly north of 13.5°S (Gansser, 1973); (3) extensional
tectonics with short-lived compressional phases (Mercier, 1981);

(4) Tertiary sediments and silicic tuffs (Noble et al., 1979) and
marine Oligocene and younger formations (Jenks, 1956) that were depos-
ited on the Coastal Batholith south of 14°S, but are absent to the
north; (5) the polymetallic belt doubled in width, but less intensely
mineralized (Cobbing et al., 1981); and (6) most of the important
deposits of copper in the Western Cordillera (Sillitoe, 1974).

Some investigators believe that some of the differences in geo-
logic features on either side of the Abancay def1eption are related to
transverse tectonic segmentation caused by differences in the dip of
the underlying subduction zone both at the present and in the past
(Sillitoe, 1974; Pitcher, 1978). For example, four major segments of
the Nazca plate'are presently being subducted beneath South America.
Two segments (one beneath southern Peru-northern Chile, and another
beneath southern Chile) dip about 30°, and the other two beneath
central Peru and central Chile have an average dip of about 10°
(Barazangi and Isacks, 1976; Hasegawa and Sacks, 1979). Perhaps the
best illustration of this variable dip of the Benioff zone beneath
South America is seen in the distribution of Quaternahy volcanic
activity. The correlation between segments with a shallow dip and the
lack of Quaternary volcanism in western South America is universal, as

is the correlation between those that dip more steeply and recent
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volcanic activity (Hanus and Vanek, 1978). The lack of volcanism .
associated with low angle subduction underscores the prerequisite of
an asthenospheric mantle wedge between the subducted and overriding
plates for volcanism to occur (Gill, 1981).

The transition from a shallow to a steeply dipping segment at 15°S
between the central Peru and southern Peru-northern Chile segments,
respectively (Figure 3), has been identified as a contortion over a
lateral section 100 km wide within the continuous slab of the Nazca
plate (Hasegawa and Sacks, 1981, see Figures 4, 5, and 6; Sacks, 1983;
Boyd et al., 1983). Both segments have been subducted at an angle
of about 30° down to at least 100 km depth. However, below 100 km the
segment beneath central Peru is bent to a near-horizontal attitude,
whereas the more southerly segment continues downward at a 30° angle.
The shallow dipping segment extends inland about 700 to 800 km, where
it again dips about 30° to depths of about 600 km (Sacks, 1983;
Hasegawa and Sacks, 1981). Alternatively, Ocola (1983) has proposed a
mode]l that consists of two Benioff zones, which differ in age yet have
normal dips of 30° beneath central Peru, that are connected by a
detachment zone.

The shallowest depths and lowest angles of subduction of the
Nazca plate beneath western South America correlate with topographic
features such as the Nazca Ridge and the Juan Fernandez Ridge on the
subducted slab (Hanus and Vanek, 1978; Pilger, 1981). Pilger (1981),
Cross and Pilger (1982), and Sacks (1983) have concluded that sub-
ducted, anomalously buoyant oceanic crust beneath the Nazca Ridge has
caused the reduced angle of subduction beneath central Peru. Barazangi

and Isacks (1976, 1979) surmised that the Nazca Ridge represents a
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zone of weakness in the Nazca plate and thus is a likely site for the
plate to tear or deform. However, the Nazca Ridge intersects the
Peru-Chile Trench significantly north of the contorted transition zone
between the steep and shallow dipping segments. The Nazca Ridge,
therefore, may have a rippling effect on the Nazca Plate that trans-
mits the contorted transition zone southward. The fact that Pliocene
volcanic activity is recorded farther to the north than is Quaternary
volcanism (Pilger, 1981) supports this notion.

Cobbing et al. (1981) have speculated that differences in the
location of several discontinuities and deflections, as discussed
above, may indicate a slight north-south component in the migration of
the South American plate relative to the Nazca Plate. The junction
between the Nazca Ridge and the Peru-Chile Trench, according to Pilger
(1981), has migrated southward during the late Cenozoic, although this
apparent movement might also be in part the result of oblique colli-
sion rather than northward motion of South America.

Szatmari (1983) has identified the Pisco-Jurua fault as a major
intraplate structure that cuts across Peru and defines the Abancay
deflection. Left-lateral movement of more than 100 km along the
Pisco-Jurua fault may be responsible for the northward termination of
the Coastal Cordillera and the deflection of the Eastern Cordillera
associated with the Abancay deflection. According to Szatmari (1983),
the separation of North America from Gondwana in early Mesozoic time
activated movement on the fault. In addition, reactivation of the
fault in Pliocene time may have sheared the subducting slab of the
Nazca plate and formed the Quiros fracture zone and the Nazca Ridge as

the shear zone propagated through the oceanic plate. Although the
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Arequipa segment of the Coastal Batholith may have passed through this
structure, it did so without apparent deformation because there was
little movement along this fault from late Cretaceous to Pliocene time

(Cobbing et al., 1981; Szatmari, 1983).
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THE MONTERROSAS MINE

Mine History

The first systematic geologic studies at the Monterrosas Mine were

begun in 1967 by the Cerro de Pasco Corporation, headquartered in New
York City. Geologists of Cerro discovered the copper-bearing |
Monterrosas Vein. This spurred subsequent topographic and geologic
mapping and exploration, which led to the initiation of mine develop-
ment work underground in 1970. These efforts included two vertical
shafts and several drifts at various subsurface levels, as sketched in
Figure 6. A

On 1 January 1974, the Peruvian properties of the Cerro de Pasco
Corporation were nationalized. The Peruvian government formed Empresa
Minera del Centro del Peru (Centromin Peru) specifically to manage and
operate the former holdings of Cerro. Centromin Peru has continued
exploration and development work at the mine. In 1979, 2 percent
ownership of Monterrosas was given to Cia. Minera los Montes S.A., a
wholly owned subsidiary of Centromin Peru. Los Montes is now the
operator of the Monterrosas Mine.

The Monterrosas deposit was put into production in March, 1982.
The mine produced 8,907 tons of concentrate in 1982 that contained
about 31 percent copper and 0.43 ounces of gold per ton (Hyde, 1984).
About 70 tons of molybdenite concentrate that averaged 53 percent
mo]ybdenum was also scheduled for recovery (Hyde,‘1983). Pyrite
separated from the tailings of copper produced a concentrate with 0.4
percent cobalt (Hyde, 1984). The copper tailings and pyrite concen-

trate were sent to the Finnish company, Outokumpu Oy, and the copper
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concentrates were shipped to Japan (Todd, 1983; Hydef 1984). Produc-
tion is expected to reach 13,000 tons of concentrate annually.
Centromin Peru has calculated ore reserves that total about 1.9
million tons of 2 percent copper-equivalent, or about three years of
proven and probable reserves (Todd, 1983).

The cost of the Monterrosas project was about $14.2 million (Hyde,
1983). The Crocker National Bank provided $5 million, Corporacion
Financiera de Desarrollo (COFIDE) $3.6 million, the Capital Fund $1
million, and various local sources accounted for the balance (Hyde,
1983). The mine was expected to be profitable at a 1982 price of
copper estimated in 1979 at $0.90 pef pound (Todd, 1983). At present,
production covers operating expenses and depreciation, but not financ-
ing costs, at the current price of copper (about $0.70 per pound).

The loss for 1982 was about $500,000. It is estimated that the
Monterrosas Mine could cover all its costs at a price of $0.80 per

pound of copper (Todd, 1983).

The Monterrosas Deposit

The Monterrosas orebody is a tabular, fracture-controlled vein-like
deposit that is confined to a structurally complex zone characterized
by en echelon fractures and splay faults trending approximately east-
west and dipping steeply north to vertical. Although this zone is
largely defined by a major (unnamed) fault that cuts all plutonic
rocks of the area, economic grades of mineralization are located pri-
marily within gabbro-diorites of the Patap Superunit along a splay
that trends about N55°W, as shown in Plate 1. The orébody is

comprised of nearly massive sulfides that currently measure at least
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260 m in length, 3 to 16 m in width, and 150 m in depth. The ore
averages 1.9 percent copper, 0.7 ounces silver, and 0.03 ounces gold
per ton. It also contains anomalously large concentrations of cobalt
(up to 630 ppm) and molybdenum (up to 800 ppm), and minor geochemical
anomalies for nickel (up to 200 ppm) and gallium (up to 200 ppm) have
been detected in composite rock-chip samples from the ore zone.

An overview of the extent and distribution of copper mineraliza-
tion, based on the average of assays for channel samples up to two
meters in length collected by Centromin Peru, is summarized in Figure 7.
The channel samples are of two types. "Back" channel samples were
collected across the back, or roof, of the mine tunnel, at right
angles to the direction of the tunnel and to the general structural
trend of the mineralization, and at 2 m intervals along the length of
the tunnel. *"Wall" channel samples were collected continuously at 2 m
intervals along one of the two walls, or sides, of the tunnel, and
thus they parallel the direction of the tunnel and the general struc-
tural trend of mineralization. Because locations of the channel
samples are controlled by available mine workings, whereas the orebody
js defined by these samples as well as those collected from crosscuts
and drill core, the mineralization as portrayed in Figure 7 does not
define precisely the orebody in terms of location and grade. Although
the data for these channel samples imply that rocks outside the ore
zone contain as much as 0.5 percent copper, ana]ySes of samples col-
lected in this study from nearly equivalent locations reveal essentially
background concentrations for copper of about 0.005 percent (50 ppm).

The primary mineral assemblage consists chiefly of chalcopyrite,

magnetite, pyrite, and actinolite in variable proportions, and
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subordinate amounts of scapolite, quartz, apatite, cubanite, and
pyrrhotite. Replacement of the gabbro-diorites was the principal
mode of mineral deposition, with lesser filling of fractures, as
deduced from petrographic studies of thin and polished sections.

The iron and copper minerals in weathered outcrops include hematite,
goethite, jarosite, azurite, malachite, chrysocolla, and atacamite as
products of oxidation, bornite, covellite, and sooty chalcocite prob-
ably formed by supergene enrichment, and minor amounts of residual
pyrite, chalcopyrite, and magnetite.

Contacts between the dioritic wall rocks and the orebody are
transitional, as deduced from detailed geologic mapping of subsurface
exposures and petrographic studies. These contacts are diffuse and
indistinct because of locally widespread amphibolization that is
accompanied by disseminations anq veinlets of ore and gangue minerals
to form this transitional zone. The outermost portion of the amphibo-
lized gabbro-diorite passes inward to a zone of finely to coarsely
crystalline (to more than 5 cm) actinolite that contains increasingly
larger amounts of disseminated and stringer occurrences of oxide and
sulfide minerals. The actinolite-rich portion of the ore zone grades
inward to a massive zone of magnetite containing stringers and blebs
of sulfides and actinolite, which in turn grades into a central zone
of massive to nearly massive sulfides with minor gangue. These zones
exhibit "pinch and swell" features and may differ significantly in
size on either side of the high-grade sulfide zone. In addition, the
overall width of the ore zone may also change along strike. Smaller

monomineralic lenses of actinolite, magnetite, pyrite, and chalcopyrite
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are found both transverse and parallel to the strike of the orebody
for distances of several meters or more.

The character of mineralization is markedly different in monzonitic
host rocks of the Linga Superunit that are present east-southeast and
west of the diorite-hosted Monterrosas orebody. Copper concentrations
diminish to negligible amounts (less than about 0.6%), mineralization
is dominated by cavity or fracture filling processes, and mineral

assemblages of the veins consist of quartz + calcite and (or) epidote ¥

potassium feldspar. Minor occurrences of copper and iron sulfides
within some quartz-rich veins in the monzonitic rocks such as the
Monterrosas or Montekeka Veins (Plate 1) might represent minor re-
mobilization and redeposition of components from the earlier diorite-

hosted ore.
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PLUTONIC ROCKS

Gabbro-diorites of the Patap Superunit represent the earliest
phase of batholithic magmatism in the Monterrosas area. According to
Cobbing (1982), magmas of the Patap Superunit were emplaced about 100
m.y. ago, although an age of 823 m.y. was obtained by whole rock K-Ar
dating for the least altered sample of gabbro-diorite (6-8-13) exposed
in the Monterrosas area. This anomalously young date could be the
result of post-crystallization changes in the gabbro-diorites related
to mineralization and (or) later intrusions in the mine area. Intru-
sion of monzonites associated with the Linga Superunit followed em-

placement of the Patap Superunit. A K-Ar whole rock age date of 92 f

3 m.y. for a sample of granodiorite (7-2-13) at Monterrosas agrees
with a published age for rocks in the Linga Superunit of about 97 ¥

3 m.y. (Cobbing and Pitcher, 1983). Intrusive relationships between
the two superunits in the Monterrosas area indicate that rocks of the
Linga Superunit are younger than those of the Patap Superunit. For
example, xenoliths, although absent in the gabbro-diorite phases, are
commonplace in the monzonitic units. These xenoliths are rounded to
angular in shape, up to 15 cm in diameter, mafic in composition, and
increase in abundance near contacts with the Patap Superunit. They
presumably represent fragments of wall rock derived from the gabbro-
diorites during emplacement of the more silicic phases in the Linga

Superunit.

The Patap Superunit

Gabbros and diorites of the Patap Superunit as shown in Plate 1

are found in the central portion of the Monterrosas area. Surface
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exposures of fresh rocks are generally dark greenish-gray to black in
color. They are finely to coarsely crystalline equigranular and con-
tain clinopyroxene, plagioclase feldspar, amphibole, sphene, and
magnetite that are readily identifiable in hand specimen. As the
mineralized zone is approached, the intensity of alteration in the
gabbro-diorites increases and new secondary minerals become noticeable.
These consist of actinolite, chlorite, epidote, scapolite, tourmaline,
and traces of pyrite that are visible along with plagioclase feldspar,
sphene, and magnetite.

Petrographic examinations of the Patap rocks indicate that they
have fairly consistent textural and mineralogical characteristics.
They are generally medium equigranular with crystal sizes ranging from
less than 1 to 6 mm. However, a finely crystalline variety of gabbro-
diorite with a mean crystal size of less than 2 mm has been recognized
in drill core. Sparsely distributed large crystals of plagioclase
feldspar impart a porphyritic texture to a few samples. Major primary
minerals include plagioclase feldspar, clinopyroxene, and light brown-
ish hornblende, with accessory sphene, magnetite, ilmenite, apatite,
and zircon in abundances as indicated in Table 1 and in Appendix 1.
Secondary minerals such as uralite or fibrous actinolite, green-
brown hornblende, epidote and clinozoisite, scapolite, magnetite,
sphene, chlorites, tourmaline, allanite, calcite, apatite, white mica,
green and brown biotite, albite, quartz, and pyrite are superimposed
as minerals that mainly replace magmatic clinopyroxene, plagioclase
feldspar, and ilmenite.

Plagioclase feldspar is the most abundant mineral in Patap gabbro-

diorites from the Monterrosas area. Polysynthetic twins that follow



Table 1.

Modal Compositions* of the Least Altered Rocks of the Patap and Linga
Superunits in the Monterrosas Area (in volume percent)

Patap Gabbro-Diorites

Linga Monzonites

(n=6) Kla (n=6) Kb (n=5)

mean + 1 range mean * 1 range mean * 1 range
Quartz <1 <1-3 17.8%4.6 14-26 11.5%4.1 7-16
Kspar -- .- 19.7%4.5 12-26 5.8+2.4 3-9
Plagioclase 59.3%#5.8 49-67 42.9%2.9 37-46 53.7%2.5 50-56
Clinopyroxene 13.0+9.6 <1-26 <1 <1-3 <1 <1-1
Amphibole 15.5%8.5 2-25 13.0%2.5 9-16 18.0+2.2 15-21
Apatite 1.2%0.9 <1-3 <1 <1 <1 <1
Sphene 1.8%0.9 <1-3 1.4%0.8 <1-3 1.8+1.5 <1-4
Opaque oxide 3.0%1.7 1-6 2.4%1.1 <1-3 4.1%1.7 2-6
Zircon <1 <1 <1 <1 <1 <1
Allanite <1 <1 <1 <1 <1 <1
Biotite -- -- <1 <1 <1 <1
Epidote 2.4%1.9 <1-6 <1 <1 <1 1-2
Scapolite 2.1%1.9 <1-5 -- -~ -- --
Chlorite <1 <1 <1 <1 1.0+1.0 1-3
Sericite <1 <1-3 «1 «1 2.2%0.4 2-3
Albite <1 <1 <1 <1 <1 <1
Calcite <1 <1 <1 <1 <1 <1

* Modes based on at

least 1000 points counted for one or more thin sections per sample.

A
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the albite twin law are widespread in these feldspars, whereas
polysynthetic pericline and complex albite-Carlsbad twins are less
common. In general, twinning is indistinct and interrupted. Many
crystals are fractured, bent, or display offset twins that provide
evidence of mild protoclastic or tectonic deformation during or after
crystallization of the Patap magma.

It is clear that plagioclase feldspar had a complicated history of
crystallization in the Patap magma. Compositions in the gabbro-
diorites range from An 33 to An 59, as measured by the Michel-Levy
method on albite twins and the combined albite-Carlsbad method
(Phillips and Griffen, 1981, pp. 354-358). Analyses of individual
crystals by electron microprobe indicate a complex pattern of com-
positional zoning. For example, normal, discontinuous, and possibly
oscillatory and reverse variations are present. Compositions in the
cores of fresh crystals are as calcic as An 56 and the rims are as
sodic as An 28 (Appendix 2). Differences in composition that are
manifest by features such as discontinuous and oscillatory zoning
within individual crystals suggest that changes both internal and
external to the magma took place during crystallization (Smith and
Lofgren, 1983). Deviations in pressure, temperature, water satura-
tion, and (or) the kinetics of crystal growth might account for some
of the variations identified in plagioclase feldspar from the Patap
gabbro-diorites. Furthermore, resorption and replacement of crystals
of andesine-labradorite indicate reaction and decomposition after
crystallization from the magma. Secondary minerals such as epidote,
scapolite, and clinozoisite are present in the cores of plagioclase

feldspar from relatively fresh samples of gabbro-diorite. These
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minerals appear to be the products of late magmatic-deuteric altera-
tion. Increased alteration of the plagioclase feldspars associated
with mineralization resulted in the formation of other secondary
minerals such as chlorite, amphibole, magnetite, calcite, white mica,
albite, and quartz. A dark, clouded, dusty appearance in many fresh
and altered crystals of plagioclase feldspar may have been caused by
the inclusion of minute particles of magnetite, ilmenite, hematite,
amphibole, and (or) pyroxenerduring primary crystallization (Bottinga
et al., 1966) and possibly by processes of diffusion and replacement
after initial crystallization (Deer et al., 1963, p. 152).
Clinopyroxene, which is present as small, colorless to pale-green,
subhedral crystals, is interstitial to plagioclase feldspar in the

gabbro-diorites. Simple twins are characteristically observed in some

~ crystals. Petrographic determinations indicate that the composition

of the pyroxene is diopsidic augite, and this inference is supported
by electron microprobe analyses, shown in Figure 8, which indicate
that the average composition of magmatic clinopyroxene in relatively
fresh gabbro-diorites is diopside. Analyses of individual crystals
plot predominantly as diopside on the pyroxene quadrilateral, with
only one or two crystals classified as salite, augite, or endiopside
(Figure 8; Appendix 3). Petrographic evidence such as extensions of
diopside along the borders of plagioclase feldspar crystals and in-
clusions of andesine~labradorite in diopside demonstrates that at
least some clinopyroxene crystallized after plagioclase feldspar.
Diopside became unstable after crystallization, and it was partly to

totally replaced by light olive to green-brown actinolitic hornblende
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Figure 8. Electron Microprobe Analyses of Clinopyroxenes. Analyses

from the Monterrosas deposit are plotted on the pyroxene
quadrilateral (in atomic percent), after Deer et al., 1978,
Figures 1 and 11, p. 3 and 16, respectively. Upper diagram
with plot of the average composition of clinopyroxene in

fresh samples of gabbro-diorite (samples 6-8-13 and 10-2-21).

Expanded diagram shows plots of individual analyses (closed
circles, 6-8-13; open circles, 10-2-21; x, 1-32-15).
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and blue-green uralite or fibrous actinolite. Cores of remnant diop-
side within amphibole are observed commonly in relatively fresh rocks,
and amphibole that is entirely pseudomorphic after pyroxene is wide-
spread in more altered samples of gabbro-diorite. Some crystals of
diopside contain inclusions of ilmenite, magnetite, sphene, apatite,
and zircon as well as replacement intergrowths of sphene and magnetite
or ilmenite.

Some amphiboles in the gabbro-diorites are presumably hornblende
and appear to be of primary magmatic origin. They are present as
finely crystalline subhedra that occupy interstices between crystals
of plagioclase feldspar and diopside. This amphibole exhibits pleo-
chroic colors from brown to greenish brown and is optically negative
with a large 2V. Microprobe analyses (Appendix 4) suggest that this
amphibole is actinolitic hornblende based on the classification scheme
of Leake (1978) and Leake and Hey (1979). Actinolitic hornblende
alters to actinolite, chlorites, epidote, sphene, and iron-titanium
oxides.

Ilmenite and magnetite have been identified in examinations of
polished thin sections and confirmed by electron microprobe analyses
(Appendix 5). Minerals such as sphene, apatite, and zircon, in addi-
tion to ilmenite and magnetite, are present as subhedral to euhedral
crystals that are interstitial to and included within plagioclase
feldspar and clinopyroxene. Ilmenite is generally more altered than
magnetite in the gabbro-diorites. Complex intergrowths that include
hematite, sphene, pseudobrookite, rutile, leucoxene, and (or) magne-
tite and sulfides replace ilmenite. Leucoxene is a common alteration

product of sphene and ilmenite. Magnetite has been altered to hematite
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(or martite) and limonite, and may be replaced by pyrite and (or)

chalcopyrite.

The Linga Superunit

Monzonitic rocks of the Linga Superunit are distributed widely
around gabbro-diorites of the centrally located Patap Superunit (Plate
1). A variety of rock types, as depicted in Figure 9, are contained
within this superunit. Quartz monzodiorites and granodiorites are the
most prevalent compositions, but quartz diorites, tonalites, and
quartz monzonites are also present. Modal variations within the Linga
Superunit in the Monterrosas area complicate the identification of
individual petrologic units. However, differences in the abundances
of minerals characterize the granitoid units of the batholith, and
especially the Linga Superunit (W. S. Pitcher, written communication,
1981). For example, Cobbing and Pitcher (1972) have discussed devia-
tions in the content and proportions of mafic minerals qnd potassium
feldspar which result in local modal variations contained within the
scale of an individual outcrop. The Linga Superunit in the Monterrosas
area has been subdivided tentatively into two units, Kia and Kyp, on
the basis of the modal percentage of potassium feldspar. Unit Ky,
includes rocks with more than 10 volume percent potassium feldspar
such as granodiorites, quartz monzonites, and quartz monzodiorites,
and unit Kip consists of rocks that contain less than 10 volume percent
K-feldspar such as quartz diorites, tonalites, and some quartz monzo-
diorites, as shown in Figure 9, Table 1, and on Plate 1. Both of
these units are more leucocratic than the gabbro-diorites, and they

range in color from greenish gray to pinkish. This variation in color
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1973) of Modal Compositions of the Patap and Linga Superunits in the
Monterrosas area. Squares, Patap Superunit; closed triangles, Linga Super-
unit, unit Klp; open triangles, Linga Superunit, unit Kla. Large square at
apex of plagioclase feldspar includes most of the gabbro-diorites. Irregular
solid Tines enclose fields of granitoids represented in the Arequipa segment
of the Coastal Batholith (after Atherton et al., 1979, Figure 9, p. 57).
Dashed line at 15 percent quartz indicates boundary used to define the limits
of fields for granitoids named by British geologists.
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correlates with the amount of pink potassium feldspar and dark ferro-
magnesian minerals in the rock. The monzonitic rocks in outcrop are
fine to medium crystalline equigranular. Rounded to angular and
elongated mafic inclusions and clots are characteristic of the Linga
units. Minerals such as quartz, potassium feldspar, plagioclase feld-
spar, hornblende, sphene, and magnetite are visible in hand specimen.
The Linga units have uniform petrographic characteristics. They
are fine to medium equigranular, with crystal sizes generally less
than 5 mm. A porphyritic texture is imparted to several of the
samples by large (> 6 mm) zoned crystals of plagioclase feldspar.
Plagioclase is the most abundant primary mineral. Other major primary
minerals are quartz, potassium feldspar, and hornblende, with traces
of clinopyroxene and biotite. Accessory minerals found in rocks of
the Linga Superunit include sphene, magnetite, ilmenite, apatite, and
zircon. Secondary minerals such as chlorite, white mica, epidote and
clinozoisite, magnetite, sphene, actinolite, quartz, potassium feld-
spar, albite, calcite, and allanite are present in minor amounts.
Traces of tourmaline and scapolite are also present in a few samples.
Plagioclase feldspar is the dominant mineral phase in the Linga
Superunit. Abundances range from about 55 percent to about 35 percent
(Table 1; Appendix 6). It is present as subhedral to anhedral laths
that are generally less than 5 mm in length. Many crystals of plagio-
clase feldspar exhibit evidence of deformation, as indicated by bent
and fractured crystals, discontinuous and indistinct twins, and frac-
tures occupied by veinlets of quartz and (or) calcite. Compositions

range from An 24 to An 52, as measured from extinction angles of
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albite and combined albite-Carlsbad twins (Phillips and Griffen, 1981,
pp. 354-358). Many crystals of plagioclase feldspar are composi-
tionally zoned, with normal, oscillatory, and discontinuous zone types
apparently most common. The cores of some zoned crystals are filled
with inclusions of opaque minerals, amphibole, and possibly pyroxene.
These feldspars may indicate that restitic material was present in the
Linga magmas during their ascent and crystallization (Pitcher, 1979).
The restitic feldspar was subsequently corroded and overgrown by less
calcic plagioclase feldspar. Some mafic clots and xenoliths in the
Linga intrusions may also represent restite (White and Chapbe]], 1977).

Although plagioclase feldspar in rocks of the Linga Superunit is
generally unaltered at the Monterrosas Mine, samples from a few local-
ities have been altered thoroughly to intergrowths of coarsely
crystalline white mica (essentially muscovite), chlorite, and calcite.
Epidote, actinolite, and clinozoisite also replace andesine. In addi-
tion, alkali feldspar and quartz may rim and apparently replace
crystals of plagioclase. Variable replacement by alkali feldspar may
leave merely a remnant core of the original andesine, and discrete
veinlets of alkali feldspar in a few samples cut across the albite
twins of plagioclase feldspar.

Potassium feldspar is the second most abundant constituent in the
more felsic rocks of the Linga Superunit. Its abundance varies from
less than 5 percent in the quartz diorites to more than 20 percent in
the quartz monzonites. This feldspar is recognized petrographically
as microcline perthite and possibly as orthoclase perthite. Much of
the potassium feldspar has a dusted and cloudy appearance. It also

exhibits unusual overgrowths of anhedral sphene in a few samples.
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Crystal sizes range from less than 1 to about 3 mm, and crystal shapes
are anhedral to subhedral. Coarsely crystalline perthite exhibits an
interstitial relationship to andesine, and it may also replace plagio-
clase feldspar. Moreover, perthite is commonly intergrown with and
adjacent to quartz.

Quartz is usually present in amounts of less than 20 volume per-
cent in rocks of the Linga Superunit in the Monterrosas area. It is
commonly associated with perthite in interstices between crystals of
plagioclase feldspar. Textural evidence in some samples suggest that
quartz also corrodes and replaces plagioclase feldspar. Many of the
quartz crystals contain fluid inclusions. Simple vapor + liquid
inclusions are most common, but more saline inclusions with halite and
other daughter minerals are also present. The fluid inclusions will
be discussed in more detail in a later chapter.

Amphibole is the predominant ferromagnesian mineral in plutonic
phases of the Linga Superunit. It ranges in abundance from 9 to about
20 volume percent. The pleochroic colors of the amphibole minerals
vary from moderate yellowish green to greenish brown and bluish brown.
In general, amphiboles in the monzonites are browner than those in the
gabbro-diorites. On the basis of petrographic criteria, these amphi-
boles are classified as hornblendes. Much of the hornblende has been
variably altered to blue-green actinolite, chlorite, epidote, biotite,
sphene, magnetite, and (or) smectite. Some crystals of hornblende have
remnant cores of clinopyroxene, and many contain inclusions of apatite.
These minerals provide further evidence that the Linga magmas may have
carried restitic material (Hine et al., 1978). White and Chappell

(1977) have described the presence of pyroxene cores and inclusions of
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apatite in hornblende from I-type granitoids, and these amphiboles are
presumed to have been derived from residual pyroxene by equilibration
with a hydrous melt as the magma ascended and crystallized.

Clinopyroxene and red-brown biotite are minor ferromagnesian
constituents of the Linga Superunit. The clinopyroxene is colorless
and is distributed sparsely as remnant cores in crystals of amphibole.
The composition of clinopyroxene is probably augite or diopsidic
augite based on petrographic data such as optic angle, birefringence,
and refractive index (relief). Red-brown biotite is present in trace
amounts as subhedral crystals interstitial to andesine and hornblende,
or as overgrowths on the margins of amphibole.

Sphene, magnetite, ilmenite, apatite, and zircon are accessory
minerals in rocks of the Linga Superunit. They are present as small
subhedra and euhedra interstitial to and included within plagioclase
feldspar and the ferromagnesian minerals. Sphene and less commonly
apatite and the opaque minerals may form larger crystals up to 3 mm in

di ameter.

Chemistry of the Plutonic Rocks

The Patap Superunit

Gabbro-diorites of the Patap Superunit represent the most mafic
rocks in the Monterrosas area. Compositional data for the least
altered samples of this superunit, as summarized in Table 2, indicate
that the gabbro-diorites are characterized by low average concentra-
tions of Fe0 as total iron oxide (5.4 wt %) and K20 (0.2 wt %) and
high average concentrations of Ca0 (11.5 wt %) for an average Si0p

content of about 55 wt percent. The Na20/K20 ratio is also high



Table 2.

Constituents¥*

Means, Standard Deviations
in the Least Alt

and Range
ered Sa%p

s of Magor Oxide and Minor and Trace Element

les of

of the Monterrosas Area

he Patap and Linga Superunits

Patap Gabbro-Diorites

Linga Monzonites

(n=6) Kla (n=6) K1b (n=5)
Weight Percent Weight Percent
mean + 1 range mean t 1 range mean t 1 range

Si02 54.6 0.7 54-55 62.9 +1.3 61-65 59.4 +4.0 55-65
Ti02 0.91+0.05 0.9-1.0 0.61%0.05 0.6-0.7 0.76%0.10 0.6-0.9
A1203 17.2 +0.9 16-18 16.2 0.4 16-17 17.1 +1.1 16-18
FeOt 5.4 +1.2 4-7 5.3 0.7 4-6 7.5 1.6 6-9
Mg0 4.9 +1.0 3-6 2.2 0.1 2 3.1 0.7 2-4
ca0 11.5 *1.4 10-14 5.3 1.0 4-7 6.7 0.9 5-8
Na20 4.2 0.3 4-5 4.4 0.5 4-5 4.6 0.7 4-5
K20 0.21%0.12 0.1-0.4 2.2 1.0 1-3 0.9 +0.7 1-2
Total 98.9 99.1 99.9
S.G. 2.85%0.02 2.71+0.01 2.7610.04

ppm (n=6) ppm (n=11) ppm (n=14)
Cu 44136 6-85 30*14 11-55 44%12 20-65
Mo 141 <1-2 2+2 <1-7 1+2 <1-7
Pb 1044 5-15 26131 5-100 1310 4-40
In 14*4 8-19 27119 11-70 1848 5-30

eY



Table 2--Continued

Patap Gabbro-Diorites Linga Monzonites
K1a K1b
ppm (n=6) ppm (n=11) ppm (n=14)
Ag 0.3+0.1 <0.3-0.4 <0.3 <0.3-0.3 0.310.2 <0.3-0.7
Co 5+1 4-6 612 5-10 8+3 4-12
Ba 326** 300-347 970-1063***
Ce 26 15-40 47-55
Cr 24 18-31 7-13
Ga 19 17-20 17
La 14 11-17 22-29
Ni 7 5-11 3-5
Nb 4 3-5 6
Rb 6 3-14 36-51
Sc 28 24-31 22-24
Sr 471 437-494 291-363
Th 7 <1-16 12-13
1 <1-2 3-4
120 98-149 124-133
1 <1-3 <1

Y 17 14-23 27-28
Ir 96 89-110 155-199

* Oxide analyses by G. Sidder, Dr. Edward Taylor1 and Ms. Ruth LiEhtfoot Orﬁ%on State Univer-

sit¥; Cu to Co analyses by Chemical and Mineralogical_Services, Salt Lake City, Utah; Ba to Zr
ana}yses b ?naoque, University of Nottingham, England.
** n=4 Tor elements Ba to Zr.

*** n=2 for elements Ba to Zr.
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(about 20) in these rocks compared to that for similar igneous rocks
(2 to 6) in compilations by LeMaitre (1976) and Nockolds (1954).

Minor element and preliminary trace element data in the least
altered gabbro-diorites of the Patap Superunit suggest that these
rocks have a tholeiitic affinity. High values of Sr_(about 470 ppm),
low Rb (less than 6 ppm), and low ratios of Rb/Sr in addition to
discrimination diagrams (not shown here) of trace elements such as
Cr/Y and Ti/Y (Pearce, 1982) are compatible with the proposal that the
Patap Superunit was derived from a parental magma of olivine tholeiite
composition (Cobbing et al., 1981; Mullan and Bussell, 1977). Other
elements such as copper, lead, and molybdenum have normal concentra-
tions for rocks of this composition, whereas zinc, cobalt, and nickel
have low abundances (Table 2).

Chemical data for all samples of gabbro-diorite from the
Monterrosas area (Appendix 1) show appreciable scatter and poor
linearity when plotted by conventional methods in terms of the alkali-
lime (Peacock) index or the Harker variation diagram (not illustrated).
The cause of this chemical variability is attributed both to the
effects of a complex history of emplacement and crystalliéation for
magmas of the Patap Superunit and to subsequent alteration and metal-
lization of these host rocks in the Monterrosas Mine area. Variations
imposed by such alteration are best illustrated on the ternary AFM
diagram given in Figure 10. The compositional locations of most
samples of gabbro-diorite do not occupy the general boundaries for
rocks of the Patap Superunit as defined by Cobbing et al. (1981,

Fig. 65, p. 104), nor do they follow typical calc-alkaline or tholeii-

tic trends. A conventional interpretation of these deviations might
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Figure 10.

50 MgO

Ternary AFM Diagram. This diagram compares the
compositional distribution of samples from the
Patap and Linga Superunits at the Monterrosas area
to those of the Coastal Batholith (Cobbing et al.,
1981) and the calc-alkalic trend line (Nockolds
and Allen, 1953). Closed squares, relatively
unaltered gabbro-diorites; open squares, altered
gabbro-diorites; open triangles, Linga monzonites;
dot pattern, gabbros of the Coastal Batholith;
check pattern, granitoids of the Coastal Batholith;
dark curved line, calc-alkalic trend.
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suggest that samples of gabbro-diorite with low values of iron were
leached during alteration, or that they were enriched particularly in
alkali components. However, these samples are the least altered
petrographically. Furthermore, the gabbro-diorites do not have dis-
proportionate amounts of Nag0 or K90 compared to rocks of the Patap
Superunit elsewhere in the batholith, as presented on the ternary NKC
diagram in Figure 11 after Cobbing et al. (1981, Fig. 65, p. 104).
Thus, variations in total iron oxide appear to be the major factor
that is responsible for the scatter of samples plotted in Figure 10.
The unusua]iy low concentration of iron in the least altered gabbro-
diorites may be related to conditions of crystallization in the
gabbro-diorite magma such as the fugacity of oxygen, volatile content,
and temperature and pressure. These features will be considered more

fully in the following "Discussion" section.
The Linga Superunit

Monzonitic rocks of the Linga Superunit in the Monterrosas area
display a calc-alkaline trend on the ternary AFM and NKC diagrams
(Figures 10 and 11). This trend is also delineated on variation
diagrams such as the Peacock and Harker diagrams. Values of Ti0Oj,
total iron oxide, Mg0, and Ca0 decrease, and Na20 and K20 genera]]y
increase with increasing wt percent Si02. The Nap0/K20 ratio is simi-
lar to and slightly higher (2 to 5) than average granodiorites, mon-
zonites, and tonalites (< 1 to 3) as recorded by LeMaitre (1976). In
particular, rock samples of unit Kyp from the Monterrosas area display
a higher Nap0/K20 ratio on the NKC diagram (Figure 11) than other

similar phases of the Coastal Batholith. However, the sums of the
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Figure 11.

Ternary NKC Diagram. This diagram compares the
compositional distribution of samples from the
Patap and Linga Superunits at the Monterrosas area
to those of the Coastal Batholith (Cobbing et al.,
1981) and the calc-alkalic trend line (Nockolds
and Allen, 1953). Symbols as in Figure 10.
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alkalies (Nap0 + K20) remain consistent with those for granitoids
elsewhere in the batholith as shown on the AFM diagram (Figure 10).
Concentrations of minor and trace elements in the Linga Superunit
at Monterrosas are similar to those recorded for these intrusive phases
elsewhere in the batholith as reported by Atherton et al. (1979).
For example, the concentrations of La and Ce in two samples of grano-
diorite are enriched about sixty times relative to those in chondrites,
and Sc has a rock/chondrite ratio of about 3. Incompatible elements
such as Ba, Rb, and Zr are more abundant in rocks of the Linga
Superunit than in those of the Patap Superunit, and lead and zinc also
have higher average contents in the more felsic rocks (Table 2), as
would be expected according to the distribution of metallic elements

in igneous rocks (Rose et al., 1979).
Discussion

The plutonic rocks of the Coastal Batholith of Peru record a com-
plex history of intrusion, crystallization, and deformation. Numerous
" variations in the form and composition of the intrusions and the com-
plexity of contacts between units and superunits have been documented
by Cobbing and Pitcher (1972) and Mullan and Bussell (1977). Batho-
lithic rocks of the Monterrosas area do not differ in these respects,
and interpretations of magma genesis and plutonic sequences are com-
plicated additionally by the effects of alteration associated with
formation of the Monterrosas deposit.

The magmatic mineral assemblage of plagioclase feldspar, clino-
pyroxene, iron-titanium oxides, and minor amphibole in gabbro-diorites

of the Monterrosas area is similar to that identified by Mullan and
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Bussell (1977) in gabbros and hornblende gabbros elsewhere in the
Patap Superunit. Textural evidence indicates that labradorite-
andesine and diopside were among the earliest phases to crystallize
from the gabbro-diorite magma. Inclusions of orthopyroxene-ilmenite
*magnetite and ilmenitetmagnetite in crystals of plagioclase feldspar
and clinopyroxene, respectively, suggest that iron-titanium oxides and
orthopyroxene also formed in minor amounts during the early magmatic
stages of crystallization. Additional andesine, diopside, magnetite,
and ilmenite as well as actinolitic hornblende, sphene, apatite, and
zircon formed during late magmatic crystallization, and secondary
minerals such as actinolite, epidote, allanite, scapolite, and others
formed subsequently as a result of deuteric and (or) hydrothermal
processes.

The crystallization history of the gabbro-diorites must explain
several unusual characteristics in the chemistry of whole rocks and
certain minerals. For example, in comparison to rocks with similar
silica content such as basaltic andesites, as shown in Table 3,
samples from Monterrosas contain lower concentrations of total iron
oxide, titania, and potash, and higher concentrations of lime. Trace
elements such as cobalt and nickel are present at lower abundances
than in gabbros elsewhere in the Patap Superunit (Atherton et al.,
1979) or basaltic andesites (Table 3). In addition, the composition
of clinopyroxenes in the least altered gabbro-diorites is more
diopsidic than pyroxenes of similar igneous rocks in which augite
is common (Deer et al., 1979). Normal, discontinuous, and possibly

oscillatory and (or) reverse compositional zoning in plagioclase
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Table 3. Comparison of the Average Concentrations of Major
Oxides and Selected Trace Elements in the Least Altered
Gabbro-Diorites from the Monterrosas Area and
Basaltic Andesites from the Oregon Cascades*

Gabbro-Diorites

(n=6)
Weight Percent

Basaltic Andesites

(n=8)

Weight Percent

Si02
Ti02
A1203
FeO¢
Mg0
Ca0
Na20
K20

Co
Ni
Ba
Rb
Sr
ir

54.6 %0.7
0.91%0.05
17.2 *0.9
4 1.2
4.9 *1.0
11.5 1.4
4.2 0.3

.21%0.12

o

bpm
5t 1
7t 3
326%22
6% 6
47126
96*10

55.4 11.6
1.1620.13
17.9 *0.5
7.5 0.7
4.8 11.0
7.7 0.6
4.2 10.3
1.1410.18

ppm
26 5
58% 39
338t 38
18t 9
646¥111
156t 34

* Mount Washington-type basaltic andesites from Hughes (1982).
Major oxides by XRF and AAS; trace elements by INAA (basaltic

andesites) and AAS and XRF (gabbro-diorites).
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feldspar also suggests a complicated history of crystallization from
the gabbro-diorite magma.

Crystallization under conditions of variable fluid pressures and
(or) partial pressures of oxygen (f02) and crystal fractionation might
explain some of the chemical-mineralogical characteristics in the
gabbro-diorites previously noted. For example, gabbro-diorites in the
Monterrosas area could have been derived from magmas that formed the
more mafic gabbros of the Coastal Batholith by olivine (*plagioclase
Taugitetorthopyroxenetmagnetite) fractionation. Linear trends
depicted on diagrams such as wt percent Mg0 vs. Fe' (molar ratio
Fe0/(Mg0 + Fe0)) and chondrite-normalized La (Lay) vs. Fe', as shown
in Figure 12, suggest that the gabbro-diorites were derived from a
parental tholeiitic magma by crystal fractionation involving olivine
and (or) other ferromagnesian minerals (Hughes, 1982). The low con-
centrations of cobalt and nickel in the gabbro-diorites might be
attributed to extensive olivine fractionation because of the high
distribution coefficients for these metals in Mg-Fe silicates.

Complex compositional zonation in plagioclase feldspar as noted
above may be explained in part by conditions of variable PHZO (Smith
and Lofgren, 1983). As precipitation of anhydrous minerals such as
labradorite-andesine and diopside proceeds, volatile phases would
become enriched in the magma. Periodic release of the volatiles
during crystallization of the gabbro-diorite magma, as suggested by
Mullan and Bussell (1977), could account for changes in fluid pressure
within the magma chamber. The formation of amphibole late in the

differentiation sequence of the gabbro-diorites indicates that water
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Figure 12. Variation Diagrams of Wt Percent MgO vs.
Fe' and Lay vs. Fe'. Closed circles, wt
percent Mg0; open circles, Lay. Fe'
defined as the molar ratio FeO/(Mg0 +
FeO0); Lay defined as La in sample nor-
malized to La in the Cl chondrite from
Anders and Ebihara (1982).
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became concentrated and PH20 increased in the late and residual mag-
matic liquids. |

Crystallization of ilmenite'magnetite with early-formed plagioclase
feldspar and clinopyroxene suggests the fo2 was sufficiently high to
oxidize some ferrous iron during the initial crystallization of the
gabbroic magma. The formation of iron-titanium oxides might cause the
calcic pyroxene to become more diopsidic by preferential removal of
the iron-rich hedenbergite component from the magma (Sood, 1981).
Partial alteration of ilmenite and magnetite to sphene and the excep-
tionally low content of ulvospinel molecule in magnetite for most
samples precluded the use of the thermobarometric technique of
Buddington and Lindsley (1964) and Spencer and Lindsley (1981) to
determine the f02 during crystallization of the gabbro-diorites.
However, one oxide pair. of magnetite (uspg mtgs) and ilmenite (ilmgg
hemjg) indicates that these minerals equilibrated at a temperature of
about 650°C and log fo, of about 10-16 between the Ni-Ni0 (NNO) and
Fep03 - Fe304 (HM) oxygen buffers. Moreover, magnetite-rich composi-
tions further reflect their formation under unusually high f02 values
and (or) equilibration at low temperatures (Czamanske and Mihalik,
1972).

Fluctuations of PHZO and high f02 during crystallization could
account for some of the chemical and mineralogical characteristics of
the Patap gabbro-diorites in the Monterrosas area. Furthermore, it
might be assumed that total pressure was about 1 to 3 kb based on a
maximum depth of emplacement to 10 km in the eugeosyncline. The
gabbro-diorite magma was initially undersaturated with respect to

water and probably contained about 1 to 2 wt percent H20 on the basis
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of the early products of crystallization and the experimentally deter-
mined solubility data for andesites (Eggler and Burnham, 1973; McCourt,
1981). According to Burnham (1979), an andesitic magma at a pressure
of 2 to 3 kb would approach water saturation at about 6 wt percent

Ho0. Thus, it is inferred that the latest residual liquids from the
gabbro-diorite magma contained about 6 wt percent H20.

Phase relations in the gabbro-diorites from the Monterrosas area
may be compared to the melting relations in andesite to infer approxi-
mate conditions of crystallization for the primary magmatic minerals
jn the Patap Superunit. For example, experimental curves for the
Mt. Hood andesite investigated by Eggler and Burnham (1973) are appli-
cable to the gabbro-diorites in the Monterrosas area although the two
types of rocks are not exact compositional equivalents. The curves,
as shown in Figure 13, were determined at total and fluid pressures of
5 kb and at f02 of the quartz-fayalite-magnetite (QFM) buffer (about
10-12 bpars at 1000°C). Plagioclase feldspar is the liquidus phase
for all contents of Hy0, and it is precipitated initially at about
1150°C and 2 wt percent Hy0. Clinopyroxene and ilmenite crystallize
initially at about 1070°, and magnetite precipitates at about 1025°C.
Amphibole is the last phase to form at about 900°C, and solidification
is complete at about 780°C. It might be noted that "out temperatures"
are relatively insensitive to changes in total pressure between 2 and
5 kb according to other diagrams by Eggler and Burnham (1973). Also,
if the fugacity of oxygen was nearer the NNO buffer (10-10 pars at
1000°C), as it is in most magmas (Eggler and Burnham, 1973), or higher
than the NNO, as indicated possibly by the low titanium composition of

magnetite, then the temperatures of initial oxide deposition might
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have been slightly higher than depicted in Figure 13. Nonetheless, a
high f02 during crystallization of the gabbro-diorite magma series does
not explain the low concentrations of iron in the least altered rocks,
which ultimately must be ascribed either to low initial concentrations
or to segregation of an iron-rich fluid during the crystallization of
these mafic host rocks.

Intrusive phases of the Linga Superunit in the Monterrosas area
are similar chemically and mineralogically to those elsewhere in the
Coastal Batholith. The granodiorites and quartz monzodiorites are
typical I-type (Chappell & White, 1974) and magnetite-series (Ishihara,
1977) granitoids. For example, magnetite and ilmenite are present in
all samples, hornblende is a common constituent, and sphene and apa-
tite are accessory phases. In addition, diopside is calculated in the
CIPW norms for all samples, normative corundum is less than 1 percent,
and the Fe3*/Fe2* ratios average about 1.2.

The Linga Superunit and other granitoids in the Coastal Batholith
are beljeved to be derived from a mantle or lower crustal source
(Pitcher, 1979). Bussell (1983) has suggested that a compressive epi-
sode of tectonism succeeded a tensile phase during which mafic magmas
were emplaced in the upper crust. Compression inhibited ascent of the
mafic magmas and promoted crustal underplating. Subsequent fusion of
mantle and basaltic material in the underplate with high-level frac-
tionation of plagioclase+pyroxenethornblende led to the calc-alkaline
granitoid suites (Atherton et al., 1979; Bussell, 1983).

The Linga magmas were undersaturated with respect to water, and
probably contained initially only 1 to 2 wt percent H20 (McCourt,

1981). The fugacity of oxygen was probably near the NNO buffer during
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crystallization (Ishihara, 1977). Rocks of the Monterrosas area pro-
vide petrographic evidence for the early precipitation of plagioclase
feldspar, clinopyroxene, and possibly some iron-titanium oxides. How-
ever, only traces of pyroxene remain, and hornblende is the dominant
ferromagnesian mineral. The browner color of apparently magmatic

» hornblende in the quartz monzodiorites and granodiorites suggests that
the hornblende became a liquidus phase at higher temperatures than in
the gabbro-diorites (Hammarstrom, 1981). Quartz and perthitic
potassium feldspar were the last mineral phases to form from the Linga
magmas. Evidence of deuteric and (or) subsequent hydrothermal altera-
tion is restricted to minor replacements of epidote, actinolite,
chlorite, and sericite and to veinlets of quartzfcalcite and epidote?

potassium feldspar.
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METALLIZATION

Petrographic studies of ore samples from the rich, high-grade zone
of the Monterrosas deposit show that they consist of a simple assem-
blage of minerals. Magnetite, chalcopyrite, and pyrite predominate
with lesser amounts of cubanite and pyrrhotite, and they are asso-
ciated with gangue minerals such as actinolite, scapolite, apatite,
and quartz. Minor amounts of martite, covellite, bornite, chalcocite,
marcasite, and possibly digenite are present as secondary minerals.
The orebody contains about 2 million tons of ore that averages 1.9
percent copper,A0.7 ounces silver, and 0.03 ounces gold per ton, as
well as anomalously large concentrations of cobalt, molybdenum, and

nickel.

Ore Mineralogy

Chalcopyrite is the most abundant copper-bearing mineral at the
Monterrosas deposit. It is present in veinlets, as blebs in pyrite
and magnetite, as massive monomineralic zones, and as replacements of
and intergrowths with other ore and silicate gangue minerals. In zones
of massive chalcopyrite, copper grade may average greater than 15 per-
cent for channel samples up to two meters long. Chalcopyrite is recog-
nized in polished sections by its brass-yellow color and anisotropism.
Crystal forms vary from subhedral to anhedral, striations are common,
and some crystals contain simple twins. The composition of chalcopy-
rite from the ore zone is close to the stoichiometric formuia CuFeS2,
as given in Table 4 and Appendix 7. However, the Cu:Fe atomic ratio

appears to decrease with depth in the Monterrosas orebody. For
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Table 4. Electron Microprobe Average Compositions of
Chalcopyrite in Ore from the Monterrosas Mine

1132 (n* = 5) 1070 (n* = 16) DDH (n* = 3)

wt % at % wt % at % wt % at %
Fe 29.93 24.7 30.18 25.1 29.88 25.3
Cu 34.63 25.1 33.97 24.8 32.55 24.2
S 34.97 50.2 34.61 50.1 34.29 50.5
Total** 99.94 99.11 96.88
Cu/Fe 1.157 1.017 1.126 0.989 1.089 0.957
(Fe+Cu)/S 0.992 0.996 0.980

* n is the total number of crystals analyzed.

** Totals include trace amounts of Ag, Ni, Co, Mn, and Mo.
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example, sample D-3 from the 1132 level has a Cu:Fe ratio of 1.02,
whereas the average ratio of four samples from the 1070 level is 0.99.
One sample from drill core about 157 m below the 1070 level has a ratio
of 0.96 (Table 4). This decrease in the Cu:Fe atomic ratio may have
resulted from differences in temperature, the fugacity of sulfur, and
(or) the fugacity of oxygen during the period of ore emplacement.

Minor amounts of other metals are also contained in chalcopyrite.
Silver averages about 0.19 wt percent and nickel 0.12 percent in
microprobe analyses, and cobalt, manganese, and molybdenum are present
in amounts less than 0.10 percent. Gold recovered from the Monterrosas
deposit may also be contained in chalcopyrite as minute flecks of
native gold that are observed in polished sections as unidentified
bright yellow metallic inclusions.

Pyrite is the most abundant iron-bearing sulfide mineral at
Monterrosas. It occurs as large (to about 20 mm) euhedral to subhedral
crystals in monomineralic zones, associated with gangue and other ore
minerals, in altered host rocks, and as anhedral blebs in magnetite
and chalcopyrite, and in veinlets. Most pyrite has a pale brass-
yellow color and is isotropic. However, some has been altered to
marcasite which has a distinct whitish-yellow color and is anisotropic.
Electron microprobe analyses, given in Table 5 and Appendix 8, indi-
cate that pyrites from the ore zone have nearly an ideal stoichiometric
composition. Furthermore, pyrite appeérs tp be the source of geochem-
ical anomalies for cobalt and molybdenum at the Monterrosas Mine. An
average concentration of 0.43 wt percent cobalt is present in pyrite,
and some crystals contain up to 1.14 percent. Molybdenum averages

about 0.56 percent and ranges up to 0.76 percent in pyrite. Other
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Table 5. Electron Microprobe Average Compositions of
Pyrite in Ore from the Monterrosas Mine

1132 (n* = 6) 1070 (n* = 17) DDH (n* = 7)
w % at % wt % at ¥ wt % at %

Fe 45,28 32.7 45.92 33.0 45.40  32.9

S 53.59 67.3 53.48 67.0 53.17 67.1

Mo 0.59 0.53 0.59

Co _0.52 0.39 0.45

Total 99.99 100.30%* 99.61 %+

Fe/S 0.845 0.485  0.859 0.493  0.854  0.490

Metals/S 0.494 0.500 0.499

* n is the total number of crystals analyzed.

** Total includes trace amounts of Cu, Ni, and Mn.

*** Total includes trace amount of As.
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metals such as nickel, copper, manganese, and arsenic are present at
trace concentrations (< 0.10 percent) in some pyrite. Neither the
Fe:S atomic ratio nor the concentration of trace elements in pyrite
varies significantly in the orebody.

Magnetite is the predominant iron oxide mineral. It occurs in
massive monomineralic zones as coarse euhedral to subhedral crystals,
as disseminated crystals and veinlets in gangue minerals, especially
actinolite, and in altered gabbro-diorites, and as blebs in pyrite and
chalcopyrite. Magnetite is pinkish gray in color and isotropic, which
indicates that it contains little titanium in solid solution. Micro-
probe analyses, given in Table 6 and Appendix 5, confirm this infer-
ence and establish the magnetite to be nearly pure Fe304 with only
trace amounts of titanium, aluminum, vanadium, silicon, cobalt, manga-
nese, and magnesium. Some of the magnetite contains tiny (< 0.5 mm)
blebs of quartz, and martite (pseudomorphous hematite) replaces some
crystals of magnetite.

Cubanite and pyrrhotite are present in small amounts as b]ebs in
pyrite and as intergrowths with chalcopyrite in pyrite, as shown in
the photomicrograph given by Figure 14. Pronounced pleochroism from
light to dark cream or pinkish brown and moderately strong anisotropism
distinguish cubanite from the other ore minerals. It has an ideal
stoichiometric composition of CuFepS3, as may be observed from the
microprobe data listed in Table 7 and Appendix 9. Minor amounts (up
to 0.45 wt percent) of trace elements such as silver, cobalt, molyb-
denum, nickel, and manganese are contained in cubanite. Pyrrhotite
at Monterrosas is recognized by its weak pleochroism from light to

moderate brown and weak anisotropism. It has a composition of about



Table 6. Electron Microprobe Average Compositions of
Magnetite in Ore from the Monterrosas Mine

(n* =73) (n* = 4)
X-7 F-3
Wt Percent

Ti0p 0.08 0.09
A1,03 0.38 0.11
Crp03 <0.01 <0.01
V203 0.08 0.14
Fep03** 68.81 69.54
Fe0* 30.97 31.55
FeOg*** 92.88 94.13
MnO <0.01 0.02
Mgo - _0.39 £0.01
Total*** ‘ 92.20 94.50
Total** 98.99 101.47

Number of Ions per 4 0

Ti 0.0023 0.0025
Al 0.0174 0.0047
Cr - -

v 0.0026 0.0043
Fedtax 1.9838 1.9859
Fel+ix 0.9923 1.0013
Mn 0.0002 0.0007
Mg 0.0229 -

* n is the total number of crystals analyzed.
** Calculated
*** Analyzed
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Figure 14. Photomicrograph of Chalcopyrite-Cubanite-Pyrrhotite Bleb
in Pyrite. Whitish, pyrite; yellow, chalcopyrite; brown,
pyrrhotite; lavender, cubanite (note pleochroism); gray at
top, magnetite. Sample X-3, 800X magnification, in oil,
plane polarized light.
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Electron Microprobe Average Compositions of Cubanite
and Pyrrhotite in Ore from the Monterrosas Mine

Fe

Cu

S

Total**
Cu/Fe
(Fe+Cu)/S

Cubanite (n* = 7)
wt % at %
40.00 33.2
22.29 16.3
34.97 50.5
97.40
0.557 0.490
0.980

Fe

S

Total***

Fe/S
Metals/S

Pyrrhotite (n* = 4)

wt % at %

59.85 47.5

38.07 52.5

98.62

1.572 0.903
0.911

* n is the total number of crystals analyzed.
** Total includes trace amounts of Mo, Ag, Co, Ni, and Mn.

*** Total includes trace amounts of Cu, Ni, Co, Mo, and Mn.
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Fep.9S1.0, as determined from microprobe data shown in Table 7 and
Appendix 10. Up to 0.52 wt percent copper is contained in the
pyrrhotite, whereas molybdenum, cobalt, nickel, and manganese are
detected in trace amounts.

Molybdenite is sparsely distributed in the ore zone. Where pre-
sent, it is intergrown with actinolite and isolated from direct contact
with other sulfide minerals by distances of a millimeter or more.

Covellite (CuS), chalcocite (CupS), bornite (CusFeS4), and possibly
digenite (CugSg) along with hematite and other iron and (or) copper
carbonates, silicates, and oxyhydroxides are products of supergene
oxidation and enrichment of the primary hypogene ore. The effects of
this oxidation are pronounced in surface outcrops, but are minimal in
underground exposures. Ore reserves at Monterrosas include these oxi-
dation products from only the upper 30 m of the debosit. |

The paragenesis of minerals within the ore zone is difficult to
ascertain because of conflicting spatial and temporal relationships
between the sulfide, oxide, and silicate phases. In general, magnetite
is the earliest ore mineral. It is commonly fractured and brecciated,
and silicate and (or) sulfide minerals may occupy these secondary
openings. Pyrite appears to be the earliest sulfide, although inter-
growths with chalcopyrite in a few samples imply contemporaneity.
Nonetheless, chalcopyrite is the first copper-bearing mineral to have
formed, and it commonly replaces pyrite and forms veinlets that cut
both pyrite and magnetite. Textural features exhibited by the sili-
cate gangue minerals such as scapolite and actinolite provide evidence
of contemporaneous deposition (intergrowths) and late paragenesis

(crosscutting veinlets) with respect to associated sulfide and oxide
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phases. Thus, these silicates were apparently precipitated throughout
much of the period of ore deposition. Apatite is a minor gangue
mineral in the ore zone. It is most abundant (up to 3 volume percent)
in the magnetite-rich parts of the orebody. Quartz is present as
disseminations and veinlets in the ore. Highly saline fluid inclusions
characterized by ha]ide,_opaque, and unknown birefringent daughter
minerals are particularly abundant in the disseminated crystals of
quartz. Innumerable simple (vapor + liquid) and complex (vapor +
liquid + daughter minerals) fluid inclusions are present in the late
vein quartz. These fluid inclusions suggest that a saline fluid cir-
culated within the Monterrosas deposit throughout much of the period
of ore deposition. The characteristics of fluid inclusions and their
significance with respect to ore genesis will be discussed more fully

in subsequent chapters.

Distribution of Metals

Concentrations of copper, molybdenum, lead, zinc, silver, and
cobalt were determined in 108 samples from the Monterrosas deposit.
These samples are comprised of 13 from the ore zone, 55 from the Patap
gabbro-diorites, and 40 from the Linga monzonites, with 60 collected
from the subsurface and 48 from the surface (Appendix 12). In addi-
tion, Centromin Peru has provided geochemical data for numerous
channel and drill hole samples collected from subsurface locations
on the 1132 and 1070 levels, other sublevels, and shafts.

The grade of copper in the ore zone ranges from 0.2 to 15 wt per-
cent, as listed in Table 8. Other metals which are contained in

recoverable quantities include gold (0.03 oz/ton), silver (0.7 oz/ton),
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Table 8. Range and Threshold Values of Trace Elements in
Samples of Ore and Country Rocks at Monterrosas (in ppm)

Gabbro-diorites Linga Monzonites
Ore Range Threshold* Range Threshold*
Cu  2000-150,000 (15%) 6-5200 70 11-440 70
Mo 7-800 1-90 6 1-30 7
Pb 4-50 4-60 9 4-100 30
In 12-80 5-60 17 5-290 55
Ag 0.3-10.7 (0.34 oz/ton) 0.3-1.5 0.8 0.3-0.8 0.5
Co 5-630 4-250 52 4-50 14

Au 0.6-1.0 (0.03 oz/ton) tr-0.6
Ni 100-200 100
Ga 100-200 50-100

* Threshold values determined from diagrams of concentration versus
cumulative frequency
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cobalt (to 0.5 wt percent), and molybdenum (to 800 ppm). Nickel (up
to 200 ppm) and gallium (up to about 200 ppm) are‘present in anomalous
concentrations, whereas neither lead nor zinc occurs in significant
abundance. None of the metals vary markedly along the length of the
ore zone, and only copper and cobalt appear to vary with depth.
According to Centromin Peru, concentrations of copper decrease and
those of cobalt increase with increasing depth in the ore zone below
the 1070 level (Alberto Caballero, 1981, personal communication).
Decreasing amounts of chalcopyrite (to less than 2 modal percent) and
diminishing Cu/Fe ratios in chalcopyrite with depth, as previously
noted from microprobe data in Table 4, support the trend for copper.
Furthermore, the tenfold increase in cobalt content from about 600 ppm
to about 5000 ppm is consistent with an increase in the abundance of
pyrite (fo greater than 70 modal percent) in ore at depth.

The geochemical effects of mineralization on gabbro-dioritic host
rocks at the Monterrosas are limited to a narrow zone that borders the
orebody. The concentrations of metals were plotted versus cumulative
frequency to determine their distribution. The fitting of more than
one distinct linear segment on the cumulative probability plot indi-
cates that more than one subpopulation of concentrations is present
(Sinclair, 1976). The lower population represents normal background
~values in the least altered rocks, and the upper population reflects
anomalous quantities of a metal possibly introduced by ore-bearing
fluids. Concentrations of metals above the threshold value, defined
as the upper limit to the range of background values, are considered
anomalous. For example, Figure 15 shows that background concentrations

of copper in gabbro-diorites from Monterrosas range from 6 ppm to a
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threshold of about 70 ppm, and samples with concentrations above 70
ppm are anomalous. Concentrations of the trace elements are below
their respective threshold values in most samples of gabbro-diorite
beyond about 30 m or more from the ore zone. This distribution of
metals is most likely related to the structural control of the
Monterrosas orebody where fluids migrated into the gabbro-diorites
through fractures and along faults. Moreover, those samples greater
than 30 m beyond the ore zone which contain anomalous concentrations
of metals are commonly located near small fractures.

Trace metals in samples of the Linga monzonites at Monterrosas
have background concentrations similar to the gabbro-diorites, as
listed in Table 8. For example, concentrations of copper range from
11 to a threshold of about 70 ppm. Minor anomalies of up to 650 ppm
copper are present in granodiorites and quartz monzodiorites near the
ore zone and adjacent to the quartz-rich Monterrosas and Montekeka
veins. Some rocks from the Linga Superunit contain anomalous con-
centrations of zinc (up to 290 ppm), whereas in contrast the copper
ore in gabbro-diorites has much lower concentrations (less than 50
ppm). Centromin Peru has also identified anomalous values of lead in
some samples of granodiorite and quartz monzodiorite collected under-
ground from the easternmost part of the mine (Luis Sassarini, 1981,
personal communication). Thus, it is possible that the Linga magmas

introduced zinc and lead into the Monterrosas area.
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ALTERATION

Alteration of the Patap and Linga Superunits in the Monterrosas
area is widespread. Petrographic studies indicate that much of the
alteration is late magmatic or deuteric in origin. For example,
epidote, clinozoisite, and chlorite replace the cores of plagioclase
feldspar crystals in plutonic phases of both superunits. Moreover,
anphibole ubiquitously rims and replaces clinopyroxene, which accord-
ing to Atherton et al. (1979) is an alteration effect that is exten-
sive throughout and characteristic of intrusions in the Arequipa
segment of the Coastal Batholith.

Specific patterns of alteration in the Monterrosas area are evi-
dent only in the Patap gabbro-diorites where the intensity of these
effects increases with proximity to the mineralized zone. For example,
the abundance and variety of hydrous minerals such as amphiboles, epi-
dotes, chlorites, and biotite are greatest (up to about 55 modal %) in
wall rocks adjacent to the ore zone. Scapolite also has a systematic
distribution with respect to mineralization in that samples of altered
gabbro-diorite within 20 m of the 6re zone contain up to 50 modal per-
cent scapolite. Other secondary minerals such as magnetite, sphene,
tourmaline, and allanite are more abundant in gabbro-dioritic wall
rocks than in samples of gabbro-diorite farther from ore.

Profound chemical changes took place within the gabbro-diorites
during alteration and metallization. A summary equation of several
alteration reactions and the difference in whole-rock chemistry
between relatively unaltered and altered samples of gabbro-diorite

indicate that iron, magnesium, and potassium were gained, and calcium,
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sodium, titanium, silicon, and possibly aluminum were lost during
alteration. The ratio of oxides lost versus oxides gained, normalized
to the least altered sample of gabbro-diorite, defines an alteration
index that correlates with the intensity of mineralization and distance

to the ore zone.

Mineralogy of the Alteration Assemblage

Replacement of diopside by amphiboles in the gabbro-diorites is
the most prevalent alteration at the Monterrosas deposit. Variations
in color and pleochroism from light brown to greens, blue-greens, and
indigo, and diffuse patches of different colors and textures within a
single crystal indicate that the amphiboles have had a complex history
of crystallization. Microprobe analyses of these amphiboles provide
further evidence that they are heterogeneous in composition. The
amphibole formulae are calculated on the basis of 23 oxygen
(anhydrous), and iron is considered to be entirely Fe2*., The tetra-
hedral, Ml to M3, M4, and A sites are filled according to the rules of
Hawthorne (1983) and Robinson et al. (1982) for the formula Ap-1(M4)s
(Ml,2,3)¥§T1)4(T2)1322(OH,F,Cl)2. On the basis of the compositional

scheme given by Leake (1978), the amphiboles range from actinolitic
2+ VI IV

hornblende (Na K13K,05Ca1.86Mg3.34Fe1.37Mn.01T1,02A1.40517.38AL.62
(OH,C1)2) to actinolite (Na_05K.02Ca1_83Na,02Mg3_74Fe%f22Mn.01Ti.01
AlYi7Si7.75A1fZ5022 (OH,C1)2). Some analyses with unacceptable totals
(Tess than 96 wt % or greater than 102 wt %) could not be categorized,
but these deep blue-green to indigo crystals appear to be iron-rich

(to 20 wt % FeOt) and chlorine-rich (to 1.09 wt % C1) amphiboles.

Actinolitic hornblende was the earliest amphibole to crystallize.
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It may be in part primary, or magmatic, but this amphibole also re-
places diopside. Some crystals that have remnant cores of diopside
are zoned from actinolitic hornblende to actinolite on the margins.
Such zonations are readily observed in thin section where green-brown
actinolitic hornblende grades into pale green or blue-green actinolite
and were tentatively identified from microprobe analyses. Actinolite
is the dominant secondary amphibole in the Monterrosas deposit. It
replaces diopside, actinolitic hornblende, and labradorite-andesine,
is an abundant gangue mineral in the sulfide-oxide ore, and forms
veins and veinlets in altered wall rocks and .in ore. Actino]#tization
is pervasive in the wall rocks adjacent to ore, where it forms replace-
ment patches, seams, and veinlets throughout the host rock. Some
actinolite is so pale in color that it appears to be tremolitic in
composition. However, tremolite was not identified by microprobe
analyses.

Scapolite replaces plagioclase feldspar in gabbro-diorites at the
Monterrosas deposit. It is most abundant (to 50 modal %) in samples
of gabbro-diorite within about 20 m of the ore zone where scapolitiza-
tion of labradorite-andesine is nearly complete. Moreover, veinlets
of scapolite and corrosion at the margins of ferromagnesian minerals
are common in areas of intense scapolitization. Scapolite is
distinguished from plagioclase feldspar by its uniaxial negative
character, parallel extinction, lack of twinning, and birefringence up
to first-order yellow. Low relief and low birefringence suggest that
marialitic compositions dominate (Phillips and Griffen, 198l). Micro-
probe analyses confirm that scapolite in the Monterrosas deposit has a

composition of marialite-dipyre, or Me 27 * 3, and an equivalent



76

anorthite content (EgAn) of 29 ¥ 4. The formula of scapolite may

be written as Na2_75K.14Ca1,05Fe?;1A13.34513.15024(0.77C1-0.22C03).
This marialitic composition indicates that abundant C1- was added to
plagioclase feldspar in the gabbro-diorites during alteration.

At least four minerals of the epidote group are present in the
alteration assemblage at the Monterrosas deposit. Epidote is the most
abundant (up to 14 modal %), clinozoisite and allanite occur in trace
to minor amounts (f 2 modal %), and piemontite is present in trace
amounts (< 1 modal %). Crystals of epidote and clinozoisite which
replace the cores of plagioclase feldspar in relatively unaltered
gabbro-diorites are interpreted to be deuteric in origin. Some of
these secondary crystals are zoned from a core of colorless clino-
zoisite to a margin of yellow epidote. Epidote, allanite, and
piemontite are abundant in more altered gabbro-diorites as replace-
ments of plagioclase feldspar and the mafic minerals and as veinlets.
Some crystals of allanite are zoned to rims of epidote, which is
evident petrographically from changes in color, pleochroism, and
birefringence. The compositions of the epidote group minerals were
not determined chemically.

Two or more minerals of the chlorite group are present in altered
gabbro-diorites from the Monterrosas deposit. One variety is dis-
tinguished by strong pleochroism from dark green to yellow, anomalous
berlin-blue birefringence, and negative sign. It replaces amphibole,
plagioclase feldspar, and biotite, and also is present in veinlets.
This chlorite is associated commonly with epidote, actinolite, sphene,
magnetite, and white mica. A semi-quantitative microprobe analysis

(analyzed with a hornblende reference standard) suggests an Fe/Mg
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ratio pf about 2.5. On the basis of its petrographic characteristics
and microprobe analysis, the composition of this iron-rich chlorite is
probably prochlorite (Phillips and Griffen, 1981) or ripidolite (Deer
et al., 1962). A second member of the chlorite group, which shows
much weaker pleochroic colors from light green to light greenish brown
and has low first-order gray birefringence, is a less common altera-
tion product of actinolitic hornblende. This chlorite is probably
Mg-rich (Phillips and Griffen, 1981).

Sphene, magnetite, hematite, and other iron- and titanium-bearing
oxide phases are common in the assemblages of alteration and gangue
minerals at the Monterrosas deposit. However, the distribution and
crystallization history of sphene and the oxide minerals are complex.
For example, sphene has several varieties of texture and association.
Some forms subhedral crystals interstitial to feldspar and pyroxene.
Elsewhere, the sphene may be present as anhedral intergrowths with
hematite and (or) magnetite that replace ilmenite and mafic minerals,
as coarse subhedral to euhedral crystals intergrown with coarse-
grained actinolite, as veinlets with epidote and chlorite, and as
microveinlets that extend outward from interstitial sphene along and
through crystals of plagioclase feldspar, clinopyroxene, and amphibole.
The interstitial variety of sphene is probably a product of late
magmatic crystallization. Others may have formed as reaction products
of ilmenite and diopside or labradorite-andesine in the presence of
the hydrothermal fluids, or as a primary hydrothermal phase deposited
directly from the fluids. The composition of sphene was not deter-
mined quantitatively. However, it is believed to contain minor

amounts of iron and possibly rare earth elements because of variations
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in birefringence and pleochroic colors from brownish yellow to darker
brown and orange-brown. Two qualitative microprobe analyses (analyzed
with an ilmenite reference standard) yielded approximate compositions

2+
of Caj.o0Fet 4T1.90A1,04511,0505.

Other secondary iron and titanium oxide minerals such as hematite,
magnetite, mangano-ilmenite, ferropseudobrookitegg, leucoxene, and
rutile predominantly replace the magmatic oxide and mafic minerals.

In general, primary ilmenite is more altered than magnetite.

Hematite, sphene, leucoxene, and possibly magnetite commonly replace
ilmenite in both relatively unaltered and altered gabbro-diorites,
whereas mangano-ilmenite, ferropseudobrookitegg, and rutile increase
in abundance (to about 2 modal %) with proximity to the ore zone. The
compositions of secondary magnetite (Fe?SgCo,01Feft7gA1_01Si,01Ti,0904).
hematite (Fe?SgCo,olFeng3A1,01Ti,015i,0205), ferropseudobrookitegs
(Fe?;3Mn,o3Fe?;7A1,olsi,osTil,glos), and mangano-ilmenite (FeftlsMn,71
Fe?;5A1,0151,01T11,8505) were determined quantitatively by microprobe
analyses, whereas leucoxene and rutile were identified tentatively by
microprobe analyses in addition to petrographic examinations. The
oxide assemblage may actually be more complicated than inferred
because the microprobe data were reduced according to the rules of
Stormer (1983) and Spencer and Lindsley (1981). These procedures
assume that the composition of the oxide minerals lies along the
ulvdspine]-magnetite or ilmenite-hematite joins. Thus, some of the
secondary Ti-bearing magnetite may actually be maghemite or titano-
maghemite which are intermediate in composition between the FesTiOg

-Fe304 join and the FeTi03-Fe203 join (Lindsley, 1976). Although X-

ray diffraction analyses were not undertaken to determine the unit
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cell dimensions of the various oxide minerals, complexities of replace-
ment and alteration may have allowed other secondary minerals such as
maghemite and pseudobrookite to be unrecognized.

White mica, or sericite, is moderately abundant (to 27 modal %) as
an alteration product of plagioclase feldspar. The intensity of
sericitization varies from complete in some plagioclase crystals to
incipient in others within the same sample of gabbro-diorite. In
general, samples close to the ore zone are more sericitized, and where
some is sufficiently coarse-grained to be called muscovite. Sericite
is commonly associated with chlorite and (or) calcite.

Other secondary minerals such as tourmaline, biotite, apatite, and
possibly diopside and zircon are present in trace to minor amounts
(< 2 modal %). Tourmaline is present as a replacement of amphibole in
gabbro-dioritic wall rocks, as veinlets, and as a minor gangue mineral
in the ore zone. Strong pleochroism from dark violet-brown to light
blue-brown suggests that its composition is that of iron?rich schorl
(Phillips and Griffen, 1981). Parallel extinction, uniaxial negative
character, and moderately high birefringence distinguish tourmaline
from iron-chlorine-rich amphibole. Secondary biotite is recognized by
its shredded habit and bluish green color. It forms rims that replace
the outer margins of amphibole crystals. This blue-green biotite is
present at trace amounts in some samples of gabbro-diorite. Some
anhedra of Cl-bearing apatite (to 0.75 wt percent C1) are associated
with scapolite and magnetite in both altered gabbro-dioritic wall rocks
and ore. Numerous minute (< 5 um) fluid inclusions are present in some
crystals. Some relicts of clinopyroxene are present within pegmatitic

growths of actinolite adjacent to the ore zone. Two microprobe
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analyses (sample 1-32-15 in Figure 8) indicate that this clinopyroxene
has the same composition as magmatic diopside in relatively unaltered
gabbro-diorites. It is possible that these crystals are remnants of
the wall rocks. Alternatively, this diopside may represent an early
period of anhydrous alteration in the gabbro-diorites. The former
interpretation is favored, whereas Injoque (1984, written communi-
cation) favors the latter. Small anhedra and subhedra of zircon

(< 0.2 mm) are particularly abundant (to 1 modal %) in heavily altered
gabbro-dioritic wall rocks. They are disseminated in both plagioclase
feldspar and the ferromagnesian minerals. TheAunusual form of these
zircons suggests that they may be either late magmatic to hydrothermal
in origin or crystals corroded by metasomatic alteration (Deer et al.,

1966) .

Geochemistry of Alteration

Several reactions may be written to generalize the exchange of
elements during alteration of the gabbro-diorites in the Monterrosas
area. In the equations that follow, certain assumptions have been
made for computational purposes. For example, average compositions
are used for minerals such as plagioclase feldspar, clinopyroxene,
amphiboles, scapolite, iron-titanium oxides, sphene, and chlorite that
were analyzed by electron microprobe. Because the valence state of
iron cannot be determined by this method, all iron is treated as
ferric in plagioclase feldspar (Ribbe, 1975), scapolite, and epidote
(Deer et al., 1962) and as ferrous in amphiboles (Hawthorne, 1983;
Robinson et al., 1982) and pyroxene (Robinson, 1980; Deer et al.,

1978). The compositions of epidote and chlorite used in the following
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equations are derived from petrographic determinations and published
chemical analyses of minerals with similar optical characteristics.

Plagioclase feldspar in the gabbro-diorites alters predominantly
to epidote, clinozoisite, and scapolite. The formula for plagioclase
feldspar is taken as An 42, which is both its normative and average
microprobe composition. This is considered to be representative of
plagioclase feldspar in unaltered gabbro-diorites. A composition
intermediate between the epidote and clinozoisite end members has been
assumed based on petrographic evidence that some epidote is zoned to a
core of clinozoisite. Scapolite has an average composition of Me 27
(marialite/dipyre). The following equations exemplify the alteration
of andesine to epidote-clinozoisite and scapolite:

3+
1.5Nay, 28K.04Ca] .66Fe.04A15.685110.30032 + 0.94Fe3* + 1.51Ca2* (1)

An 42
3+
+ 2.90H20 == 2CapAl2 s5Fe 5Si3012(0H) + 3NaA1Si308 + 0.455i02
epidote-clinozoisite albite

+ 0.52A13* + 0.42Na* + 0.06K* + 3.80H*.

Because albite is not a common constituent of the alteration assemblage
in the Monterrosas deposit, it may have reacted with andesine and
hydrothermal fluids to form scapolite in the following manner:

3+
1.5Nap, 28K, 04Ca1.66Fe.04A15,685110.30032 + 3NaA1Si30g + (2)

An 42 albite
0.03Si0 + 0.69Ca2* + 1.83Nat + 0.36K* +2.31HC1 + 0.58H20 +

3+
0.65C02 == 3Na2, 75K.14Ca1.06Fe.01A13.84518.16024 (0.77C1-0.22C03)

Me 27
+0.03Fe3t + 3.48H*.
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Scapolite may also form directly from plagioclase feldspar, as
illustrated by the following reaction:

3+
1.5Nap, 28K .04Ca1.66Fe.04A15.685110.30032 + 0.87Si02 + 2.08Na*  (3)

An 42
+ 0.22K* + 1.08H* + 1.54HC1 + 0.43C0, == 2Na2,75K,.14Ca1.06

3+ '
Fe,01A13.84518.16024(0.77C1-0.22C03) + 0.84A13* + 0.04Fe3* +

Me 27
0.37Ca2* + 1.31H0.

A summary of reactions 1 to 3 for the alteration of andesine to

epidote-clinozoisite and scapolite,
4 .5An 42 == 2epidote-clinozoisite + 5Me 27, (4)

indicates that Si0p, Fe3*, Ca2+, Nat*, K*, HC1, Hp0, and CO2 are con-
sumed and A13* and H* are liberated.

Actinolitic hornblende and actinolite replace diopside extensively
in the gabbro-diorites at Monterrosas. Possible reactions that de-
scribe the alterations include:

2+
4Na_02Ca_ g4Mg_ggFe 17Mn_ 1Al 025i1.9806 + 0.05Na* + 0.05k* +  (5)

diopside

0.69Fe* + 0.02Ti4+ + 0.94A13* + 1.08H20 ==

2+ VI Iv
Na, 13K,05Ca1,86Mg3.34Fe1.37Mn 01Ti,02A1.40517.38A1,62022(0H)2

actinolitic hornblende

+ 1.90Cal* + 0.18Mg2* + 0.03Mn2% + 0.54Si02 + 0.16H*,
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2+
and 5Na,02Ca, 94Mg,ggFe,17Mn 01A1,02511.9806 + 0.01Ti%* + (6)

diopside

0.32A13+ + 0.37Fe2* + 0,02k* + 5.40H* == Na,ggK.p2Ca1.83

2+ VI Iv
Na, o2Mg3.74Fe1,22Mn 01T, 01A1,17S17,75A1,25022(0H)2

actinolite

+ 2.87Ca2* + 0.66Mg2* + 0.04Mn2* + 0.02Na* 2.15Si07
+ 1.70H20.

Actinolite also replaces actinolitic hornblende, and this reaction may
be written as follows:

2+ VI 1V
Na,13K,.05Ca1,86M93,34Fe1, 37Mn 01T1,02A1,40S17.38A1.62022(0H)2  (7)

actinolitic hornblende

+0.375i02 + 0.40Mg2* + 1.48H* == Na_ggK.02Ca1.83Na.02

2+ VI IV
Mg3.74Fe].22Mn 01Ti,01A1,17517.75A1,25022(0H)2 + 0.01Ti4* +

actinolite
0.60A13* + 0.03Ca2* + 0.05Na* + 0.03K* + 0.74H20 + 0.15Fe2*,

The sum of equations 5,6, and 7 (9 diopside = 2 actinolite) con-
sumes Tid4*, A13+, Fe2+ K+, and H*, and releases Si0p, CaZ*, Mg2+,
Mn2+, Na*, and H20.

Actinolite also replaces andesine in the more intensely altered
samples of gabbro-diorite near the ore zone. The alteration of ande-

sine to actinolite may be represented as follows:
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3+
Naz,28K.04Ca1.66Fe.04A15,685110,30032 + 0.01Ti%* + 3.74Mg2* +  (8)
An 42

1.22Fe2* + 0.17Ca2t + 0.01Mn2+ + 7.80H* == Na_ggK.02Ca1.83

2+ VI v
Na,02Mg3,74Fe1.22Mn 01Ti,01A1,17517.75R1,25022(0H)2 + 2.555102

actinolite
+ 5,26A13* + 0.04Fe3* + 2,.20Nat + 0.02K* 2.90H20.

Other secondary minerals contained in altered gabbro-diorites
include sphene, magnetite, chlorites, sulfides, apatite, tourmaline,
piemontite, hematite, mangano-ilmenite, ferropseudobrookite, and
others. Because the compositions for some of these minerals were
determined chemically, equations may also be written to generalize the
exchange of elements during the formation of these secondary minerals.
For example, prochlorite replaces amphibole, plagioclase feldspar, and
biotite in altered gabbro-diorites. Balanced equations for the altera-
tion of plagioclase feldspar and actinolitic hornblende to prochlorite
might include:

3+
Nao. 28K _.04Ca1.66Fe.04A15.685110.30032 + 0.11Fe3* + 3.10Fe2* (9)

An 42

2+ 3+ VI
+ 1.35Mg2* + 5,80H* + 1.10Ho0 == 0.5Mgp. 7Feq.2Fe.3A12,6Si5.5

prochlorite

IV
Alp 5020(0H)16 + 3.13A13+ + 1.66Ca2* + 2.28Na* + 0.04K* +

7.555105,
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2+ VI IV
and Na 13K, 05Ca1,86Mg3.34Fe1,.37Mn 01T, 02A1,40S17,38A1,62 (10)

actinolitic hornblende

022(0H)2 + 1.53A13* + 0.15Fe3* + 1.73Fe2* + 3.26H0

2+ 3+ VI 1v
== 0.5Mgp, 7Feg.2Fe 3A12,6S15,5A12,5020(0H) 16 + 4.635i07 +

prochlorite

0.02Ti4+ + 1.99Mg2+ + 1.86Ca2* + 0.01Mn2* + 0.13Na* + 0.05K*
+ 0.52Ht,

Sphene, magnetite, and other iron- and titanium-bearing minerals
are common in the assemblages of alteration and gangue minerals in the
Monterrosas deposit. Ilmenite is used as the reactant in both equa-
tions 11 and 12 because evidence from polished sections demonstrates
that it is less stable in the gabbro-diorites than magnetite. The
reaction of ilmenite (determined from microprobe analyses to be ferrian
ilmenite, ilmenite gghematite,1g) to produce sphene + hematite +
magnetite can be modelled by equation 11:

2+ 3+
Fey.72Mn_og7Mg.g2Fe, 3851 .01Ti1.8006 + 1.07Si0p + 5.34Fe3* + (11)

ilmenite gghematite, 1

2+
0.06A13+ + 0.02Co2* + 1.00Ca2* + 6.86H20 == Cay,QoFe.04Ti.90

2+ 3+ 2+
A1,04Si1,0505 + Fe 02C0, 01Fe3.93A1,01Ti,0151.0206 + Fel.09Co0,01

sphene hematite

3+
Fe1.79A1.01S1.01Ti 0904 + 0.80Ti4+ + 0.57Fe2* + 0.07Mn2+ +

magnetite

0.02Mg2% + 13,72H*,
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The formation of some of the other secondary oxide minerals such
as ferropseudobrookitegg and mangano-ilmenite may be represented by
equation 12:

2+ 3+
Fe1.72Mn o7Mg 02Fe. 3851 .01Ti1.8006 + 0.02Si02 + 0.04Ti4+ + (12)

ilmenite gghematite 1Q

' 2+ 3+
0.01A13* + 0.30Mn2* + 1.08H* ==0.5Fe_g3Mn_q3Fe.27A1.0151.05

ferropseudobrookitegg

2+ 3+
Ti1,8105 + 0.5Fey 16Mn 71Fe, 25A1,0151.01Ti1.8606 + 0.12Fe3*

mangano-ilmenite

+ 0.73Fe2* + 0.02Mg2* + 0.54H20.

The destruction of primary magmatic minerals and concomitant for-
mation of secondary alteration minerals in gabbro-dioritic host rocks

of the Monterrosas deposit may be summarized by the following reaction:

6.5 plagioclase feldspar + 9 diopside + 2 ilmenite + (13)

An 42 ilm, ghm i

1 actinolitic hornblende == 3 actinolite + 5 scapolite +

Me 27
2 epidote-clinozoisite + 1 prochlorite + 1 sphene + 1 hematite
+ 1 magnetite + 0.5 ferropseudobrookitegg + 0.5 mangano-ilmenite.

Equation 13 is a summation of all the reactions (Eqs. 1-12) previously

described. Although this summary reaction cannot define in detail all
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of the chemical and mineralogical effects that accompanied alteration,
it does provide a good approximation of the major changes that resulted
from exchange and interaction between gabbro-diorites and the late
magmatic to hydrothermal fluids. The substitution of chemical for-
mulae for the mineral reactants and products of equation 13 provides a
means to quantify the exchange of elements, or mass transfer, between
host rocks and fluids. The exchange of elements, given as gains or
losses in moles, is listed in Table 9.

These tabulated data document substantial additions of H20, Fed*,
Fe2*, HC1, Mg2*, and CO, and depletions of Si0p, A13+, Ca2*, and
Na* to accommodate the mineralogical changes imposed by alteration.
However, this list of constituents gained and lost is necessarily
incomplete, because the formation of other secondary minerals such as
apatite, tourmaline, and sulfides dictate the addition of P, B, and S
to these host rocks from the fluids. Moreover, the exchange of some
components listed in Table 9 may be mistaken in consideration of the
overall mineralization process. For example, gains of Fe2* and Fe3*
must be appreciably Targer than noted in Table 9 because of the depo-
sition of massive amounts of pyrite, chalcopyrite, and magnetite in
the orebody, whereas losses of Si0p, A13*, and Ca2* are probably less
than indicated on account of the deposition of other secondary minerals
such as quartz, carbonate, and clay group minerals in altered wall
rocks and as gangue in the ore.

Concentrations of the major oxides in samples of gabbro-diorites
from the Monterrosas area reflect the mineralogical changes imposed by
alteration and metallization. For example, a comparison between the

six least altered samples of gabbro-diorite identified petrographically



Table 9.

Exchanges of Elements in the Gabbro-Diorites from

a Summary Reaction of Alteration (in moles)
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Gains Losses
6.31 Fe3+ 0.75 Ti4t
5.66 Fel+ 7.49 A13+
2.62 Mg2+ 5.32 Calt
0.16 Mn2* 1.14 Na*
0.02 Co2* 15.51 Si0p
0.45 k*

0.96 H*

3.85 HC1

8.59 Hp0

1.08 €07
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and sixteen more altered samples reveals geochemically significant
variations for most of the elements, as listed in Table 10. The oxides
of iron, magnesium, and potassium are present at greater concentrations
in the more altered samples, whereas the oxides of silicon, titanium,
calcium, and sodium are depleted. Because alteration in the gabbro-
diorites is dominantly through replacement processes, the metasomatic
exchange of oxides is better interpreted on the basis of mass-per-
volume units (g/100 cm3) by accounting for the specific gravity of
samples. This conversion is made by multiplying the wt percent of
oxide in a sample and its specific gravity. The difference between

the means of the individual oxides in the six relatively unaltered and
the sixteen altered samples of gabbro-diorite was evaluated statisti-
cally for the reliability of apparent gains and losses (Koch and Link,
1971). For example, the differences in silica and total iron oxide
between fresh and altered rocks, as listed in Table 10, are signifi-
cant at the 99 percent confidence level. This indicates that there is
only al bercent pdss{bility that the differences are not real, but
rather result from random chance or error. Changes in Ti02, Ca0, Na0,
and K20 are significant at the 95 percent confidence interval, and
changes in Mg0 are significant at the 80 percent confidence level
(Table 10). The difference in A1203 between unaltered and altered
rocks is not significant. Although the means of most of the major
oxides show overall variations between relatively fresh and altered
samples of gabbro-diorite, they have only fair correlations

(r = *0.16 to *0.90) with distance to the ore zone, intensity of
alteration (measured as the percentage of secondary minerals), or

intensity of metallization (measured as the concentration of copper).
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Table 10. Chemical Changes Between Relatively Unaltered and
Altered Patap Gabbro-Diorites (in wt % and g/100 cm3)

(n =6) (n = 16)

Oxide Unaltered Altered Difference
Si07 54.6 wt % 51.0 wt %
Ti02 0.91 0.67

| A1703 17.2 17.0

f : 4

; g . o

| Ca0 11.5 9.1
Nas0 4.2 3.2
K20 0.21 0.75
S. G. 2.81 2.80
A. 1. 9.68 49,61
Si0 155.53 g/100 cm3  144.87 g/100 cm3  -10.66%**
Ti02 2.59 1.90 - 0.69**
A1203 48.72 © 48.22 - 0.50
FeOt 14.59 30.49 +15 ,90%**
Mg0 14.05 17.33 + 3.28%
Ca0 32.84 25.80 - 7.04%*
Na20 11.86 ' 9.05 - 2.81**
K20 0.61 2.14 + 1.53%*

* Significant at the 80% confidence interval
** Significant at the 95% confidence interval
*** Significant ét the 99% confidence interval

A. I. = Alteration Index = (Rg - Ry) x 100,
Rs

where R = (Nap0 + Ca0 + Ti0p + Si0p)
(K20 + Mg0 + FeO¢)
Rg = R of least altered sample, 6-8-13

Rx

R of any sample
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These distributions apparently result from the lack of specific
assemblages of alteration minerals. In an effort to quantify the
chemical effects of alteration, a ratio for each sample was established
as the sum of oxides lost (Nap0 + Ca0 + Ti02 + Si02) versus the sum of
oxides gained (K20 + Mg0 + FeOt). Each ratio (Ry) was then normalized
against the ratio for the least altered sample of gabbro-diorite (Rg).
This recast equation, Rs - Rx x 100, defines the alteration index
(A.I.). The A.I. varies $?om 0.00 for the least altered sample of
gabbro-diorite (6-8-13) to 69.36 for the most heavily altered sample
of gabbro-diorite (B-4) analyzed. The alteration index has good
correlations with both distance from ore (r = -0.82) and intensity of
mineralization (r = 0.75), as illustrated in Figure 16. These corre-
lations emphasize that mass transfer of elements in the gabbro-diorites
was a major result of the mineralization process at the Monterrosas
deposit.

Variations of the major oxides within samples of altered and
unaltered gabbro-diorites document the interaction between these host
rocks and the late magmatic to hydrothermal fluids that circulated in
the Monterrosas deposit. Moreover, these data confirm that large
amounts of FeOt as well as K20 and Mg0 were gained, whereas 5i02, Ca0,
Nap0, and Ti0p were lost during alteration. Ih addition, significant
amounts of H»0, C1, other volatiles, and metals must have been added
by fluids to account for secondary minerals such as scapolite, amphi-
boles, apatite, tourmaline, and the ore minerals in the alteration

assemblage.
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FLUID INCLUSIONS

The study of fluid inclusions has provided a wealth of chemical
and physical data relevant to the ore-forming fluids of hydrothermal
mineral deposits. These contributions have particularly enhanced
existing knowledge of ore genesis in systems of the porphyry copper
(Roedder, 1971; Nash, 1976) and strata-bound Mississippi Valley
(Roedder, 1976) types of deposits. The investigation of fluid inclu-
sions in samples of altered wall rocks and ore at the Monterrosas Mine
has contributed to a better understanding of the genesis of this
deposit.

Type III halite-bearing inclusions in gangue quartz at Monterrosas
document the high temperature and high salinity of the mineralizing
fluids. A1l halite-bearing inclusions homogenize by halite dissolu-
tion at temperatures up to 500°C. These inclusions have an average
salinity of about 52 wt percent NaCl. Inclusions with daughter
crystals of halite and sylvite have salinities of about 62 wt percent
NaCl + KC1 and delineate a halite trend on a phase diagram of the
NaC1-KC1-Hp0 system. The halite trend and the high salinities and

temperatures suggest that the fluids exsolved directly from a magma.

Methodology

A1l types of rock in the Monterrosas area were examined in
standard and polished thin sections for the presence of fluid inclu-
sions. Quartz was found to host the only inclusions suitable for

analysis. Other minerals, such as apatite, scapolite, and actinolite,
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contain inclusions that are too small (<1 um) for optical examina-
tion. Quartz-bearing samples selected for thermometric analyses
included magnetite-sulfide ore, altered diorite, granodiorite, and
quartz veins in ore, altered diorite, and granodiorites. Doubly
polished plates approximately 200 um (0.2 mm) in thickness were pre-
pared from those samples selected for analysis. Locations of samples
are shown on Plates 2 and 3.

Microthermometric measurements were made on a Chaixmeca heating
and freezing stage. The heating stage was calibrated by measuring the
final melting point of a series of crystalline standards. Calibration
of the freezing stage was accomplished by freezing a series of liquids
and a liquid CO2 inclusion with known melting points and measuring the
final melting point of the ice upon reheating. The approximate error
for these heating and freezing measurements is about }7°C and *1.0°C,
respectively, which are consistent with those reported by Jehl (1975)
and Poty et al. (1976) for the Chaixmeca microthermometry apparatus.
The heating and freezing data for fluid inclusions at Monterrosas pro-
vide estimates of the temperatures and salinities for the mineralizing
fluids.

Fluid inclusions are samples of the fluid that was present at the
time of growth or recrystallization of the host mineral (Roedder,
1979; 1972). Crystal irregularities formed and sealed during growth
of the mineral host may contain primary fluid inclusions; those sealed
by recrystallization along fractures at some later time may enclose
secondary or pseudosecondary fluid inclusions (Roedder, 1981). As has
been the case in most studies of porphyry copper deposits (Roedder,

1971; Ahmad and Rose, 1980), it has been difficult to document the
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primary origin of most inclusions in samples from the Monterrosas
Mine. Inclusions located along fracture planes are obviously secon-
dary in origin (based on criteria in Roedder, 1981, Table 5.1).
Aligned inclusions without trace of a fracture plane were considered
to be secondary because the linear arrangement may represent an older
healed fracture (Ahmad and Rose, 1980). Primary inclusions were iden-
tified by their isolated occurrence (Roedder, 1981, Table 5.1) and ‘'the
absence of evidence for a secondary origin (Bloom, 1981; Ahmad and
Rose, 1980).

Fluid inclusions from Monterrosas are classified according to the
scheme suggested by Nash (1976), which is based on the phase relations
observable at room temperature. Three types of fluid inclusions
recognized are noted simply as types I, II, and III. Type I inclu-
sions consist of a water-rich liquid plus a small vapor bubble without
any daughter minerals. The vapor bubble occupies less than 20 volume
percent of the inclusion, and commonly less than 10 volume percent.
Type I inclusions are all less than 35 um in diameter and most are
less than 10 um. Some exhibit negative crystal shapes, but most are
round or irregular. All Type I inclusions homogenize into the liquid
phase by disappearance of the vapor.

Fluid inclusions of the type II variety are gas-rich and contain
liquid plus a large water vapor bubble that occupies more than 60 per-
cent of the inclusion. Daughter minerals are not present in type II
inclusions. These inclusions are rare at Monterrosas, and where pre-
sent are usually associated with types I or III. Type II inclusions

homogenize into the vapor phase by disappearance of the liquid.
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Type III fluid inclusions contain 1 or more daughter minerals such
as halite, sylvite, and others, small vapor bubbles (< 15 volume
percent), and liquid, as illustrated by the photomicrographs of

Figure 17. These inclusions are generally larger than those of type I,

and their shapes are irregular. Sizes range from less than 10 um to

more than 25 um, with the largest observed measuring 27 um by 15 um.
Nearly all type III inclusions homogenize into the liquid phase by
dissolution of halite.

Types I and III inclusions dominate in samples from the Monterrosas
deposit, and type II inclusions are rare. Of the two main kinds
observed, type III are present as probable primary as well as secondary
and (or) pseudosecondary varieties, whereas type I are in most cases
demonstrably secondary. Ambiguities in the distinction between pri-
mary and secondary inclusions are commonp]ace, and especially in
porphyry-type hydrothermal systems that are characterized by repeated
episodes of fracturing, fluid movement, and rehealing of fractured
host rocks and ore minerals (Roedder, 1971; 1976). Several linear
trends of innumerable type I and some type III inclusions within
single crystals of quartz demonstrate that similar events accompanied
ore formation at Monterrosas. Most of the type II inclusions appear
to have resulted from necking down of other inclusions (see Roedder,
1979, for a schematic representation of necking down).

Halite is the most abundant daughter mineral in type III inclu-
sions at Monterrosas. This mineral is identified by its cubic outline
and colorless, isotropic character (Figure 17). Halite generally
exhibits euhedral cubic form, although some corners may be rounded.

Crystals of halite in type III inclusions are up to two or more times
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Type III Inclusions in Samples of Ore from the Monterrosas
Mine. A. Sample 3-18-70A-Bl with halite (H), sylvite (S),
vapor bubble (V), and unidentified birefringent rod (B)
that is possibly anhydrite or molysite. B. Samples 5-18-
70B-B1A and 5-18-70B-B2A with halite (H), sylvite (S), and
unidentified daughter minerals (B,?), with vapor bubble
(V). C. Sample 5-18-70BA-C2 with halite (H), sylvite (S),
unidentified birefringent yellow crystal (Y), hematite
(Hm), a second unidentified daughter mineral (?), and a
vapor bubble (V). Note rounded corners of halite.
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larger than the vapor bubble, and they may occupy 10 to 25 volume per-
cent of the inclusion.

At 1east five other daughter minerals are seen in type III inclu--
sions. Sylvite is present in about 15 percent of the type III inclu-
sions at the Monterrosas Mine. It is recognized by its cubic form and
colorless, isotropic appearance (Figure 17). Sylvite, in contrast to
halite, has a lower refractive index and is smaller and more anhedral
in shape. Tentative identifications of sylvite were confirmed by sub-
sequent heating experiments. Sylvite undergoes dissolution prior to
halite because of its higher temperature coefficient of solubility
(Roedder, 1971).

Hematite is a less common phase in type III inclusions. It
displays a characteristic yellowish orange to red color, and most
crystals also show a subhedral hexagonal platy form. Another opaque
mineral, possibly pyrite, chalcopyrite, or magnetite, has rounded to
square outlines. Efforts to determine its magnetic properties were
unsuccessful because of the presence of magnetite as solid inclusions
in or surrounding the fluid inclusion-bearing quartz.

The halite-bearing type III inclusions contain at least three
other unidentified daughter minerals. One or more unidentified
daughter crystal is present in nearly 50 percent of these inclusions.
Elongate crystals of a prismatic, rectangular, and colorless miheral
(Figure 17) that have low to moderate birefringence, moderate positive
relief in liquid, and parallel to slightly inclined extinction may be
anhydrite (CaSO4), molysite (FeClp°4H20), or unnamed CaCl2(°6H0)
(Kwak and Tan, 198la; Ted Theodore, 1983, personal communication).

This mineral generally persists beyond the temperature of final halite
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dissolution in type III inclusions, and in some inclusions it did not
dissolve totally even at temperatures greater than 500°C. Another
unidentified mineral that forms pleochroic yellow tabular crystals
with moderate birefringence and parallel extinction could be amaran-
tite (FeSO4(0OH)'4Ho0) according to the data of Eadington (1983) and
Kwak and Tan (198la). These yellow crystals also dissolve at tem-
peratures above those for the disappearance of halite. Several type
IIT inclusions have small, rounded to cubic (rhombohedral?) colorless
crystals with moderate to high birefringence and relief. The sizes of
these crystals are generally too small (<1 um) for effective identifi-
cation by optical methods. They could be any of the above-mentioned

anisotropic minerals, or possibly calcite.

Homogenization Temperatures

Most fluid inclusions at room temperature consist of both a liquid
and vapor phase, and sometimes these may be accompanied by a solid
crystalline phase. The homogenization temperature is defined as the
lowest temperature at which only a single liquid or vapor phase is
present (Roedder and Bodnar, 1980). Ideally, it provides a thermal
minimum for the formation of the host mineral, and of the associated
rock or mineral deposit by extrapolation. At Monterrosas, for example,
the homogenization of simple, liquid-rich type I inclusions is marked
by the disappearance of the less abundant vapor phase. Homogenization
of type II inclusions takes place with the disappearance of liquid
into the gas phase. The homogenization temperature of most type III
inclusions is that characterized by the dissolution of halite, and not

the lower temperature of vapor disappearance. Only two type III
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inclusions homogenized by vapor disappearance at temperatures greater
than that of the halite dissolution. As will be discussed more fully
in a later section, homogenization by halite dissolution indicates
that the solutions were trapped under relatively unusual conditions of
pressure and temperature (Erwood et al., 1979; Wilson et al., 1980).
In most type III inclusions with more than one daughter mineral, hema-
tite, magnetite, a sulfide mineral, anhydrite, or another unidentified
daughter mineral usually persisted beyond the temperature of halite
dissolution. This is ascribed to necking down, disequilibrium,
kinetic effects on dissolution, or postentrapment oxidation of the
fluid because of hydrogen diffusion through the walls of the host
quartz crystal (Roedder, 1972; 1971). Hence, the temperature of
homogenization is not based on dissolution of these refractory
minerals.

Temperatures of homogenization were obtained from a total of 136
inclusions from twelve samples of the Monterrosas area. Although
inclusions in many additional samples were also observed during this
study, problems relating to poor visibility, decrepitation, and
leakage rendered the data of limited value. Of those for which
reliable data were obtained, about 65 percent were type I and 35 per-
cent were type III inclusions. Results of the heating runs are given
in Table 11. Homogenization for type I inclusions took place between
62° and 243°C, as shown in Figure 18. Most type I inclusions homoge-
nized at about 170°C as recorded by the peak on the histogram
(Figure 18). Similar homogenization temperatures were observed in
samples of all the different rocks analyzed. Temperatures of vapor

disappearance (NOT homogenization) in type III inclusions range from



Table 11. Fluid Inclusion Data for the Monterrosas Deposit
Daughter First Last i

Sample Rock Type Inclusion Type Minerals V out H out Other Melt Melt Salinity
2-32-3A1 Quartz vein 81 i <144 - 7.0 10.5
) in diorite B2 111 H+B 198 448 8>500 50.7
D1 111 H+B 147 480 B>500 54.1
D2 I <147 -10.3 14.3
El I 161 -10.4 14.4
E2 I11 H+8 196 382 B=388 44.4
F1 I 163 -10.7 14.7
F2 I H+B 198 401 B=482 46.2
F3 IT1 H 184 262 35.4
F4 1 H+B 198 369 8>500 43.3
Gl I 163 -47.4 - 9.7 13.7
62 I , 163 - 9.7 13.7
H2 11 H+B 196 436 B>500 49.5
F-3C Massive ore 1A I 180 -53.3 -15.6 19.3
28 I 168 -17.5 20.8
1F I 183 -13.5 17.5
E-18B Quartz vein 18 H 174 -41.5 -15.2 19.0
in ore 1D I <174 -16.8 20.3
1F I <174 -13.6 17.6

S=177
) 3-18-70A Massive ore Bl IIT,  H+B+S 290 461 B=462 52.1
B2 IT1 H+B 294 418 - B=505 47.7
C1 I H+B 326 398 B=452 45.9
D1 IT1 H+B <300 462 B>505 52.2
- 5-18-708A Massive ore Bl 111 H+Y 117 459 Y=462 51.9
| B2 111 H+Y+S 168 465 $=196 52.5
| Y=468

Cl IT1 H+Y 123 465 Y=480 52.5

c0t



Table 11 (continued)

Daughter First Last
Sample Rack Type Inclusion Type Minerals V out H out Other Melt Melt Salinity
5-18-70BA Massive ore "2 HI  HtY+S+hm+? 123 364 Y=486 4.9
(cont inued) $<364
hm>500
F1 111 H+Y . 117 444 Y=486 50.3
5-18-7088 Massive ore 1A 111 H+S+B+7 = 291 491 $=163 55.3
B=225
2A 111 H+S+B+? 282 426 $=130 48.5
B=257
2B 11 H 292 >489 >65.1
3B I H+B 292 >473 B>473 >53.3
10 [ H+S+8 305 442 S=134 50.1
8>512
2D H+B+? 292 474 8>507 53.4
3D 111 H+B 311 445 B=490 50.4
5-18-70AA Massive ore 1A 111 H+S+B 168 444 $=129 50.3
B8>445
18 111 .H+B 178 482 B>490 54.3
2B 111 H+8 225 360 B>380 42.5
3B 111 H+B 172 488 B>488 55.0
5-18-70A8 Massive ore 1A I 127 -15.7 19.4
1D I 125 -11.1 15.1
1E I 161 -50.5 -13.5 17.5
2E I’ 154 -13.1 17.1
1F I 162 -12.8 16.8
2F I 154 -12.8 16.8
5-18-70AC1 Massive ore 1A I 104 -11.7 15.7
1E I 187 -44.3  -12.2 16.2
2E 1 177 -60.0 - 7.2 10.2
3E 1 172 -17.9 21.1
2F I 171 -17.5 20.8
9F I 184 17.1

-13.1

€01



Table 11 (continued)

Daughter . First Last
Sample Rock Type Inclusion Type Minerals V out H out Other Melt Melt Salinity
K-5A1 Massive ore 1A 111 H+0 221 477 0>540 53.8
DDH-13-.0A Massive mt-py 1A I11 HB+2 177 416 B>535 47.6
18 111 H+hm - 175 437  m>535 49.6
1C 111 H+8 100 459 8>535 51.9
1D I H+hm 148 469 hm>535 52.9
1€ 111 H+hm 158 424  hm>535 48.3
16 111 H+0 148 476 0>535 53.7
1H 111 H+B 177 463 B>535 52.3
12-2-22A Gabbro-diorite 2A 111 H 183 225 33.2
12-2-2282 Gabbro-diorite 3A I 181
1C I11 H 256 253 34.8
2C 111 H 256 317 39.2
12-8-138 Granodiorite 1A IT1 .H+Y+0 <219 359 Y=305 42.5
2A I11 H+0 <229 351 0>375 41.8
12-8-13€ Granodiorite 1A I11 H 219 207 31.0
1C I 233
$=201
12-8-13F Granodiorite 28 IIT  H+S+B+0 238 461 8>480 52.1
* 0>480
3B I H+hm 234 383  hm>400 44.5
8-2-13F Granodiorite 1A 11 H+S+0 172 373 $=130 43.7
0>380
8-2-14A Quartz vein in 1A I 62 -16.5 20.0
granodiorite 2A I 139 -20.2 22.8
2C I 60 -46.0 -17.3 20.7

v01



Table 11 {continued)

Daughter . First Last
Sample Rock Type Inclusion Type Minerals V out H out Other Melt Melt  Salinity
10-2-1382 Quartz vein in Bl I 178 -40.5 -17.3 23.7
granodiorite C1 I 127 -14.5 18.4
c2 I 138 -20.1 22.7
£l I 183 -13.8 17.7
10-2-13A2 Quartz vein in A3 1 168 -10.5 14.5
granodiorite D2 I 170 -12.9 16.9
Type I =
Type II1 +L+H * other daughter minerals
V out = Temperature of disappearance of vapor bubble
H out = Temperature of dissolution of halite
Other = Temperature of dissolution of other daughter minerals

First Melt = Temperature of first melt of ice formed by freezing the inclusion
Last Melt = Temperature of last melt of ice formed by freezing the inclusion

A1l temperatures in °C and corrected for machine calibration

Salinity = equivalent wt percent NaCl

vapor

O~«<«WND T <
o nn uon

halite

birefringent rod
sylvite

yellow birefringent rod
opaque

hm = hematite

? = unknown small birefringent crystal

A1l analyses by G. B. Sidder on a Chaixmeca heating and freezing stage at Oregon State University.

S01
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Figure 18. Histogram of the Temperatures of Vapor Homogenization
in Type I Inclusions
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114° to 326°C as illustrated in Figure 19. However, one type III
inclusion in gabbro-diorite homogenized by vapor disappearance at 256°
and another in granodiorite at 219°C. In general, there are not

any well-defined peaks of vapor disappearance on the histogram. Tem-
peratures of halite dissolution in type III inclusions range between
211° and 490°C, as depicted in Figure 20. A few samples decrepitated
near 500°, but with their halite cube remaining visible although
diminished in size. Inclusions composed of liquid, vapor bubble, and
halite as the only daughter mineral homogenized by halite dissolution
at temperatures between 211° and 359°C. However, those with one or
more daughter minerals in addition to halite homogenized at higher
temperatures ranging from 351° to 488°C. The homogenization tem-
peratures for these inclusions exhibit a frequency maximum at about
465°C (Figure 20). Inclusions hosted by disseminated and vein quartz
in massive ore recorded the highest homogenization temperatures (to
488°C), whereas those in gabbro-dioritic wall rocks and in grano-
diorites homogenized commonly at lower temperatures (about 225° to
380°C) .

Among the other daughter minerals in type III inclusions, some of
the colorless, rod-shaped crystals (anhydrite?, molysite?) and the
yellow crystals (amarantite?) dissolved at temperatures between 452°
and 490°C (Table 11). Although some unidentified daughter minerals
disappéargd at temperatures less than 300°C, the majority of these did
not totally dissolve at the maximum temperatures of heating (to 550°C),
and all remained at temperatures above that of halite dissolution in

their respective inclusions. Sylvite always dissolved before halite
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in Type III Inclusions. Hachured left, vapor dis-

‘appearance in V + L + H inclusions; open, vapor dis-

appearance in V + L + H + other daughter inclusions;
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in the type III inclusions, and its temperature of disappearance

ranged from about 129° to 196°C (Table 11).
Salinities

The salinities of fluid inclusions at the Monterrosas Mine were
determined from the freezing point depression for type I inclusions
(Roedder, 1963; Potter et al., 1978) and by the temperatures of halite
dissolution for type IIT inclusions (using the data of Keevil, 1942;
Sourirajan and Kennedy, 1962; and Potter et al., 1977). The freezing
point depression of an inclusion is defined as the final melting tem-
perature of ice that was formed by freezing of the liquid phase in the
inclusion (Roedder, 1962). The temperature of initial melting was
also recorded when observed. This latter temperature approximates the
eutectic point for water-salt systems and indicates what salts other
than NaCl may be present in the fluid (Roedder, 1971). Al1 salinities
reported in this section are represented as the wt percent NaCl equiva-
lent.

Freezing point depression data listed in Table 11 were obtained
from a total of 49 type I inclusions in seven samples from Monterrosas.
Salinities of these inclusions range from about 10 to 24 wt percent
NaCl equivalent. A histogram of the salinities measured is given in
Figure 21 and shows a frequency maximum at about 18 wt percent NaCl
for type I inclusions. In addition, the salinities of 41 type III
inclusions from nine samples were calculated from the temperature of
final halite dissolution (Table 11). They are appreciably more saline
than the type I inclusions, and concentrations range from about 30 to

56 wt percent NaCl equivalent (Figure 21). Type III inclusions exhibit
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a broad frequency maximum at about 52 wt percent NaCl. Samples of
massive ore host the most saline inclusions (to 56 wt percent), and
inclusions in gabbro-dioritic wall rocks and granodiorites are
moderately saline (30 to 45 wt percent).

The two dominant types of fluid inclusions from the Monterrosas
Mine occupy distinct fields on a diagram of salinity versus tempera-
ture, as illustrated in Figure 22. The saturation curve for the
NaC1-H20 system defines one field of high temperatures and high
salinities for type III inclusions, and a field of lower temperatures
and moderate salinities circumscribes type I inclusions. Nearly all
of the type III inclusions plot on the saturation curve because of
their homogenization by halite dissolution. Data for six inclusions
from samples of massive ore are plotted above the saturation curve in
Figure 22 and represent salinities determined on the NaCl-KC1-H»0
ternary diagram, as shown in Figure 23, from the solution temperatures
of halite and sylvite. Total salinities (wt % NaCl + KC1) for these
six inclusions range from 57 to 67 wt percent with a mean of 61 wt
percent, and their Na/K atomic ratios range from 1.36 to 1.98 and
average 1.58. The absence of sylvite at room temperature in other
type III inclusions limits the concentration of KC1 in the solutions
to a maximum of about 12 percent (Erwood et al., 1979). The minimum
Na/K atomic ratio in these type III inclusions is about 2.5.

Total salinities of the type III inclusions were determined by the
saturation temperature method from the solution temperatures of halite
or halite and sylvite. However, this method assumes that the major

salts present in the liquid are exclusively NaCl and KC1. As noted
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Figure 23. Phase Relations in the System NaCl1-KC1-Hp0 (from Ravich
and Borovaya, 1977, Figure 4, p. 337). Closed circles,
data points from the Monterrosas Mine.
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previously, daughter minerals other than halite and sylvite are pre-
sent in type III inclusions, and at least two of these (anhydrite?/
molysite? and amarantite?) probably contain Ca2* and Fe2*. To
include these elements in the calculation of total salinity by the
solution temperature method, phase relations at high temperatures for
the NaC1-KC1-CaCl1p%FeC15-Hp0 system are needed (Kwak and Tan, 1981b).
These data are not available. Therefore, inferred total salinities
reported here are probably low because CaClp is more soluble than NaCl
or KC1 and affects the dissolution behavior of halite and sylvite
(Kwak and Tan, 1981b).

Two other methods besides the saturation temperature method may be
used to determine total fluid compositions. One utilizes the tempera-
ture of first melting in frozen inclusions, and the other is the phase
volume method (Kwak and Tan, 1981b). The latter method requires
accurate volumetric measurements of the different phases in an inclu-
sion. These measurements can be taken, for example, with a scaled
ocular, from photographs on a scanning electron microscope, and (or)
by modelling the individual phases of a fluid inclusion in plasticine
and weighing the various parts (Kwak and Tan, 198la). The phase
volume method was utilized in part during the present study by measur-
ing most inclusions and phases with a scaled ocular. However, the
method could not be applied fully because only two dimensions could be
measured. Attempts to freeze type III inclusions were also unsuccess-
ful, and this failure precludes the determination of first melting
temperatures. Some inclusions were cooled to -157°C for more than
five minutes and still would not freeze. Thus, inferences cannot be

made in regard to some of the more soluble chloride salts such as
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those of Ca, Fe, Mg, and Zn. Roedder (1976) has reported that gross
supercooling of 40° or more below the equilibrium freezing temperature
was required to freeze fluid inclusions in samples from Mississippi
Valley-type deposits. Furthermore, daughter crystals of halite and
other phases did not act as nuclei for the formation of ice (Roedder,
1976). Such problems of metastability and the small amount of liquid
in multiphase type III inclusions from Monterrosas apparently inhibited
freezing.

The salinities of type I inclusions from the Monterrosas Mine are
reported as wt percent NaCl equivalent. However, the temperatures of
initial melt formation in these inclusions indicate that salts other
than NaCl and KC1 are present in the liquids. The temperatures of
first melting (recognized by the appearance of liquid between crystals
of ice and (or) an increase in translucency of the inclusion) range
from about -56° to -20°C. The initial melting, or eutectic, tem-
perature in the NaCl-Hp0 system for fluid compositions up to 61.9 wt
percent NaCl is -20.8°C (Crawford, 1981). Other water-salt systems
have different, but characteristic, eutectic temperatures. For
example, the temperatures of initial melting in the NaC1-KC1-H20 and
NaC1-CaClp-H20 systems are -22.9° and -52.0°, respectively (Crawford
et al., 1979). Thus, it appears that some of the type I inclusions

from the Monterrosas Mine are also mixtures of chloride salts.

Interpretation of the Fluid Inclusion Data

Nearly all type III fluid inclusions from the Monterrosas Mine
homogenize by disappearance of the halite daughter crystal after

disappearance of the vapor bubble. The data for six sylvite-bearing
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inclusions from samples of massive ore are plotted on the ternary
NaC1-KC1-Ho0 diagram in Figure 23. These points are located at the
temperature of halite disappearance on a straight line between the
NaCl apex and a point on the halite-sylvite cotectic at the dissolu-
tion temperature of sylvite. The data points form linear arrays which
project to the NaC1-KC1 join, as depicted in Figure 24.

Erwood et al. (1979) have recognized that sylvite-bearing inclu-
sions from the Naica deposit which homogenized by halite dissolution
delineated a so-called "halite trend" on a phase diagram for the
NaC1-KC1-Ho0 system (Figure 24). They have concluded that the halite
trend formed by removal of halite from a highly saline and saturated
parent solution under pressure-temperature conditions exceeding those
of the solubility curve in the NaCl1-Hp0 system (Wilson et al., 1980;
Erwood et al., 1979). Evidence presented in the discussion that
follows suggests that type III incluions at Monterrosas may have
formed in a similar manner.

The solubjlity curve and phase relations for the NaCl-H20 system
at 52 wt percent NaCl are shown on a pressure-temperature diagram in
Figure 25. The boundary curves of interest in the following discussion
are the three-phase (L + V + H) solubility curve, the halite liquidus
(L + H/L), and the liquid plus vapor (L/L + V) boundary curve
(Figure 25). Cloke and Kesler (1979) have projected the phase rela-
tions in the NaC1-KC1-Ho0 system onto the pressure-temperature plane
as shown in Figure 26. Contours for L + H/L and L/L + V equilibria at
50 and 60 wt percent combined NaCl and KC1 and the solubility curves
for the NaC1-KC1-H20 (solid line) and NaCl1-Hp0 (dashed Tine) systems

are also represented. Note that substitution of KC1 for NaCl causes
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Figure 24.

Location of the Halite Trends Observed at the Naica
Pb-Zn-Ag, Limestone Replacement Deposit (Erwood et al.,
1979), and at the Panguna (Eastoe, 1978, 1982), and
Granisle and Bell (Wilson et al., 1980) Porphyry Copper
Deposits. Closed circles, data for the Monterrosas Mine
(this study). The dashed lines show two possible projec-
tions through the data from Monterrosas to the edges of
the NaC1-KC1-Hp0 system (after Cloke and Kesler, 1979,
Figure 1, p. 1824).
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an appreciable change in the position of the solubility curve. Points
A and AA represent total salinities of 50 wt percent in the
NaC1-KC1-H20 and NaCl1-Hp0 systems, respectively. However, point AA is
located at a temperature of about 200° higher than that of A. At
higher temperatures and salinities, the temperature difference between
the two systems decreases. For example, points B and BB are both
plotted at total salinities of 80 wt percent. Cloke and Kesler (1979)
have suggested that the addition of CaClp or FeClz would have an unde-
termined, but possibly similar, effect on the boundaries of the liquid
field and points of equal salinity. |

Cloke and Kesler (1979) have described four reaction paths that
could lead to the halite trend in the NaC1-KC1-Hp0 system. The most
likely path that might account for homogenization by halite disap-
pearance in the sylvite-bearing type III inclusions at Monterrosas
is that of the equilibrium liquid, (EL), which is caused by the
equilibrium separation of halite from liquid (Cloke and Kesler, 1979).
This path may originate by the crystallization of KCl-bearing halite
in the parental hydrothermal fluid prior to entrapment in the inclu-
sions.

The EL reaction path that could lead to the halite trend observed
in samples from the Monterrosas Mine is illustrated in Figure 27. A
solution of 65 wt percent total salinity (NaCl + KC1) lies at the
pressure and temperature of point 1. As this fluid cools isobarically
to point 2, or with a simultaneous drop in pressure and temperature to
point 4, the solution becomes saturated in NaCl. Further cooling
along either path causes the precipitation of halite, and the liquid

itself becomes less saline, e.g., 60 percent at points 3 and 5. This
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Possible Path Followed by Saline Fluids in Type III
Inclusions at the Monterrosas Mine. Phase relations
at 60 and 65 percent combined NaCl + KC1 are shown.
Points 1 to 5 and A to C discussed in text. (Modified
after Wilson et al., 1980, Figure 11, p. 56; Cloke and
Kesler, 1979, Figure 5, p. 1827; and Weisbrod et al.,

1976, Figure 1, p. 143.)
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decrease in fluid salinity results entirely from the precipitation of
halite containing some KC1 in solid solution, but without precipita-
tion of sylvite. If some of this liquid migrates upward adiabatically
with a concomitant decrease in pressure and then is trapped as a fluid
inclusion, it would cool along a line of constant density, or molar
volume, known as an isochore (Hollister, 1981). Liquids follow iso-
chores as they cool in a closed system because contraction of the host
quartz mineral is small as compared to that of the liquid (Erwood et
al., 1979). Isochores in the liquid region of the NaCl-H20 and
NaC1-KC1-Ho0 systems have a shallower slope than the L + H/L halite
liquidus (Cloke and Kesler, 1979). For example, a solution with a
salinity of about 60 percent NaCl + KC1 that is trapped at point A
(Figure 27) follows an isochore as it cools to point B. At point B,
halite begins to'precipitate from the liquid. Eventually, the liquid
reaches the solubility curve at the conditions of pressure and tem-
perature represented by point C. Vapor begins to separate from the
liquid at point C, and the liquid follows the solubility curve to
lower temperatures (Erwood et al., 1979). Sylvite precipitates from
the liquid upon reaching the sylvite liquidus at temperatures less
than about 200°C. The reaction path for type III inclusions at
Monterrosas that do not contain sylvite is similar to that outlined
above, because phase relations in the NaCl-H20 system are very similar
to those in the system NaC1-KC1-Ho0 (e.g., Figure 25).

Erwood et al. (1979) have noted that homogenization by the disso-
lution of halite is rare because only those solutions trapped on or
close to the halite liquidus can give rise to inclusions that intersect

the L + H/L curve before intersecting the liquid plus vapor boundary
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curve or the solubility curve as they cool. Liquids that reach the
L/L + V curve or the solubility curve instead of the halite liquidus,
would homogenize by vapor disappearance or by simultaneous disappear-
ance of vapor and halite, respectively, according to Cloke and Kesler
(1979). They concluded that systems in which a halite trend consists
entirely of liquid-rich inclusions that homogenize by halite dissolu-
tion must result from an EL reaction path such as 1-2-3 or 1-4-5 shown
in Figure 27.

Direct geologic evidence that solutions were saturated with NaCl
prior to entrapment in inclusions which homogenize by the dissolution
of halite is scant. Wilson et al. (1980) have suggested that halite
xenocrysts in the inclusions, minute, solitary halite xenocrysts in
the host mineral, or halite crystals or casts in the ore assemblage
would constitute direct evidence. However, none of these features
have been observed at Granisle-Bell, Panguna, or King Island (Wilson
et al., 1980; Eastoe, 1978; Kwak and Tan, 1981b). Neither the in-
clusions, the host quartz crystals, nor the ore assemblage at the
Monterrosas Mine provide direct evidence that the solutions were
saturated before entrapment. Wilson et al. (1980) have concluded that
the linear halite trend at Granisle-Bell shown on the NaCl1-KC1-H20
ternary diagram (Figure 24) was strong indirect evidence that the
solutions were saturated with NaCl before the inclusions were formed.

Kwak and Tan (1981b) have reported that CaCl2 has an important
effect on compositional trends in fluids from the King Island
(Dolphin) skarn deposit of scheelite in Tasmania, Australia. They
determined total fluid compositions by using the phase volume and

first melting methods in addition to the saturation temperature
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method. Inclusions at King Island that contain halite, sylvite, and
CaCl+6Hp0 at 25°C have a NaC1:KC1:CaCly wt percent ratio of
0.6:3.2:44.8 (Kwak and Tan, 198la; 1981b). Nearly all CaCla is
present in the liquid phase whereas most NaCl and KC1 is present in
the daughter minerals. Liquid compositions (assuming that CaClg is
not present) plotted on the NaC1-KC1-Hp0 ternary diagram define a
linear trend similar to those from the Naica, Granisle-Bell, Panguna,
and Monterrosas deposits (Figure 24). However, if CaClpz is accounted
for in the liquid phase, then the entire field of data points is
shifted dramatically towards the H20 apex. A best fit line through
the data intersects the KC1-H70 join at 3 wt percent, versus 14 wt
percent KC1 when CaCly is not considered. Inasmuch as a linear trend
is still evident, the range of NaC1:KC1 ratios in halite daughter
crystals is not shifted significantly. Kwak and Tan (198lb) have
interpreted the apparent "halite trend" of the King Island deposit to
result from dilution of saline magmatic fluids by meteoric waters,
perhaps with some boiling, and reactions that formed iron calc-
silicate minerals such as hedenbergite and andradite and caused the
solution of CaCO3 to produce CaClpz. This conclusion is contrary to
the observation by Cloke and Kesler (1979) that inclusions which fall
on the halite trend are not diluted. Because the halite trends at
Naica, Granisle-Bell, Panguna, and Monterrosas do not converge on the
Ho0 apex (Figure 24), they do not provide direct evidence of mixing
between magmatic and meteoric waters or boiling of a hydrothermal
solution (Cloke and Kesler, 1979). Although the presence of calt may
be inferred from tentative identifications of daughter minerals, the

actual effect of CaClz on the "halite trend" at Monterrosas cannot be
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evaluated directly. Nonetheless, the lack of boiling and the contri-
bution of magmatic fluids may be evaluated from the fluid inclusion
data.

The best evidence that boiling may have occurred in a fluid is
the presence of vapor-rich inclusions among liquid-rich fluid inclu-
sions (Roedder, 1981). Inclusions that trap a boiling fluid represent
conditions of pressure and temperature along the liquid plus vapor
boundary curve. Vapor-rich inclusions contain a large bubble (gener-
ally > 60 volume percent) with proportionately less liquid at room
temperature, and they homogenize in the vapor phase by disappearance
of the liquid. Liquid-rich inclusions consist of liquid with a small
vapor bubble that occupies 10 to 40 percent of the volume (Nash,
1976). Characteristic of a system that has boiled, the liquid-rich
inclusions homogenize'into the ]iqufd phase at the same temperature as
that at which the gaseous inclusions homogenize (Roedder and Bodnar,
1980).

Gas-rich type II inclusions at the Monterrosas Mine are rare.
Although the homogenization temperatures of type II inclusions were
not measured, it was observed that they homogenized at temperatures
both much higher and lower than those of either type I or type III
inclusions. Roedder (1979) has noted that variable gas/liquid ratios
may be caused by mechanisms other than boiling such as necking down,
leakage, or entrapment of fluids at different times under different
conditions of temperature and pressure. Most of the type II inclu-
sions at Monterrosas appear to have resulted from necking and there-
fore the evidence suggests that boiling did not occur extensively.

A1l inclusions, except those trapped from boiling fluids, require a
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temperature (also known as the pressure) correction to obtain the true
temperature of entrapment (Roedder and Bodnar, 1980; Theodore and
Blake, 1978). The pressure correction for nonboiling fluids is
necessary because the total pressure at the time and temperature of
entrapment exceeded the vapor pressure of the solution. The magnitude
of this pressure correction cannot be estimated directly because the
inclusion may have been trapped along its isochore at any pressure and
temperature greater than that of homogenization (Erwood et al., 1979).
Nonetheless, Lemmlein and Klevtsov (1961) and Potter (1977) have demon-
strated experimentally that the pressufe correction diminishes from
about 20° at temperatures of homogenization near 350° to less than 5°
at 400°C and higher, and at a total pressure of about 300 bars. There-
fore, homogenization data for type III inclusions at the Monterrosas
Mine have not been corrected for pressure. Corrections for a pressure
of 250 bars and the range of salinities measured in type I inclusions
at Monterrosas are about 35° * 10°C (from Potter, 1977). Estimated
pressures for type I inclusions (discussed below) are lower than 250
bars, and the pressure correction is probably even less than 35° based
on the investigations of Potter (1977) and Lemmlein and Klevtsov
(1961). Thus, the temperatures of homogenization for type I inclu-
sions have not been corrected in Table 11.

Inclusions that homogenize by the simultaneous disappearance of
vapor and halite provide the closest approximation of the actual
pressure at the time of entrapment (Wilson et al., 1980). Because the
precision of heating runs during this study was * 7°, inclusions are
considered to have homogenized by simultaneous disappearance of vapor

and halite if their disappearance temperatures differ by less than 14°.
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Only two inclusions from the Monterrosas Mine fall into this category,
and both are type III inclusions in which the vapor bubble disappeared
after total halite dissolution (12-2-22B2-1C and 12-8-13E1A, Table 11).
Estimates of pressure for these two inclusions are 28 and 12 bars,
respectively.

Halite-bearing inclusions provide only a minimum estimate of
pressure at the temperature of vapor disappearance along the three-
phase solubility curve (Wilson et al., 1980). Minimum pressures that
may be estimated from the temperature of vapor disappearance for type
III inclusions at the Monterrosas Mine range from about 10 to 80 bars.
These pressures are lower than those that may be estimated from the
temperature of halite dissolution. For example, temperatures of
halite dissolution projected onto the solubility curve in the systems
NaC1-KC1-H20 and NaC1-H20 indicate that pressure approached 200 and
350 bars, respectively (Figure 26). However, slopes of isochores
in the liquid plus halite field are not known (Wilson et al., 1980),
and estimates of pressure above the solubility curve may only be
approximated from an assumed isochore.

Roedder and Bodnar (1980) have determined the pressures for some
inclusions that homogenize by halite dissolution. Their calculation
utilizes data for the host quartz crystal, and data from the NaC1-H20
system for the vapor bubble, halite daughter mineral, and density of
the fluid, and includes measurements of temperature, volume, com-
position, and solubilities. They have computed a pressure of about
650 bars for inclusions in which the vapor bubble disappeared at 310°
and halite dissolved at 400°C (Roedder and Bodnar, 1980). Additional

ions in solution such as K* and Ca2* might significantly lower this
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minimum pressure. Although the accuracy of their calculations awaits
experimental volumetric data along the halite liquidus in the NaCl-Hy0
system at high temperatures and pressures, it remains the best method
to estimate pressure above the solubility curve. The conditions of
formation for several inclusions from the Monterrosas Mine may be
inferred by this same calculation (e.g., samples 3-18-70A and
5-18-70BB, Table 11). Although pressures of 650 bars are considerably
above other estimates of minimum pressure from inclusions at the
Monterrosas Mine, if K* and Ca2* are considered in the calculations,
then resultant pressures would be Tower. Nonetheless, if entrapment
of type III inclusions at Monterrosas followed a path such as that
outlined in Figure 27, then it must be realized that the isothermal
change of pressure did not cause boiling. Hence, this change in
pressure probably did not take place at shallow depths because a con-
densed fluid is much more likely to boil as a consequence of decreasing
pressure at shallow depths (Cunningham, 1978). The minimum load in a
lithostatic system that could generate 600 bars pressure would be
about 1.8 km. In an entirely hydrostatic system, a pressure of 600
bars corresponds to a dépth of about 6 km. The type III inclusions at
Monterrosas were most likely trapped at intermediate depths and
pressures that were associated with both hydrostatic and Tithostatic
conditions (see Roedder and Bodnar, 1980, Figure 1 for the range of
possible pressure conditions).

Kelly and Rye (1979) have noted that fluid pressures in areas of
active faults and fractures may fluctuate widely between hydrostatic
and lithostatic values at a constant depth. Therefore, the minimum

estimate of the maximum total pressure, and its corresponding depth in
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a hydrostatic system, is the most reliable estimate of depth for fluid
inclusions. However, the maximum pressure in type III inclusions that
homogenize by the dissolution of halite cannot be constrained along an
isochore above the solubility curve. In such cases, the only depth
that may be approximated is the maximum (or hydrostatic) equivalent at
the lowest estimate of minimum pressure (Kelly and Rye, 1979). Type
IIT inclusions in samples from the Monterrosas Mine that homogenize by
the disappearance of halite formed at a minimum pressure of about 200
bars (in the system NaC1-KC1-H20) and a depth of about 2km.

Minimum pressures for type I inclusions in samples from Monterrosas
may be estimated from the phase diagram of the unsaturated system
NaC1-Ho0 (see Roedder and Bodnar, 1980, Figure 4, or Crawford, 1981,
Figure 4.12) or from the data of Haas (1971; 1976). The minima are
present along the two-phase, liquid-plus-vapor curve. The range of
pressures estimated for type I inclusions at Monterrosas varies from
about 20 to less than 2 bars. However, because these inclusions do not
provide evidence of boiling, and they appear to have trapped a homo-
geneous, one-phase fluid, it might be presumed that the pressure at
the time and temperature of entrapment was greater than the vapor
pressure of the solution (Roedder and Bodnar, 1980). The amount above
the vapor pressure is not constrained by these inclusions. Entrapment
may have taken place at higher pressures and temperatures along an
isochore of appropriate salinity (Bodnar and Bethke, 1984). The maxi-
mum depth at which type I inclusions may have formed corresponds to an
average pressure of 7 bars, which represents a hydrostatic pressure
equivalent to about 60 m below the local water table at the time of

formation (Haas, 1971; 1976).
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ORE GENESIS

Fluid inclusions and the assemblages of ore and alteration
minerals in the Monterrosas deposit indicate that mineralization
formed at relatively high temperatures from saline fluids exsolved
directly from a magma. Progressive crystallization of plagioclase
feldspar and clinopyroxene from gabbro-diorite magma resulted in the
concentration of iron, volatiles, and other ore-forming constituents
in residual liquids. Saline fluids probably separated from this
interstitial magma at temperatures greater than 800°C before the
gabbro-diorites were solidified completely. The chloride content of
the fluids was a critical factor in the concentration, transportation,
and precipitation of iron, copper, and other metals. These fluids
migrated upward along faults and fractures and reacted with gabbro-
dioritic wall rocks. Decreases in the temperature and (or) acidity of
the fluids led to deposition of ore and alteration minerals. This
model for mineralization at Monterrosas is similar to that for some

skarn-type deposits of iron.

Conditions and Processes of Mineralization

The presence of abundant sodic scapolite and the salinities and
temperatures of homogenization recorded for type III fluid inclusions
in altered wall rocks and ore from the Monterrosas deposit document
the presence and circulation of a high temperature saline fluid within
the gabbro-diorites. Investigators such as Vanko and Bishop (1980,
1982), Kotel'nikov (1978), and Newton and Goldsmith (1976) have con-

firmed that marialitic scapolite is stable in saline fluids at high



132

temperatures. For example, Vanko and Bishop (1980, 1982) have synthe-
sized marialite of about Me 20 at temperatures of 700° to 750°C and
pressures of about 1.5 to 3.0 kb from fluids that have a salinity of
about 75 wt percent NaCl and only traces of CaCO3. Although tem-
peratures and salinities of this magnitude have not been measured in
fluid inclusions from the Monterrosas deposit, the presence of the
halite trend (as discussed previously) suggests that KCl-bearing
halite was precipitated from a highly saline fluid prior to entrapment
of the liquid in the inclusions. Instead, the incorporation of NaCl
and some KC1 into marialite-dipyre by reaction between labradorite-
andesine of the gabbro-dioritic wall rocks and saline fluids might
have decreased the salinity of the fluids prior to entrapment. Thus,
the formation of sodic scapolite may account for the EL path (paths
1-2-3 or 1-4-5 in Figure 27) of the halite trend as identified from
homogenization by halite disso]utioh in type III inclusions. Further-
more, similarities in composition between vein and replacement scapo-
lite (Me 25 to 27, and Me 22 to 32, respectively) might imply that the
fluids maintained their high temperatures and salinities over a pro-
longed period of time, and (or) that scapolitization resulted from a
single episode of alteration.

The highly saline fluids at Monterrosas may have been produced
throughout, and especially during the later stages of, crystallization
in the gabbro-diorite magma. For example, Kilinc and Burnham (1972)
have demonstrated that the amount of chlorine partitioned into the
aqueous phase of a magma with a low initial content of water and
crystallizing at low pressures (as postulated for the gabbro-diorite

magma) increases as solidification proceeds. Moreover, the fluids
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derived from such magmas separate over a longer period of time and are
more saline during the final stages of consolidation than those
exsolved from melts that have higher concentrations of water (Cloke
and Kesler, 1979).

Burnham (1979) has suggested that copper and other chalcophile
metals are concentrated in aqueous chloride solutions in preference to
coexisting silicate melts. Transport of copper in these saline brines
may be accomplished by complexes of one or more chloride species. For
example, CuCl and its polymers, NaCuClp or NaCupCl3, are stable com-
plexes at temperatures greater than 700°C (Eastoe, 1982).

Iron, as well as sodium, potassium, and volatile components, is
also partitioned into the aqueous phase at magmatic temperatures and
low pressures (Burnham, 1979; Holland, 1972). The partition coeffi-
cient for iron (the ratio of iron in the aqueous phase vs. that in
the magma) increases as temperature or pressure decreases (Burnham,
1979). Chloride complexes such as FeCl*, FeCIg, FeC1g, their dimers
NaFeC13 and NaFeClg, or hydroxide complexes such as Feg(OH); and
Feg(OH)g are species that might transport iron at temperatures greater
than 350°C (Eastoe, 1982; Wang et al., 1984; Helz, 1972). Inter-
growths of chlorine-bearing apatite with magnetite in the Monterrosas
ore and with scapolite in altered gabbro-dioritic host rocks suggest
that phosphorous, probably as phosphate (P04'3) complexes, might also
have been important in the transport of iron. Chou and Eugster (1977)
have measured the solubility of magnetite in chloride solutions at
pressures of 2 kb and temperatures between 500° and 650°C. The major
solute species under these conditions is FeClp, and the dissolution of

magnetite may be represented by the equation:
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Fe304(s) + 6HC1(aq) + Ha(g) == 3FeClp(aq) *+ 4H20aq), (14)
and
K14 = (arec1p)3 + (an,004/(anc1)6 - ap,. (15)

If it is assumed that the activity of Hz0 is near unity and that the
activity coefficient ratio V%ec]z/(th])z is also near unity, and
using the standard states of pure gas at 1 bar and T for hydrogen and
of a one molal solution at P and T for FeCl2 and HC1, then Ki4 simpli-
fies to Ki4 = (mp?c]2)3/(ch])6 * fip. Chou and Eugster (1977) have

determined that Kj4 may be expressed by the equation:
]
(log K14)2 kb, T °k = 29410.6/T - 25.90. (16)

The solution to equation 16 indicates that the solubility of magnetite
increases as the temperature decreases from 650° to 500°C. However,
assumptions that the activity c&efficient quotient is near unity and
that undissociated chloride molecules are dom{nant in the fluids are
not valid below temperatures of about 550°C, and species other than
FeClo may become important at lower temperatures (Eugster and Chou,
1979; Chou and Eugster, 1977).

Different generations of magnetite deposition at the Monterrosas
Mine may possibly reflect decreases in the stability of chloride
complexes and the increased stability of other iron complexes such as
hydroxy species at temperatures less than 500°C. For example, Seward
(1977) has suggested that hydroxy complexes are important for the
transport of iron in solutions with low concentrations of chloride,
and Helz (1972) has proposed that Fez(OH); is the dominant species in
acidic solutions and that Fez(OH)g predominates in basic to neutral

solutions at temperatures over about 350°C.
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Deposition of ore and alteration minerals may have resulted from
decreases of temperature and (or) acidity in the fluids as they
migrated upwards and reacted with gabbro-dioritic wall rocks. Re-
actions such as the replacement of andesine by marialite-dipyre
(reaction 3) and the formation of actinolite from diopside (reaction 6)
and andesine (reaction 8) consume H* from the fluids and therefore
increase pH. Moreover, deposition of marialite-dipyre consumes C1-,
and formation of actinolite requires iron. Thus, decreases in tem-
perature, aFeClps and possibly ay+ may have initially promoted the
deposition of magnetite at Monterrosas. Subsequent precipitation of
sulfides may have ensued because of a relative increase of aj,g and
continued decrease of aFeCl, in the fluids as iron oxide was deposited.

Pyrite may have formed directly from the fluids by the reaction:

FeClp + 2HpS == FeSp + 2HC1 + Ho, (17)

pyrite
or by reaction with magnetite:

Fe304 + 6H2S == 3FeSp + 4H,0 + 2Hj. (18)

magnetite pyrite

The deposition of some chalcopyrite presumably took place by analagous

reactions such as:

FeClp + CuCl + 2HpS == CuFeSy + 3HC1 + 1/2Hp, (19)
chalcopyrite
and Fe304 + FeSp + 4CuCl + 6H2S == 4CuFeSp + 4HC1 + 4H20. (20)

magnetite pyrite chalcopyrite
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The amount of HC] produced as a consequence of sulfide deposition may
have exceeded that originally present in the aqueous phase (Burnham,
1979). Subsequent hydrogen metasomatism that accompanied dissociation
of HC1 with decreasing temperature may account for the extensive serij-
citization of gabbro-dioritic wall rocks.

Phase relations in the Cu-Fe-$ system may be used to characterize
the conditions of formation for the assemblage of chalcopyrite,
pyrite, cubanite, and pyrrhotite. For example, three principal solid
solution series dominate this system at temperatures greater than 600°C
(Barton and Skinner, 1979). They are: (1) intermediate solid solution
(iss); (2) pyrrhotite; and (3) chalcocite-digenite-bornite, as shown
in Figure 28 after Cabri (1973, Figure 3, p. 446). Some chalcopyritet
cubanitefpyrrhotite blebs in pyrite most likely formed as decomposition
products of iss+pyrite deposited from saline fluids at temperatures near
600°C. Chalcopyrite solid solution becomes a stable phase in the
iss+pyrite field (Figure 28) and coexists with cubic iss of CuFepS3
composition upon cooling below 557°C (Barton, 1973). The field of
chalcopyrite solid solution is reduced to stoichiometric CuFeSy at
Tower temperatures, and the iss undergoes a complex series of inver-
sions, ordering of Cu-Fe, and exsolution between 500° and 200°C (Craig
and Scott, 1974). The cubic iss transforms to orthorhombic cubanite
between 210° and 200°C, and the species talnakhite (CugFegSig)s
mooihoekite (CugFegS16), and haycockite (CugFe5Sg) become stable at
Tower temperatures (Cabri, 1973). Although none of the latter three
phases have been identified in samples of Monterrcsas ore, a few
microprobe analyses of the Cu-Fe sulfides exhibit low totals (about 96

wt percent) and may be indicative of one or more of these minerals.
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jiss+py+ S(liquid)

on+tr+Fe

Figure 28.

Some Phase Relations in the Central Portion of the
Cu-Fe-S System at 600°C (after Cabri, 1973, Figure 3,
p. 446). Closed circles represent the stoichiometric
compositions for the minerals pyrite (py), troilite
(tr), cubanite (cb), chalcopyrite (cp), talnakhite
(tal), mooihoekite (mh); haycockite (hc), and bornite
(bn). Copper, iron, and sulfur in atomic percent.

Field of chalcocite-digenite-bornite represented as
bn ss.
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Most pyrrhotite in ore from the Monterrosas Mine area probably
formed b& reequilibration within the Cu-Fe-S system at temperatures of
less than 350°C. Microprobe analyses indicate that the pyrrhotite
contains less than about 0.5 wt percent copper (Appendix 10). Yund
and Kullerud (1966) have determined that the field of pyrrhotite solid
solution in the system Cu-Fe-S contains a maximum of 4.5 wt percent
copper at 700°C and retreats to the binary Fe-S join at lower tem-
peratures. Pyrrhotite solid solution extends along the Fe-S join with
less than 0.6 wt percent copper at temperatures less than 350°C
(Sugaki et al., 1975). Thus, the compositions of pyrrhotite determined
from microprobe analyses of ore samples probably do not reflect the
initial composition or conditions of formation, such as sz and tem-
perature, of this mineral.

The isotopic composition of sulfur in pyrite and chalcopyrite from
the ore zone at the Monterrosas deposit confirms that these minerals
formed at temperatues of about 500°C and supports a magmatic source of
the fluids. Ohmoto and Rye (1979) have summarized equations for the
temperature dependency of sulfur isotope fractionation between various
pairs of coexisting sulfide minerals, and these provide a potentially
useful isotopic geothermometer. For example, the temperature for a
pyrite-chalcopyrite pair formed in equilibrium may be calculated from

the equation provided by Ohmoto and Rye (1979, Table 10-2, p. 518):
Tog = 0.67 0.04 x 103/at, where A= S34spy - §38s¢p- (21)

One such pyrite-chalcopyrite pair, sample 5-18-70 listed in Table 12,
yields a delta (A) value of 0.7, which gives a depositional tempera-

ture of about 525° ¥ 48°C as determined from equation 21. According



Table 12.

Sulfur Isotope Data for Sulfides of the

Monterrosas Deposit (in permil)
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Sample Mineral Rock Type §34s
5-18-70P Py* Massive ore 2.5
K-3P Py Massive pyrite 2.9
DDH-13-20 Py Massive ore 2.7
Shaft Py Massive pyrite 2.4
6-32-3P Py Coarse pyrite in 1.6
gabbro-diorite
wall rocks
5-18-70%** Py Massive ore 2.9
5-18-70*** Cp** Massive ore 2.2
5-18-70C Cp Massive ore 2.5
X-7C Cp Massive ore 3.3
* Py = Pyrite
** Cp = Chalcopyrite

***Apy-cps_1g-70 = 2-9 - 2.2 = 0.7

Samples separated by G. 8. Sidder.

Analyses by C. W. Field and
R. Fifarek at USGS, Branch of Isotope Geochemistry, Denver, Colorado.



140

to Ohmoto and Rye (1979), average 8345 compositions of about 2.7 per-
mil in both pyrite and chalcopyrite and the range of values from 1.6

to 3.3 permil are consistent with a magmatic source of the fluids.
Moreover, the isotopic compositions of sulfur for pyrite and chalcopy-
rite at Monterrosas are similar to those recorded for sulfide deposits
in magnetite-series plutonic suites of the Japanese island arc
(Czamanske et al., 1981) and for gabbroids in magnetite-series granitic
terranes (Sasaki and Ishihara, 1979).

The expulsion of volatiles in an aqueous phase accompanied with
diffusiﬁe loss of hydrogen (as H2 gas from a crystallizing magma) leads
to more highly oxidizing conditions in both the magma and the later
magmatic fluids. The fugacity of oxygen increases because of a
decrease in sz in response to the equilibrium relation: Hp0 == Hpy +
1/205. The secondary oxide assemblage of magnetite, sphene, and other
minerals in gabbro-dioritic wall rocks provides evidence of a high
f02 during the alteration stage. For example, ferropseudobrookite
solid solution enriched in FeTi20g component, as noted previously in
the alteration section, may signify rapid oxidation of ilmenite in the
gabbro-diorites at high temperatures (Haggerty, 1976a, 1976b). Manga-
nese enrichment in iimenite (up to 24 wt % Mn0) also suggests that
oxidizing conditions prevailed in the gabbro-diorites during reaction
with fluids (Czamanske and Mihalik, 1972). The formation of mangano-
ilmenite results from the oxidation of Fel* more readily than Mn2* in
ilmenite. Abundant sphene and an increased proportion of magnetite in
the late magmatic and secondary oxide assemblage are further indica-
tions of increased oxygen fugacities during late magmatic crystalliza-

tion and deuteric alteration (Czamanske and Mihalik, 1972).
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The compositional variability of ilmenites and amphiboles may
reflect conditions of progressively increasing oxidation during late
magmatic crystallization and deuteric alteration. For example, the
average concentration of Mn0 in ilmenite of the least altered sample
of gabbro-diorite (6-8-13, A. I. = 0.00) is 1.67%0.28 wt percent. In
contrast, concentrations of Mn0O average 3.04%0.33 wt percent and 16.89
*4.69 wt percent in lightly altered (12-2-22, A. I. = 15.63) and in-
tensely altered (D-1, A. I. = 59.78) samples of gabbro-diorite,
respectively. This trend of increasing MnO concentrations with
progressive alteration of ilmenite may correlate with increasing
oxidation which results in higher residual Mn2*/Fe2+ ratios as a
consequence of reactions with the fluids. Alternatively, manganese
may have been added to the wall rocks by reaction with the fluids.
However, the sum of alteration reactions (equation 13 and Table 9) and
microprobe analyses of sulfides indicate that only traces of Mn were
added by the fluids. The atomic Fe/Mg ratio for amphiboles decreases
from greater than 0.40 in actinolitic hornblende to about 0.30 in
actinolite. This decrease suggests that actinolite formed under
higher fp, which lowers areq in the fluids and thus the ferrous iron
content in amphibole (Czamanske and Wones, 1973). The lower Fe/Mg
ratio in actinolite may also result from the simultaneous formation of
other iron-bearing phases such as magnetite, epidote, or sulfides.

Consistent with the high fop, postulated on the basis of the secon-
dary oxide assemblage is the predominance of epidote over clinozoisite
in the alteration suite from the Monterrosas deposit. The presence of
epidote and clinozoisite in slightly altered gabbro-diorites and of

epidotefallanite in the more intensely altered gabbro-diorites indicates
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that alteration took place under relatively oxidizing conditions
(Holdaway, 1972). Liou (1973) and Holdaway (1972) have demonstrated
experimentally that epidote is stable at temperatures up to about 650°C
and pressures of 2 kb and at fp, above the NNO buffer. As fg, de-
creases, epidote becomes more aluminous in composition and approaches
clinozoisite, and other minerals such as garnet, anorthite, and corun-
dum become stable. The compositions and distributions of epidote and
clinozoisite at Monterrosas suggest that fo, remained relatively high

during alteration as temperatures decreased.

Similarities to Other Deposits

Host rock alteration and ore assemblages at the Monterrosas deposit
resemble some skarn-type deposits of iron. For example, Einaudi et
al. (1981) and Einaudi and Burt (1982) have recognized that calcic
iron skarns form typically in oceanic island-arc environments, contain
copper, cobalt, and gold as minor metals, are associated with primitive
intrusive rocks predominantly dioritic in composition, and are hosted
commonly by andesitic volcanic rocks in addition to carbonate and
other sedimentary rocks. Textures of the intrusions are medium to
finely equigranular, and the formation of extensive endoskarns (altera-
tion of the intrusive rocks) is characteristic of these iron deposits.
Magnetite and sulfide deposition, including pyrite and chalcopyrite,
was in part contemporaneous with the skarn minerals. Although the
concentrations of total alkalies in plutonic rocks associated with
calcic iron skarns are similar to that of intrusions in other types of
skarns, Meinert (1984) has noted that the Na20/K20 ratios in these

plutons are generally greater than 5 and as much as 20 or more. These
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ratios are much higher than those (< 1 to about 6) common to intrusive
rocks and plutons of other metallic skarns, but they are similar to
those of the gabbro-diorites from Monterrosas. Moreover, the low iron
content of plutons (1 to 7 wt % FeOy) associated with calcic iron
skarns is inversely proportional to the high concentrations in altera-
tion assemblages of the associated skarns (Meinert, 1984).

Skarn-type deposits which are mined for iron ¥ copper are present
in numerous countries, including Chile, the United States, China, the
Soviet Union, Peru, Japan, and Canada. Although not all of these
deposits have been c]assif%ed as skarns by their respective investiga-
tors, most have been interpreted to be late magmatic to hydrothermal
replacement deposits. For example, Bookstrom (1975, 1977) has
described the magnetite deposits at E1 Romeral, Chile (Figure 5),
which are hosted by andesitic and metasedimentary rocks adjacent to a
diorite pluton. Unaltered and altered samples of Romeral diorite are
strikingly similar to equivalent gabbro-diorites at Monterrosas.
Relatively fresh diorites consist of magmatic plagioclase feldspar (An
26 to An 51), augite, ilmenite, and magnetite, with deuteric actinoli-
tic hornblende, actinolite, and sphene. They contain about 55 wt per-
cent Si0p, 4.3 wt percent FeOt, and 10.5 wt percent Ca0, and have
Nas0/K20 ratios of about 11 (Bookstrom, 1975). Alteration of these
diorites resulted in the formation of secondary minerals such as actin-
olite, magnetite, sphene, clinozoisite, chlorapatite, tourmaline,
pyrite, chalcopyrite, chlorite, and biotite. Bookstrom (1975, 1977)
concluded that residual concentration of iron, water, volatiles, and
other metals during crystallization of the Romeral dioritic magma led

to the separation of saline, metal-enriched aqueous fluids. Reactions
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between these fluids and wall rocks along faults and fractures resulted
in the deposition of magnetite, actinolite, apatite, and other minerals
at temperatures of about 550° to 475°C.

Reeves and Kral (1955) have examined iron ore deposits in the Buena
Vista Hills, Nevada, where dioritic and metavolcanic rocks host tabu-
lar replacement bodies of magnetite. Fluids within a dioritic stock
became enriched in volatiles and metals by residual concentration as
crystallization proceeded, and magnetite deposition and intense scapo-
litization took place in the outer shell of the stock and adjacent
country rocks as these fluids escaped along faults and tension frac-
tures (Reeves and Kral, 1955).

Zharikov (1970) and Sokolov and Pavlov (1970) have discussed meta-
somatic deposits of magnetite and sodic scapolite (Me 8 to 37).
Zharikov (1970) has described certain iron deposits in gabbroic rocks
that are the products of intense calcium metasomatism. Actinolite,
scapolite, epidote, magnetite, apatite, and chlorite are common secon-
dary minerals in the gabbroic host rocks. These magnetite deposits are
classified as autoreactional skarns which formed from fluids that
evolved within the gabbroic magma and infiltrated and replaced its
fractured outer parts. Sokolov and Pavlov (1970) have concluded that
chlorine was "an exceedingly active agent" during iron segregation from
magmas and its subsequent concentration into postmagmatic solutions.

Chaochun (1981) has reported that the Na-Cl1 type of iron skarn
deposits are the most important in China. Marialitic scapolite is well
developed in these deposits, and the intensity of scapolitization is
directly proportional to that of iron mineralization. These deposits

are interpreted to be magmatic-hydrothermal in origin on the basis of
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the isotopic compositions of sulfur (-1.36 to +2.90 O/o0) as well as
the high concentrations of associated elements such as cobalt (to 0.5
wt %) and nickel (to 1 wt %).

Ruiz and Ericksen (1962) and Ruiz et al. (1965) have described
deposits of.chalcopyrite-magnetite-actinolite in Chile such as
Carrizal Alto (Figure 5) that bear a genetic similarity to contact
metasomatic deposits of iron such as E1 Romeral. These copper-iron
deposits are mostly tabular replacements along fractures within
gabbros and diorites, and they contain both massive and finely dissem-
inated chalcopyrite, pyrite, and magnetite. Ore tonnages are commonly
small (about 3 million tons), but high grade (to 5% copper), and minor
amounts of cobaltiferous pyrite and (or) arsenopyrite (known as
loellingite), molybdenite, and uraninite may also be associated. Ruiz
and Ericksen (1962) considered these deposits to be epigenetic hydro-
thermal in origin. Mineralizing fluids were derived from the host
plutonic rocks and were released soon after emplacement of the intru-
sion, and possibly during its crystallization (Ruiz et al., 1965). As
discussed previously, Cardozo and Vidal (1981) have classified the
deposits at Monterrosas, Eliana, Acari, and possibly Raul as part of
this amphibole-chalcopyrite-magnetite-pyrite association.

Gabbroic to granodioritic magmas are considered to be the source
of metals and volatiles in these deposits of iron ¥ copper. However,
the plutonic rocks are not enriched in iron. Rather, their low con-
centrations of iron are inversely proportional to the high concentra-
tions in the alteration assemblages. Bookstrom (1975) has suggested
that the parent materials of these magmas were therefore not iron-

rich, and that little iron was assimilated during rise of the magmas.
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Residual concentration and separation of an iron-rich fluid during
crystallization of the magmas appear to offer the best explanation for
distribution of iron in these deposits. However, the sources of
chlorine are ambiguous and possibly include: (1) primary magmatic
chlorine; (2) evaporites of Cl-rich brines in sedimentary rocks
intruded and assimilated by the magma; and (3) deeply circulated
seawater. Whereas chlorine in deposits such as the Raul Mine, Peru,
and those in the Buena Vista Hills, Nevada, was most likely derived
externally to the intrusions from seawater and evaporitic sediments,
respectively (Vidal, 1980; Vanko and Bishop, i982), these potential
sources probably were not present and available for assimilation by
the magmas at other deposits such as Monterrosas and E1 Romeral.
Therefore, the primary source magmas of these deposits must have had a
high initial concentration of chlorine such that the separated agueous
phase, upon removal of chlorine from the magma, could attain the

high salinities at high temperatures necessary to stabilize sodic
scapolite. Furthermore, the system must have been sufficiently closed
(or impermeable) to prevent dilution of these saline fluids. At
Monterrosas, moderately saline type I inclusions (10 to 26 wt % NaCl)
and saline type III inclusions (30 to 56 wt % NaCl) indicate that
dilute meteoric fluids probably did not enter into the hydrothermal

system that circulated during the formation of the ore deposit.
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SUMMARY AND CONCLUSIONS

The hydrothermal copper-iron deposit at Monterrosas is hosted by
gabbro-diorites of the Upper Cretaceous Patap Superunit within the
Coastal Batholith of central Peru. Ore and alteration minerals were
deposited at high temperatures from saline fluids by replacement of
wall rocks adjacent to faults and fractures. Least altered gabbro-
diorites consist of magmatic diopside, labradorite-andesine, ilmenite,
magnetite, and minor actinolitic hornblende and possibly orthopyroxene.
Deuteric epidote, clinozoisite, and fibrous actinolite are also com-
mon. Products of hydrothermal mineralization include major quantities
of actinolite, sodic scapolite, magnetite, and sulfides, as well as
minor amounts of epidotes, sphene, chlorites, apatite, tourmaline,
allanite, hematite, and quartz. The alteration minerals become more
abundant with increasing proximity to the ore zone and obscure
contacts between gabbro-diorite wall rocks and the chalcopyrite-
magnetite-pyrite ores where metasomatic replacement has been most
intense. Variations in concentrations of the.major oxides in samples
of gabbro-diorite are correlative with mineralogical changes imposed
by alteration and metallization. These include additions of FeOg,
K20, and Mg0, and coincident depletions of Si0p, Ca0, Naz0, and Ti03.
Moreover, volatiles such as Hp0, C1, S, P, and B and the ore-forming
metals (Cu, Co, Au, Ag, and Mo) must also have been added to account
for the assemblages of ore and alteration minerals. An alteration
index, based on the ratio of losses to gains of major oxide components
in samples of gabbro-diorite, exhibits excellent correlations with

both proximity to ore and the intensity of metallization-alteration.
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These chemical and mineralogical trends are supported by a summary
equation of several reactions that define the destruction of primary
magmatic minerals and concomitant formation of alteration minerals in
the gabbro-diorite host rocks. The overall summary equation shows
substantial additions of Hp0, Fe3*, Fe2*, HC1, Mg2*, and CO» and
depletions of Si0», Ca2*, A13*, and Na*.

Ore was deposited at high temperatures from saline fluids that
were enriched in metals and volatiles. Primary fluid inclusions in
gangue quartz document the high temperatures and salinities of the
mineralizing fluids. All halite-bearing inclusions homogenized by
halite dissoiution at temperatures as high as 500°C. These inclusions
have average salinities of about 52 wt percent NaCl. Inclusions with
daughter crystals of both halite and sylvite have salinities of about
62 wt percent NaCl1+KC1, and they delineate the halite trend on a phase
diagram of the NaCl1-KC1-H20 system. The halite trend and homogeniza-
tion by the disappearance of halite at high temperatures and salini-
ties suggest that the fluids exsolved directly from a magma. The fluid
inclusion data are supported by those of sulfur isotopes in which
average concentrations of 2.7 permil in both pyrite and chalcopyrite
approximate magmatic values and a pyrite-chalcopyrite pair provides an
isotopic temperature estimate of 525°C.

Mineralization took place after progressive crystallization of
labradorite-andesine, diopside, and ilmenite from gabbro-diorite magma
resulted in the residual concentration of iron, water, ch]orine, and
other metals and volatiles. The chloride content of the fluids was a
critical factor in the concentration, and subsequent transportation

and precipitation of iron, copper, and other elements. These
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metal-enriched, sa]ing fluids separated from the magma at temperatures
possibly exceeding 800°C and before crystallization of the gabbro-
diorites was complete. The fluids migrated upward along faults and
fractures and reacted with early-formed gabbro-diorite wall rocks.
Decreases in temperature and (or) acidity of the fluids resulted in
the deposition of ore and alteration minerals. This model is similar
to that proposed for the genesis of some skarn-type replacement
deposits of iron. For example, Bookstrom (1977, 1975) has concluded
that residual concentration of iron, water, volatiles, and other
metals during crystallization of a dioritic magma led to the separa-
tion of saline, metal-enriched fluids and ultimately to deposition of
the magnetite deposits at E1 Romeral, Chile.

This study of the Monterrosas Mine has documented most clearly the
composition of the mineralizing fluids, their effects on the host
gabbro-diorites, and the conditions of ore formation. The proposed
model for ore genesis incorporates the bulk chemistry of the gabbro-
diorites and the ore in addition to more selective compositional data
for the fluids and the primary magmatic, secondary alteration, and ore
minerals. Future investigations might consider in more detail the
composition of hydrothermal fluids associated with the gabbro-diorite
and the monzonitic intrusions in order to identify and (or) distinguish
the effect of fluids possibly derived from the latter on remobilization
and reconcentration of metals (Sidder, 1981). Studies might include
the identification of daughter minerals by SEM and microprobe tech-
niques and analyses of leachates from fluid inclusions in both intru-
sive rock types and ore; more detailed electron microprobe analyses of

the hydrous minerals such as amphiboles, chlorites, biotites, and
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others; and Ar-Ar age determinations of gabbro-diorites, monzonites,
and secondary minerals. These analyses might establish the concentra-
tions of iron, calcium, potassium, magnesium, chlorine, fluorine,
bromine, boron, and other volatile and trace elements in the hydro-
thermal fluids and identify similarities and (or) differences between
halide contents of alteration minerals and the fluids as well as
determine the precise chronologic sequence of events that formed the

Monterrosas deposit.
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APPENDIX 1

CHEMICAL ABUNDANCES, MODAL ABUNDANCES, AND NORMATIVE
MINERAL ABUNDANCES OF THE PATAP GABBRO-DIQORITES



Table 1-A. Chemical abundances® of the Patap Gabbro-diorites.

167

6-8-13  13-9=10  10-2-21  2-2-22  13-2-22  12-2-22

Major Oxides (wt %)

si0, 55.4 55.4 54.3 53.7 54.7 54.3

'1‘:!.02 0.98 0.95 ¢ 0.85 0.9 0.92 0.85

A1203 15.9 16.3 17.9 18.2 16.8 17.6

Fezosb Nede Na.de 1.6 303 1 .7 402

Fe0 n.a,. n.a. 2.9 2.5 3.3 3.4

PeO, 4.22 5.25 3.9 55 4.7 7.2

Mgo 5.3 4.8 6.2 4.4 5.6 3.3

Ca0 13.51 11,36 13.0 10.4 10.8 10.1

Nazo 4.0 ’ 4.3 ' 3.9 4.0 4.0 4.8

K0 " _0.09 0.11 0.4 0.19 0.2 0.3

Total 99.40 98.47 100.45 97.3 97.72 98.45

S. G. 2.87 2.85 2.87 2.82 2.83 2.84

A. I. 0.00 7.81 10.75 11.13 12,77 15.63
Trace Elements (ppm)

Cu 13 85 6 85 17 55

Mo £1 2 A1 Z-1 ~1 1

Pb 5 14 5 8 15 12

Zn 15 8 10 15 16 19

Ag 0.4 0.3 £. 0.3 £0,3% £0,3 £0.3

Co ' 4 5 <5 6 £5 5

Ba 316 n.a. 300 340 347 n.a.

Ce 23 15 40 26

Co 8 10 10 14

Cr 31 27 18 20

Cu 6 9 48 1

Ga 18 17 20 19

La 13 11 17 15

Ni 7 5 5 1

Nb 5 3 4 4

Pb 9 13 10 13

Rb - 3 14 4 2

S n.d. n-d. 70 527

Se 28 24 31 27

Sr 494 465 489 437

Th 7 n.d. 5 16

U n.d. n.d. 2 2

v 121 98 149 1M1

W n.d. n.d. 3 2

Y 23 14 15 14

Zn 14 18 16 17

Zr 95 110 89 91




PTable 1-A. (cont.)

8-9-9  1-21-70  9-9-9  10-2-22 c-8 A1 10-9-9 -2 A=5
Major Oxides (wt %) |
510, 53.5 55.7 52.8 50.7 54.4 52.7 57.0 48.6 52,0
TiO2 0.80 0.97 0.74 0.75 0.86 0.84 0.40 0.25 0.90
A1203 19.3 17.4 16.9 21.9 17.3 18.0 13.2 . 20,3 ' 15.8
Fe205b 2.6 n.a. n.a. 4.2 n.a. N.a. 2.7 4.4 5.4
FeO 4.0 n.a, Nea. 3.4 n.a. N.8. He3 5.1 5.8
Feot 6.1 5.43 7.69 7.2 T.53 T.33 8.1 9.12 : 11.0
Mgo 5'5 603 4-6 4.1 506 5.1 7.9 6.8 5.8
Cal 10.8 9.02 11.42 8.8 9.38 8.12 8.2 11,65 9,08
Na,0 3.6 4.2 3.5 4.5 3.5 3.5 4.2 2.5 3.7
K20 0.3 0.39 0.2 0.7 0,86 1.46 0.25 0.26 0.3
Total 99.90 99.50 97.85 98.55 99.43 97.05 99.25 99.58 98.58
S. G. 2.82 2.81 2,81 2.83 ‘ 2.81 2.85 2.78 2,88 2.81
A. I. 24.91 24.99 28.71 29,82 36.65 38,98 44.13 49.67 50.04
Trace Elements (ppm)

Cu 60 30 35 550 140 100 790 115 1230
Mo 1 Z1 3 £ 3 3 2 1 5
Pb <4 7 6 9 14 25 4 35 20
Zn 12 19 11 14 12 18 15 15 10
Ag 0.7 <0,3 0.5 0.3 1.5 0.8 0.3 1.0 0.5
Co 5 14 25 17 4 1 12 11 20

891



Table 1-A, (cont,)

L-1 C-~1 c=5 D-1 22-9-10 B-1 B-2 B4
Major Oxides (wt %)

s10, 48.0 49.2 49.8 52.7 49.1 51.1 47.6 46.2 .
'1'102 0.45 0.38 0.65 0.93 0.90 0.93 0.21 0.72 N
Alzo’ 20.7 18,2 13.1 16.3 14.3 6.4 7.8 11.4
E\zO}b 4.9 n.,e. n.a, n.R, nA.l. N.Re nN.A. n.a,
Fe0 6.0 n.a, n.a, n.a. n.a. nea. n.a. n.a.
?cOt 10.8 10.45 15.84 13.33 13.78 12.11 14.15 18.53
Mgo 5.8 7.5 5.4 4.2 6.6 1.2 6.1 5.2
Ca0 10,0 11,01 8.19 4.17 9.67 ) 10.72 6.90 6.98
NA20 2.8 2.1 4.5 2.8 2.4. 1.6 2.2 3.6
K,0 0.85 0.78 0.60 _2.07 _0.81 0,73  _1,0] _0.68
Total 99.40 99.62 96.08 96.50 97.56 94.79 96,03 93.31
8. G. 2.83 2.89 2,87 2.78 2.87 2.87 2.89 2.92

A, I, 54.34 - 56.46 58.61 59.78 61,90 €5.18 65.28 69.36

Trace Elements (ppm)

Cu 240 720 5200 295 810 160 1180 , 160
Mo 2 1 17 2 8 1 6 2
Pb 14 60 1 14 25 12 20 7
Za 30 25 17 60 30 14 45 30
v 0.5 - 1.0 1.3 0.7 0.3 0.3 1.0 0.3
Co 1 20 17 25 25 A 16 14

ﬁhjor oxides by XRFP and AAS by Gary B. Sidder, E. Taylor, and R, Lightfoot at Oregon State University.
Trace elements (Cu to Co) by Chemical and Mineralogical Services, Salt Lake City, Utah, and Ba to Zr by
J. Injoque at University of Nottinghams by AAS and XRF, respectively.

t’179205 and Pe0 by Skyline Laboratories, Denver, Colorado.
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Table 1-B,

Modal abundances of the Patap Gabbro-diorites,

Modes based on 1000 or more points counted,

13-9=10 10-2=21 2-2-22  13-2.22 8=-9-9
Modal Percent

Plagioclase 60.5 4904 60.5 58.4 5904 50.0
Clinopyroxene 26,3 <1 22.9 11.8 7.7 9.2 <1
Amphibole 25.2 14.0 17.8 23.1 10,6 26,7
Apatite £1 tr 2.0 tr 2.7 £1
Sphene z1 2,2 1.7 1.9 3.2 4.6
Zircon tr tr tr tr tr ir
Opaques 6.0 1.2 2.1 2.8 3 1.2
Epidote 2.4 5.9 1.7 2,9 1. 3.8
Scapolite 3,0 tr 1.7 2.0 5e 5.6
Allanite tr tr - tr tr - -
Chlorite 1 tr tr tr tr 1.5 1.2
Sericite 21 3.2 £ 1.0 <1 tr 3.0
Tourmaline - - - - - - -
Biotite - - - - - - -
Quartz - - - - 343 - -
Albite - - - - - - <1
Kspar - - - - - - -
Calcite - tr - tr - 5.2 -

041



Table 1-B. (cont.)

10-2-22 Cc-8 A<l 10-9-9 C-2 A-5 L-1 C-1 c-5
Modal Percent

Plagioclase 59.5 46.4 16.0 42.3 57.3 60.0 49.5 45.7 4.7
Clinspyrsxene - - - - 3.8 - <1 1.1 -
Amphibole 24.3 35.7 29.7 44.0 25.1 - 29.9 29.8 26.1 29.6
Apatite Z1 tr tr tr P <1 tr tr -
Sphene 1.0 2.8 2.5 1.2 -1 1.4 1.1 21 2.6
Zircon tr tr £1 tr tr tr tr tr tr
Opﬂquea 501 2-5 5.5 £1 4.6 3.6 : 6.6 4.6 1001
Epidote 1.6 1.2 14.2. tr ~1 1.1 2.9 7.4 <}
Scapolite £1 ~1 - tr tr <1 4.8 - 48.5
Allanite £1 tr tr - - - tr - -
Chlorite 2.4 2.0 6.7 57 4.8 2.6 4.2 13.6 1.0
Sericite 0941 9,2 26,9 1.5 tr <1 21 <1 tr
Tourmaline - - - - - - 21 - 1.9
Biotite £1 - - - 1.6 - =1 - -
Quartz Z1 - - 2.0 - 1 =1 - -
Albite - 1 <1 - - <1 - - <1
Kspar - - - - - < - - -
Calcite - tr <1 2.6 £1 - <1 <1 -

L1



D-1 22-9=-10 B-1 E-2 B-4
Modal Percent

Plagioclase 38,5 29.3 53.2 56.4 46.3
Clinopyroxene - - - - -
Amphibole 19.1 38.4 28.6 28.7 29.8
Apatite 21 tr tr tr 1.2
Sphene tr 2.3 1.3 tr 1.7
Zircon tr tr 1,0 tr 1
Opaques 5.9 3.6 6.8 5.1 0.3
Epidote 21 6.1 3.2 21 3.8
Scapolite tr £ £1 1 3.9
Allanite - tr Z1 21 1.6
Chlorite 11.3 5.8 507 508 1.8
Sericite 15.7 13.6 Z1 1.4 tr
Tourmaline - - - tr tr
Biotite - - - 1.5 1
Quartz 6.7 1 - - -
Albite £ 4 - - -
Kspar tr - - - -
Calcite 1.1 21 1 - -

¢Ll



Table 1-C. Normative mineral abundances in the Patap Gabbro-diorites.

6~8-13  13-9-10 10-2-21 2-2-22 13-2-22 12-2-22 8-9-9 1=21=70

Volume Percent

quartz 3.2 5el - 5.4 3.6 3.4 2.3 2.7
orthoclase 0.5 0.7 2.4 1.1 1.2 1.8 1.8 2.3
albite 33.6 36.4 33-0 33.8 33.8 40.6 30.5 355
anorthite 25.2 24.8 30,2 31 .1 27.3 25.6 35.6 27.4
diopside 32.1° 24.4 26,2 15.0 20.1 18.9 13.8 13.3
hypersthene 0.4 1.2 3.9 4.4 7.6 0.8 11,1 14.3
olivine - - 1.3 - - - - -
magnetite 2.5 ‘ 403 2.3 4.8 2 5 6.1 3.8 2.0
ilmenite 1.9 1.8 1,6 1.7 1.7 1.6 1.5 1.8
Total 99.9 98.8 100.9 97.3 97.8 98.8 100.4 99.3
normative An 42.6 40.6 47.7 47.9 44.6 38.7 93.9 43.6

10-2-22 (-8 A1 10-9-9  €=2 a5 L1 C~1

Volume Percent

q“a-rtz - 2.8 l1o4 404 - 3.3 - - -
0rth001ase 4.1 5.1 8'6 1.5 2.1 1.8 . 5.0 4.6 3.5
albite 38.1 29.6 29.6 3545 21,2 31.3 30.5 17.8 38,1
anorthite 3745 29.0 29.1 16.4 43.1 25.6 41.4 37.9. 13.8
diopaide 4.4 1307 805 18. 9 1102 15.1 6.1 13.0 21-5
hypersthene 1.4 14.9 14.9 17.6 11.3 12.1 8.5 17.6 1.2
OliVine 6.0 - - - 4.1 - 6.8 205 904
ma.gnetite 6.1 2.9 3.5 3 9 6.4 7.8 7.1 509 700
ilmenite 1.4 1.6 1,6 0.8 0.5 1.7 0,9 0.7 1.2
Total 9.0 99.8 915 99.0  99.9 9B  99.5  100.3  96.8
normative An 49.6 4904 49-6 31 o6 ] 67 o1 45.0 63.6 68.1 26.6

€L1




Table 1-C. (cont.)

*Total includes corundum 2.1
e
Total includes corundum 0,7

D-1 22-9~10 B-1 E-2 B~4
Volume Percent
qua.rtz 8.9 1.8 3.9 2.7 0.2
orthoclase 12,2 4.8 4.3 6.3 4.0
albite 23.7 20,3 13.5 18.6 30.5
‘anorthite 20,0 25.9 19.0 33.6 12.9
diopside - 17.5 26.6 - 17.3
hypersthene 20.8 18.0 21.8 24.9 14.5
olivine - - - - -
mag’netite 7.5 8.1 8.4 9.4 1305
ilmenite 1.8 1.7 1.8 0.4 1.4
* - e

Total 97.27 98.3 99.6 96.9 94.5
normative An 45.8 56.0 58.4 64,3 29,8
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Appendix 2., Electron microprobe compositions of plagioclase feldspar in the Patap gabbro-diorites,

6=8-13-1 6-8-13-2 6I91$9'53 6-8-13~3b 6=8=13~3c 6=~8-13-3d 6~8-13-3f 6(93}2733 6=-8=13=4 6(§I$§’5°

Weight Percent
A1203 26.82 24.57 24.46 24.79 25.17 25.33 26,96 28.31 25.12 27.56

F9203t 0.23 0.27 .0.52 0.13 0.26 0.22 | 0.32 0.36 0.29 0.34
Ca0l 8.88 5.89 6.39 6.24 6.70 6.91 9.23 9.73 - 6.15 9.20
Na20 6.30 8.22 8.06 8.16 7.68 7.87 5.90 5.78 7.80 5.82
K20 0.10 0.20 0.22 0.1 0.21 0.10 0.17 0.13 0.18, 0.12
Total 98.23 100,52 100,88 100.89 99.83 99.01 97.89 100,04 101.41 98.21

Number of ions ori the basis of 32 oxygen

Si 10.216 10,860 10.828 10,804 10,684 10.576 10.156 10,024 10.840 10,092

Al 5.776 5.124 5.096 5160 54300 5.388 5.83%2 6,000 5.184 5.940

Fe3+ 0,032 0,032 0,068 0,016 0,032 0.028 0.040 0.044 0.036 0.044

Ca 1.736 1.116 1.208 1.180 1.280 1.336 1.816 1.876 1.152 1.800

Na 2,228 2,820 2.764 2.792 2,660 2.752 2.100 2.012 2.648 2,064

K 0,020 0.044 0.048 0.092 0.048 0,024 0.036 0,028 0.036 0,024
Ca

NasKsCa 43.6 28,0 30,0 29.0 32.1 32.5 46.0 47.9 | 30.0 46,3
Wavelength dispersive analyses on the Applied Research Laboratory (ARL) electron microprobe at the
University of Oregon by Gary B. Sidder. Acceleration potential, 15kV; sample current, 0.012uA; beam
diameter, 10um; count time, 20 seconds. Measured X~ray intensities were corrected for detector dead-
time, background, and matrix effects using a Bence~Albee correction technique with alpha factors by
Albee and Ray (1970). -

Albee, A. L., and Ray, L, 1970, Correction factors for electron probe microanalysis of silicates,
oxides, carbonates, phosphates, and sulfates: Analytical Chemistry, V. 42, p. 1409=1414.
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Appendix 2. (cont.)

6-8-13-5a 6193}275 6~8-13-6 6-8-13=7 6Ig1$§-8b éIQS}ZIBa GIgI$§-9a 6~8-13-9b 6-8-13-9c 6-8-13-9d
Weight Percent
sio, 54.87 55.19 55 .82 58.31 58429 56.32 55.52 57.02 54.93 55451
A1205 27.69 26,49 27.88 27.51 27.34 26.24 26,91 27.13 28,87 29.05
Fe 0z, 0.51 0.40 0.39 0.32 0.28 0.31 0.44 0.36 0.28 0.47
Ca0 10.27 8.99 9.93 9.16 9.24 8.70 8.92 8.88 10.21 10.72
Na,0 5.41 5.86 6.49 6.34 6.58 5.64 6.35 6.26 5.48 5.52
K,0 0.16 0.13 0.12 0.16 0.17 0.11 0,13 0,11 0.14 0,13
Total 98.91 97.06 100,63 101.80 101,90 97.32 98,27 99.76 99.91 101.40
Number of ions on the basis of 32 oxygen
si 10,008 10.212 10,020  10.276 10.276 10.348 10,164 10.252 9.904 9.888
Al3 5.948 5.776 5.896 5.712 5.680 5.680 5.804 5.748 6.136 6.096
Fe’t 0.068 0.052 0.052 0.040 0.036 0.040 0,060 0.048 0.036 0.060
Ca 2.004 1.780 1.908 1.728 1.744 1.712 1.748 1.708 1.972 2,044
Na. 1.912 2.100 2.260 2.164 2.244 2.008 2.252 2.180 1.92 1.904
K 0.036 0,028 0,024 0.036 0.036 0.024 0.028 0.024 0.028 0,026
Ca

Naskata 007 45.5 45.5 44.0 43,3 45.7 43.4 43.7 50.4 51.4
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Appendix 2, (cont.)

6rg3}g)9e 12-2-22~1 12‘2'22‘2(5%%%?2%35§n%§§263333‘ 12(%3%3-4a 12t§3§§74b D11 Del=2
Weight Percent .
si0, 55.91 56.85 55.29 54.17 54,02 - 58.92 54.00 57.08 56.35
A1203 28.81 26,68 27.90 26,98 29,09 25.39 28.85 27.45 27.85
F8203t 0.43 0.51 0.32 0.44 0.48 - 0.71 0.40 0.40 0.58
Ca0 10.95 - 8487 10,01 9.94 11.24 6.75 11,20 9.58 - 9.94
Na20 5384 6.27 5.07 536 5425 6.38 4.85 6.30 5.15
K20 0.15 0.27 0.18 0.14 0,09 1.05 0,09 0.33 6140
Total 102.09 99.45 98.77 97.03 100.17 99.20 99.39 101,14 100,87
Number of ions on the basis of 32 oxygen
Si 9,908 10,276 10.056 10.060 9,764 10,268 9,812 10.172 10,080
Al3+ 6,016 5.684 5.980 5.904 6.196 54396 6.176 5.764 5.872
Fe 0,056 0,068 0.044 0,060 0,064 0.096 0,052 0.052 0.076
Ca 2.076 1.716 1.948 1.976 2,176 1.304 2,180 1.828 1.904
Na 2.004 2.196 1.788 1.928 1.836 2,228 1,708 2,176 1.992
K 0.03%2 0.060 0,040 0,032 0.020 0.240 0,020 0.088 0,088
Ca :

Na+K+Ca 50.5 43.2 51.6 4.0 50.2 34.6 55.8 44,7 47.8

BL1



Appendix 2. (cont,)

D-~1-3 D-1=5 pri—G’ Pzg;gy - K«10-2 K-10-10

Welght Percent

510, 55426 5527 56 .82 55492 53.54 55471
A0, 28.94 27.91 27.98 28,18 28.23 27.88
Fey0y,  0.46 0.39 0.43 0.37 0.27 0.31
Ca0 11,02 10.23 9,78 10,15 10.98 10.28
Na,0 5.00 5.86 6.17 5.49 5.29 5.74
K,0 _0.33 0,32 0,13 _0.44 _0.11 _0.10 -
Total 101,01 99.98  101.31  100.55 98.42 - 100,02

_ Number of ionas on the basis of 32 oxygen
si 9.884 9.988 10.100 10.028 9.828 10.027

Al 6.100 5.944 5.860 5.956 6,104 5.914

Feot 0.060  0.052 0.056 0.048 0.037 0.043

Ca 2.108 1.980  1.860 1.948 2.160 1.982

Na 1.732 2.052 2.124 1.904 1.884 2.004

K 0.072 0.072 0.028  0.100 0.026 0.023
Ca

TatkiCa 53.9 48.2 46.4 49.3 53.1 49.4

6.1
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~ ELECTRON MICROPROBE COMPOSITIONS OF CLINOPYROXENE
IN THE PATAP GABBRO-DIORITES



Appendix 3,

Electron microprobe compositions of clinopyroxene in the Patap gabbro-diorites.

6=8=13-1

6-8=13=3 6-8=13=4 6=8~13~6 6-8~13~7 6~8-13-8

6-8=13=9 6~8-13-10 6~8-13-12 6~8~13-12a

Weight Percent

8i0, 53.53 54.11 54.53 52,31 51.73 53.12 53.47 54.66 54.43 55.10
Ti0p  <0.04 0.07 £0,04 0.09 0.06 0.04 <0.04 £0.,04 20,04 - <0,04
A1,03 0.36 0.38 0.67 0.30 0.25 0.29 0.25 0.37 0.34 0.23
Fe0y 5.87 6.22 7.78 6.05 6.19 5.43 5.17 5.39 5.83 5,71
MnO 0.21 0.11 0.26 0.23 0.14 0.24 0.16 0.20 0.14 0.21
Mg0 16,09 15.91 15.60 15.07 15.45 16.81 16.55 16,59 15.86 16.26
Cal 22.76 21.89 23,46 24.06 23,30 23.1 21,53 24.30 22.99 25.31
Na0 0.41 0.30 0.33 0,32 0.21 0,30 0.26 0,36 0.24 0,19
Total 99,23 98,99  102.72"°  98.43 97.33 99.94 97.39  101.87 99.92""  103.01
- Number of ions on the basis of 6 oxygen

Si 1.986 2,005 1.972 1.971 1.969 1.962 2,005 1.976 2,001 1.976
a1V 0,014 - 0.028 0,013 0.011 0,012 - 0.016 - 0,010
T= 2,00 2.01 2,00 1.98 1.98 1.97 2.00 1.99 2,00 1.99

a’t 0.001 0.016 - - - - 0.011 - 0.015 -
i - 0.002 - 0.002 0.002 0.001 - - - -

Fel+ 0.182 0.193 0.235 0,191 04197 0.168 0.162 0.163 0.179 0.171
Mn 0,007 0.003 0.008 0,007 0.004 0,007 0.005 0,006 0.004 0.006
Mg 0.890 0.879 0.841 0.846 0.877 0.925 0.925 0.894 0.869 0.869
Ca 0.904 0.869 0.909 0.971 0.950 0.938 0.865 0.941 0.906 0.972
Na 0.029 0.022 0,023 0,024 0.015 0,022 0,019 0,02 0,017 0,013
M14M2= 2,02 1.98 = 2.02 2.04 2.06 2,06 1.99 2.03 1.99 2.03

Mg 44.9 45.2 42.2 42,0 43.2 45.4 47.3 44.6 44.5 43.1
Fe+Mn 9.5 10.1 12.2 9.8 9.9 8.6 8.5 8.5 9.2 8.8
Ca 45.6 44.7 45,6 48,2 46.8 46,0 44.2 46.9 46,3 48,2

*Total includes Co0O 0.09

**Total includes K20 0,09
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Appendix 3. (cont.)

10-2-21-3 10-2-21-4 10-2-21-5 10-2-21~6 10~2-21=8 10~2-21-10b 1-32-15=7 1-32-15-8

Weight Percent

53.99

5102 52.78 53.91 54069 54.47 55065 54.59 55.53

Ti0p £ 0,04 40,04 L£0.04 £0.04 0.08 <0,04 40,04 40,04
A1203 0.35 0.24 0.27 1.00 0.45 0.16 0.42 0.30
FeOt 4.50 6.27 5.81 5.26 4,81 - 4,56 5.16 5.26
Mno .0.19 0.20 0.15 0.18 0.11 0.12 0.23 0.05
Mgo 16,12 14.88 15.96 15.53 16,52 16.93 16.19 15.71
Ca0 25.05 24.18 25.20 23.47 23,86 24,07 24.58 24.56
Nag0 0,19 0.16 0,13 0.16 0,21 0.10 0,14 0.14
Total _ 99.18 _ 99.84 102,21 __ 100.0] __ 99.78" 100,53  102.25  99.96

Number of ions on the basis of 6 oxygen

si 1.963 1,996 1.977 1.994 1.977 1.989 1,992 1.986
anlv 0,015 0.004 0,012 0,006 0,020 0,007 0,008 0,013
Ta 1.98 2.00 1.99 2,00 2,00 2,00 2,00 2,00
vl - 0.006 - 0.037 - - 0.010 -
T4 - - - - 0.002 - - -
Fel+ 0.140 0.194 0.176 0.161 0.148 0.139 0.155 0.162
Mn 0.006 0.006 0.005 0.005 0,003 0,004 0.007 -
Mg 0.893 0,821 0.860 0.847 0.907 0.920 0.866 0.861
Ca 0.998 0.959 0.976 0.921 0.942 0.939 0.945 0.968
Na 0,014 0,012 0.009 0.011 0.015 0,007 0,010 0,010
Mi4+M2= 2,05 2.00 2.03 1.98 2.02 ° 2,01 1.99 2.00
Mg 43.8 11.5 42.7 43.8 45.4 46,0 44 .1 43.2
Fe+Mn 7.2 10.1 8.9 8.6 7.5 741 7.9 8.1
Ca 49.0 48.4 48,4 47.6 47,1 46.9 48.1 48,6

#Total includes Co0O 0.09

Wavelength dispersive analyses on the ARL probe at the University of Oregon by G.'B. Sidder. Conditions
of operation as cited in Appendix 2, except beam diameter, 2-3um, and sample current, 0,015uA.
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ELECTRON MICROPROBE COMPOSITIONS OF AMPHIBOLES
IN THE PATAP GABBRO-DIORITES AND IN ORE



Appendix 4.

184

Electron microprobe compositions of amphiboles in the

Patap gabbro-diorites and in ore.

628 R 628512515 1

Oa2zapr® 192:215]0 Xaled Xolg2 X753

Weight Percent

.

5102 55+33 52.68 50.76 52.37 55.15 54.99 57.28
Ti0p ' £0,04 0.37 0.04 0.05 0.02 0,13 0,02
PeOy 7.19 11.14 14.81 13,30 8.96 9.47 11.80
MnO 0.08 0.10 0.13 0.12 0.07 0,06 0.08
Mgo 15,82 16.98 14.87 16.31 18.44 17.83 17.53
Cal 12.68 12.00 12.54 12.29 13,06 13,03 12.50
Na,0 0.27 0.66 0.48 0.44 0.30 0.35 0.27
K50 0.42 0.13 0.42 0.17 0.03 0.12 0.10
Cl 0,07 0.16 0.41 0,05 Ne 3. N, 8. N. a.
Total  102.63 98.87 99.53*** 99.95 97.86 97.83 102.41
Number of ions on the basis of 23 oxygen
si T+.328 7 .465 7319 7.407 7.786 7.789 7.778
alv 0.672 0.535 0.681 0.593 0,214 0,211 0,222
= 8,000 8.000 8.000 8.000 8,000 8,000 8,000
Aavl 1.010 0.218 0.181 0.215 0.091 0,096 0,233
i - 0.039 0,005 0.005 0.001 0,014 =
Felt 0.797 1.151 1.617 1.342 1.028 1,121 1.220
Mn 0.009. - - - - 0,004 -
Mg 3,125 3,586 3,197 3,438 3,880 3.765 3.547
M1-M3= 4.941 5,000 5,000 5,000 5,000 5,000 5,000
Felt - 0.170 0.169 0.232 0.030 -  0.120
Mn - 0.012 0.015 0.014 0.007 0.003 0,009
Ca 1.799 1.822 1.938 1.862 1.975 1.977 1.818
Na 0,068 - - - - 0,020 0.0
M4= 1.867 2.014 2.132 2,108 2,012 2,000 2,000
Na - 0.181 0.134 0.121 0.082 0.075 0.018
K 0.070 0.024 0.077 0.031 0.005 0,021 0,017
A= 0,070 0.205 0.211 0.151 0.087 0,096 0,035
?%EEE 0.797 0.731 0.642 0.686 0.786 0.771 0.726

*act-hbl = actinolitic hornblende; act = actinolite
**Total includes Cr20z 0.05, CoO 0.09.

##%Total includes Co0 0.10
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Appendix 4. (cont.)

Rl T K G T Kles K Glo

Weight Percent

810, 55437  53.54 53.87 54.09 55.36 56.98 54.18 54.50
Al 03 2.46 3,07 2,23 2,09 2.00 2.94 2.89 2,54
Fegt 1035 12.45 11.60 11,17 11,90 10.68 11.37 11.99
MnO 0.12 0.14 0.09 0.13 0.08 0.10 0.11  0.15
Mg0 17.91 16.58 17.89 17,51 17.88 18.63 17.47 17.06
Ca0 12.80 12.36 12,25 12,35 12.47 12,26 12.1T 12.19
Na,0 0,40 0.38  0.31 0.36 0.29 0.13  0.44 0,28
K28 0.15 0.08 0.10 0.19 0.14 0.12 0.19 0,18

Total 99.77 98.94 98.66 98,16 100.39 102,00 99.32 99.17

i cl D, a, _0.3 _0.09 _0.1 _0.07 _0.2 _0.12 _0.15
i
\
\

Number of ions on the basis of 23 oxygen

Si T.T16  7.602  T.637 7.698 T.T0T T.728 7.620 7.692
alv 0,284 0.398 0.363 0.302 0.293 0,272 0.380 0.308
T= 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000
, Al 0.120 0.116 0.010 0.049 0.035 0.198 0,099 0.114
Ti 0.020 0,022 0,025 0,017 ©Q.021 0,004 0.040 0.013
Pe+ 1.139  1.353 1.183 1,220 1.232 1,032 1.198 1.283
Mn - - - - - - - -
Mg 3.721 3,509 3,782 3.714 3.712 3.766 3.663 3.590
M1-M3= 5,000 5.000 5,000 5.000 5.000 5,000 5,000 5.000
Fe2+ 0.067 0.126 0,192 0,109 0.153 0,179 0.139 0.132
Mn 0.013 0,016 0,011 0,015 0,010- 0,011 0,013 0.018
Ca 1.911  1.880 1,860 1.883 1.859 1.781 1.834 1.843
Na 0,009 - - - - 0.029 0,014 0.007
M4= 2,000 2,022 2,063 2,007 2.022 2,000 2.000 2,000
Na 0.098 0.104 0,085 0.099 0,079 ©0.005 0,107 0.069
K 0,027 0,015 0,018 0.0 0.025 0,005 0,034 0,032
A= 0.125 0.119 0.103 0.134 0,104 0.010 0.141 0.101

0.755 0.703 0.733 0.736 0,728 0,757 0.733 0.717
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1=32=15=1 15=32=30w] 15=32=30=2 15=32=30=3 10=2=21=2
act act act act act

D=1=4 D=1=b6
act act

Veight Percent

Siop 55.73 53.93 -« 56.74 55.68 5331 54.30 54.99
Ti0, 0.04 0.06 0.09 0.08 0.04 0.13 0.09
MnO 0.07 0,09 0,08 0.12 0.14 0.36 0.51
Mg0 16.37 17.93 17.94 18.32 16.96 20.05 17.67
Ca0 12.03 12,67 13,00 12.83 12,72 11.44 12.34
Nas0 0.10 0.34 0.11 0.21 0.33 0.18 0.18
K20 0.28 0.0% 0.04 0.13 0.16 0.05 0.05
cl 0.22 0,07 005 0.12 0.06 0,08 0.23
Total 100.99 97.61 99,67 100.04 99,87 97.43100.61
Number of ions on the basis of 23 oxygen
Si v 7.706 7.658 T.924 7.649 T.514 7T.707 7.738
a1l 0.2 0.342 0.076 0,351 0,486 0.245 0.147
T 8,000 8.000 8.000 8.000 8.000 T7.952 7.885
avl 04307 0.124 0.010 0.299 0.150 - -
T 0.004 0.006 0.009 0,009 - 0.014 0.010
Fel+ 1.315 1.074 1.247 0.939 1.287 0.742 1.282
Mn - - - - - - -
Mg 3.374  3.796 2134 3.753 3.563 4,243 3.708
Mi-M3= 5,000 5.000 5.000 5,000 5.000 5.000 5,000
Fe2*  0.126  0.076 0.054 0.041  0.171  0.376 0.325
Mn 0,009 0.011 0,010 0,014 0,017 0,043 0,061
Ca 1.781 1.927 1.945 1.888 1.921 1,740 1,861
Na 0.027 - - 0.056 - - -
M4= 1.943 2.014 2.009 1.999 2.108 2.159 2.247
Na - 0.095 0.030 - 0.090 0.049 0.049
K 0.049 0,009 - 0,023 0.029 .- 0,009
A= 0.049 0.104 0.030 0.023 0.119 0,049 0.058
2L o.701 0.767 0.742 0.793 0.710° 0.791 0.698
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10-2=21=9 10=2-21=104 10=2=21=11 D=1=2 1=-32-15-3 1-32-15-4

?mg~hbl?*  ?mg-hbl? 7mg=-hbl? ?mg-hbl? ?mg-hbl? %ed-hbl7*
Weight Percent
5102 53.06 51.36, 44.54 43.86 48,98 46,00
Ti0 0.07 0.75 0.15 0.06 0.90 1.15
FeO4 15.36 11.88 13,22 20,06 8.38 11.09
Mno 0.16 0.10 0.13 0.59 0.06 0.13
Mg0 16.90 17.50 16.66 15.09 17.66 15.85
Ca0 12.00 12.47 12,06 8.26 12.42 12.25
Nas0 0.34 0.91 0.64 0.10 1.14 1.97
cl 1.09 0.21 0,36  <0.03 0.08 0.34
Potal 106.06  101.T1 97.02 93.64. 96.82 98,62
.Number of ions on the basis of 23 oxygen

Si 7.212 7.134 6.874 6.619  7.060 6.674
alv 0.788 0.866 1.017 1,381 0,940 1.326

T= 8.000 8.000 7.891 8,000 8.000 8.000
v 0.220 0.164 - 0.198  0.216 0.255
Ti 0.007 0.079 0.018 0,007 0.097 0.125
Fe2* 1.349 1.134 1.148 1.400 0,891 1.192
Mn - - - - - -

M1-M3= 5,000 5.000 5,000 5,000 5,000 5,000
Fe2*t 0.397 0.246 0.558 1.132  0.119 0.153
Mn 0.018 0.012 0.017 0.075 0,008 0.016
Ca 1.748 1.856 1.994 1.335 1.917 1.904
Na - - - - - - -
- M= 2.163 2.114 2.569 2.542 2,044 2,074
Na 0.090 0.244 0.192 0.029  0.318 0.554 .
K 0.1 0.043 0.058 0.023  0.048 0.106

A= 0.227 0.288 0.250 0.052 0.3 0.660
Mg ‘ |
Foxit 0.662 0.724 0.692 0.573  0.790 0.718

#?mg-hbl? = possibly magnesio-hornblende; 7ed-hbl? = possibly edenitic
hornblende.

Wavelength dispersive analyses on the ARL probe at the University of
Oregon by G. B. Sidder. Conditions of operation as cited in Appendix
3
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APPENDIX 5

ELECTRON MICROPROBE COMPOSITIONS OF IRON-TITANIUM OXIDES
IN THE PATAP GABBRO-DIORITES AND IN ORE
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" Appendix 5. Electron microprobe compositions of iron-titanium oxides
in the Patap gabbro-diorites and in ore,

6=8=13=1 6=8=13=T Em8=1 A 6<-8-13=8A 12-2-22-1 12-2-22-
mtz mt3 7 mt5-7 mt3- gtzz ! mt2 3

, Weight Percent
42 0.19 0.12 0.17 0.13

Si05 0.21. 0

Ti0p 0.05 0.08 0.06 1.66 0.04 0.04
Al 03 '0019 0023 0020 0.19 ' 0015 '0017
c:zo3 0.05  0.56 0,50 0.27 - 0.04
Fe 31.23 31,20 30,72 32.24 31.34 30.84
FeQi®® 92,80 91.00 90.79 89.94 93.03 91.63
MnO 0.10 0.10 0.10 0.05 - -

Mgo 0.07 0.06 0.04 - - -

Co0 0.09 0.07 0.09 0.09 0.09 0.08
Total®* 93,56 92,52 91.97 92,32 93.48 92.09

Total** 100,42 99.18 98.66 98.74 100,35 98.86
Number of ions on the basis of 4 oxygen

Si 0.0081 0,0163 0,0074 0.0047 0.006% 0.0051
Ti 0.0014 0.0023 0,0018 0.0486 0.0012 0.0012
Al 0.0086 0.0105 0.0092 0.0087 0.0068 0,0078
Cr 0.0015 0.,0171 0.0154 0.0083 - 0.0012

Fe3+** 109709 109352 1.9571 108766 109779 1’9785
Fel+xa# 0.9995 1.0097 1.0007  1.0487 1.0049  1.,003T

Mn 0.0032 0,0033 0.0033 0.0016

Mg 0.0040 0.0035 0.0023 .- - -

Co 0.0028 0.0022 0.0028 0.0028 0.0028 0.0025
x&spa 0.001 0.002 0.002 0.052 0.001 0.001

¥mt = magnetite

Fe203 and Pe0 calculated according to Stormer (1983)

H%Potal iron analyzed
By o (np; ) (Xpg2+ g2+)

usp  Tg, »Shpe3+, F)(xFe3+ S3+) + (nTi F)(xFez+ S2+)

total cations of element per formula unit(F)
mole fraction of an element vs. all other cations
of equal charge (S)

after Stormer (1983)

.where n
X



190

Appendix 5. (cont.)

12—2;%2-5 12-2;%2-7 12-2;%2—7A 12-2;%2-8 12-2;%2-8A D;¥-4

Weight Percent

8102 0.27 0.15 * 0.23 0.15 0.28 0.20
Ti0s - - - - 0,05 5.16
A1503 0.16 0.16 0.17 0.14 0,12 0.21
Cr,03 0.06 - 0.05 - 0.06 0.05
Pes03*  67.58 68.59 67.42 67.00 67.78  57.35
FeO* 31.10 31.26 30.88 30.60 31,29 35.31
FeQy** 91.91 92,98 91.54 90.89 92,28 86.91
MnoO - - 0.07 - - 0.22
MgO - - - - - -
Co0 0.09 0,07 0.08 - 0.08 0.21
Total®¥* 92,49 93.36 92,14 91.18 92.87 92,96
Total¥ 99,26 100.23 . 98.90 97.89 99.66 98.71
Number of ions on the basis of 4 oxygen '
Si 0.0105 0.0058 0.0089 . 0.0059 0.0108 0.0078
Ti - - - - 0.0015 - 0.1504
Al 0.0073 0.0072 0.0078 0,0065 0.0059 0.0096
Cr 0.0018 - 0.0015 - 0.0018 0.0015°
Feots 1.9699 1.9812 1.9728 1.9817 1.,9682 1.6725
Fel+x 1.0077 1.0036 1.0041 1.0059 1.0098 1.1445
Mn : T - - 0.0023 - - 0.0072
Mg - - - - - -
Co 0.0028 0.0022 0.0025 = = 0.0025 0.,0065
xﬁsp;, 0.000 0.000 0.000 0.000 0.002 0.152
*Fe, 0, and Fe0 calculated
*x 23

Total iron analyzed
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Tim
il S I Sl Sl i i
Weight Percent

3102 0018 0.20 ‘nN.ae. Ne.aes Ned s Ded. Nsde
Tio 1.84 2,07 0.05 0,13 0.05 0.06 0.05
A1283 0.26 0,25 0.18 0.65 0,32 0.48 0.14
Cr20 0,06 0.10 - - 0.01 0.01 - -

n.a. n.a. 0.12 0,08 0,06 0.02 0.10
Fega 63,18 62.45 68.87 65.80 T70.00 67.73 68.99
FeO* 22.18 32.23 31.09 28.80 31.78 30.06- 30,93
FeOy¥* 89,03 88.42 93,06 88.01 94,76 91.01 93,00
MnO - 0.11 - 0,01 0.03 0,02 0.01
Mgo - - 0.09 0.87 0.02 0.47 0.19
Co0 0,21 0.12 Nede Nedo- Nede Ne&e Nedeo
Total** 91,58 91.34 93.50 89.75 95,26 = 92.07 93.49
Total* 97.91  97.60 100.40  96.34 102.27  98.85 100.41

Number of ions on the basis of 4 oxygen

Si 0.0071 0.0079 - - - - -
Ti 0.0542 0.0612 0.0013 0.0040 0.0015 0.0017 0.0014
Al 0.0120 0.0116 0.0083% 0.0305 0.0141 0.0218 0.0063
Cr 00,0019 0.0031 - - 0.0002 0.0001. -
v - - 0.0035 0.0027 0.0019 0.0007 0.0032
Fed**  1.8636 1.8472 1.9855 1.9589 1.9807 = 1.9740 1.9877
Fe2t*  1,0547 1.0594 0.9660 0.9527 0.9993 0.9737 0.9902
Mn - 0.0037 - 0.0002 0.0010 0.0006 0.0002
Mg - - 0.0054 0.0510 0.0012 0.0273 0,0110
Co 0.0066 0.0060 - - - - -
X' 0.055 0.062 0,001 0,004 0.002 0,002 0,001

*Fe203 and FeO calculated

*#%Total iron analyzed
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‘Appendix 5. (cont.)

LD R Re RS R

Weight Percent

5105 n.a. n.a. J.a. n.a. N.a.
Ti0p 0.04 0.03 0.27 0.03 0,02
A1203 0.25 0.11 0.09 0.06 0.16
0,01 0,11 0.14 0.19 0.12

8 * 68,22 - 69.68  69.44  69.25  69.80

Fe3*3 30,64  31.54  31.84  31.32  31.51
FeO¢** 92,03 94.25 94.32 93.62 94.31

MnO 0.01 0.01 0,02 0.03 0.03
m 0017 N - - - 0004
Co0 Nedas Nelse Ned. NeQo Nele

Total* 92.52 94.54 94.83 93.94 94.68
Total#®* 99,35 101.52 101,79 100.88 101,67

Number of ions on the basis of 4 oxygen

Si

Ti 0.0013 0,0009 0,0077 0.0009 0.0005
Al 0.0113 0,0050 0,0038 0,0029 0,0070
Cr 0.0004 0,0008 - - -

v 0.0002 0.0033 0,0043 0,0058 0.0036

Fe>+ - 1,9857 © 1.9890 1.9766 1.9895 1.9883
Fel+ 0.9911  1,0006 1,0072 0.9999 0.9974

Mn 0.,0001 0.0003 0,000 0,0010 0,0010

Mg 0.0100 - - - 0.0021

Co - - - - -

X' - 0.001 0,001 0.008 0.001 0.001
usp

*F9203 and Fe0 calculated
##Total iron analyzed

Wavelength dispersive analyses on the ARL probe at the
University of Oregon by G. B. Sidder. Conditions of
operation as cited in Appendix 3 except count tlme, 40
seconds for Si, Cr, V, Mn, Co
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Appendix 5. (cont.)

6=8~13=3 6=B=13=4 6=8=1 6=8=13=8 12=2-22-6 12-2-22-6A
ilmz ’ ilm3 111113_4A ilm3 ilm ilm

Weight Percent

510, 0.18 0.12 +« 0,16 0.11 0.12 0.30
A12 3 0,07 0,09 0.05 0.09 0.05 -

Fey0z** 9.87 3.02 9.34 10.51 T.15 3430
F 40.35 41,27 40,67 40.34 39.97 40.70
FeQ¥¥*  49.23 43.99 49.08 49.80 46.40 43.67
MnO 1.88 1.38 1.33 1.78 2.80 3427
Mg0 0.25 0.24 0.33 0.13 0.12 0.24
Co0 - - - - - -

Total*** 98,86 | 93.59 98,11 98.89 97.17 96.50
Total** 99.85 93.89 99.04 99.94 97.89 96.83

Number of ions on the basis of 3 oxygen

Si 0.0046 0.0032 0.0041 0.0028 0.0031 0.0078
Pi 0.9003 0.9648 0.9053 0.8956 0.9266 0.9598
0.,0021 '0.0028 0,0015 0,0027 0.0015 -

Al
Fedtux 0.1881 0.0610 0.1795 0.2005 0.1390  0,0647
Feltas 0.8551 0.9271 0.8683  0.8553 0.8638  0,8862

Mn 0.0403 0,0314 0.0288 0,0382 0.0613  0.0721
Mg 0.0094 0.0096 0.0126  0.0049 0.0046  0.0093
Co - - - - - . -

xilm“ 0.903  0.969  0.908 0.897 0.928 0.966

*ilm = ilmenite
**Fe,0, and FeO calculated according to Stormer (1983)
*Total iron ?nal zed
ag. . ((npg2+ p)(ap; £))1/2
N C ( Wz
'snPe5+,F)4‘( nFe2+,F)(nTi,F) /2
where n = total cations of element per formula unit (F)
after Stormer (1983).




194

Appendix 5. (cont.)

D=-1=-2 D-1-6 D-1-6B D-1-6E 6—8;;2-6 6=8=13=6A
ilm _ilm ilm ilm hm

Weight Percent

Si0, 0.19 0.14 * 0,11 0.18 0.13 0.21
TiOg 47.55  48.87  47.67 48.89 0,05 0.46
Cra03 - - - - 0.14 0.12
Fe,05%%  8.46  5.36  7.61 5.08  98.61 98.61
FeQ*+* 32.19 29.10 18.75 27.68 0.13 0.67
FeQy¥»* 39,80 33492 25.60 32.25  88.86 89.40
Mgo - 0.06 0.06 0.06 - -

Co0 - 0,09 0.13 0,11 . - -

Total¥#* 98,25 97.84  97.40 97.67 89.57 90.52
Total®* 99,10 98.39 98.16 98.18 99.45 100.40

Number of ions on the basis of 3 oxygen

Si 0.0049 0.0036 0.0028 0.0046 0,0035 0.0055
Ti 0.9131  0.9428 0.9217 0.9448 0,0010 0,0091
Al 0.0015 0.0039 0,0036 0.0030 0.0101 0.,0103

Cr - - - - 0.0030  0.0025
Feltss 0.1626  0.1034 0,1473  0.0982 1.9781 1.9579
Fel+ws 0.6874 0.6243 0.4032  0.5948 0.0028  0,0147

Mg - 0.0023 0,0023 0.0023 - -
Co - 0.0019 - 0,0027 0.0023 - | -
Xilm 0.907 0.937 0.892 0.939 0.002 0.012

#*hm = hematite
**Fe203 and Fe0 calculated

*%Total iron analyzed
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Appendix 5. (cont.)

6~8=13=9 12=2=22=2 12=2-22-24 12=2-22-6B D-1- D-1-5A
hm3 ? hm hm hm hm 4 hm ’

Weight Percént

510, 0.35 0.14. 0.17 0,17 0.30 0.47
Ti0, 0.08 - 0.05 0.13 0.52 0.25
Alp03 0.21 0.13 0.13 0.15 0.27  0.41
Cr 03 0008 - 0008 0006 - -
FeO* 0.31 0.17 0.18 0.32 0.56 0.50
FeQ %% 89.21 88.38 90.43 89.88 87.31 85.30
MnO - 0.07 - 0.07 - 0.06 -
Mgo - - - - - -
Co0 0.12 - - - 0,21 0.30
Total#* 90,12 88.65 90.93 90.39 88.67  86.73

Total* 100.02 98.47 100.98 100,36 98.32 ° 96,17
Number of ions on the basis of 3 oxygen

si 0.0093  0.0038  0.0045 0.0045 0,0081 0.0129
i 0.,0016 - 0.0010 0.0026  0,0105 0.0052
Al . 0.0066  0.0041 0.0040 0.,0047 0,0086 0.0133
Cr 0.0017 - 0.0017 0.0013 - -
Fed+ 1.9700  1.9883  1,9834 1.9799 1.9542 1.9505
Fe2+ 0.0068 0,0038  0.0039 0.0071 0.0127 0.0115
Mn 0.0016 - 0.0016 - 0.0014 -
Mg - - - - - -

Co 0.0025 - - - 0.0045 0.0066
X0 0.003 0.000 0.002 0.004 0,012  0.008

*F3203 and Fe0 calculated

**Total iron analyzed
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1- 1-6 6=8=1 12-2=22~
szs % DEpsz sggezzs sphene4
Weight Percent
8i05 1.04 1.33 29.83 29.54
Ti0, 54.59  59.43 33.67 34.42
A1203 1,00 0.29 1.02 1,06
Créo3 - - - -
Fezo I 7.37 8.65
Fe 21,66 24 .45
FeQ¥¥* 28.29 32.23 1.22 1.40
Mno 1.32 0,90 - -
Mgo 0.09 0.06 0.03 -
Co0 - - - -
Ca0 - - 26,52 26,5%
Total¥** 86,62 94.24 ) .
Total¥** 87,07 95.11 92.3 92.9
Number of ions on the basis of 5 oxygen
Si 0.0458 0.0538 1.0536 1.0381
Ti 1.8063 1.8077 0.8943 0.9096
Al 0.0519 0.0138 0.,0425 0.0439
Cr - - - -
Feot 0.2440  0.2632
Felt 0.7970  0.8270 0.0360 0.0411
Mn 0.0492 0.0308 - -
Mg 0,0059 0.0036 0.0016 -
Co - - - -
Ca - - 1.0028 0.9977

*fpsb = ferropseudobrookite solid solution

**Fe203 and FeO calculated

*#¥%Total iron analyzed
#Ca0 estimated from stoichiometry and Deer et al. (1966)
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APPENDIX 6

CHEMICAL ABUNDANCES, MODAL ABUNDANCES, AND NORMATIVE
MINERAL ABUNDANCES OF THE LINGA SUPERUNIT
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Appendix 6. Chemical abundances, modal abundances, and normative
mineral abundances of the Linga Superunit.

Table 6-A. Chemical abundances* of the Linga Superunit, Unit K

1a’
Toan 2500 B2, 5k TEE TR0
Weight Percent
510 61.3  61.6  63.1 63.0  64.1 64.5
Tio 0.65 0.67 0.55 0.65 0.60 0.55
A1285 16.3 16.6 15.7 16,2 15.8 16.5
Fezgz:** 2-7 Nede 209 Ne.a, 4.3 101
Fe0 3.7 n.a. 2.4 N.a. 2.3 1.5
FeQy 6.0 5.84 4.7 5.6 53 4.1
Mg0 2.3 2.4 2.1 2.3 2.1 2.2
Ca0 5.1 5.99 4.3 4.9 4.6 6.9
Na 0 4.0 3.9 44 4.5 4.7 51
K20 208 2057 J.B 203 1'9 0025
Total 98.45 99,62 97.85 99.45 99.10 100,10
S. G. 2. 2,70 2.69 2.72 2.71 2.7
' ppm

Cu " 25 19 19 45 200
Mo 30 £1 7 6 2 2
Pb ’ 70 6 100 50 20 17
Zn 50 25 70 50 20 1
Ag £ 0,3 0.3 £0,3 Z20.3 20,3 0.3
Co 5 6 5 6 5 5
Ba 970 1063 Nede Nede n.a. n.a.
Ce 47 55
Co 18 17
Cr 13 7
Cu 10 10
Ga 17 17
La 22 29
Ni 3 5
Nb 6 6
Pb 10 11
Bb 51 36
Sc 24 22
Sr 2N 363
Th 12 13
U 4 3
v 133 124
W n.d. n.d.
Y 27 28
Zn 20 22
Zr 199 155

Mo 2 n.d,
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Appendix 6. (cont.)

Table 6-B., Chemical abundances*of the Linga Superunit, Unit K,..

11=2~1 6=2-1 -2=1 -G P-8
g.d. q.md? 7q,md? 4q23.3 ton¥k*

Weight Percent

Si0, 54.8 564 65.0 61.0 59.9
Tio, 0.85 0.85 0.60 0.75 0.75
Fezgzz** 5¢3 4.4 3.4 3.4 5.6
FeO 3.6 4.5 2.2 1.9 2.8
FeOy 8.5 8.4 5.7 5.8 8.9
Mgo 4.0 3.2 2.2 343 2.9
Ca0 7.6 6.9 5.1 7.0 6.7
Na20 4.1 3.6 5-2 501 4.9
K20 1.2 1.9 0.7 0.3 0.3
Total 99.45 98.65 100,70 100.85 100,05
Se Go 2.82 2.75 2.73 2,76  2.72
ppm
Cu 50 45 40 115 355
Mo £ 2 3 <1 4
Pb 40 25 12 10 4
Zn 25 30 18 5 10
Ag 0.3 0.3  £0.3 0.5 0.5
Co 11 -9 17 8 18

*Major oxides by XRF and AAS by G. B. Sidder, E. Taylor, and R.
Lightfoot at Oregon State University. Trace elements Cu to Co by
Chemical and Mineralogical Services, Salt Lake City Utah, and

Ba to Mo by J. Injoque at University of Nottingham, England, by
AAS and XRF, respectively.

**q.md, = quartz monzodiorite; g.m. = quartz monzonite; grd =
granodiorite; q.d. = quartz diorite; ton = tonalite.

203 and Fe0 by Skyline Laboratories, Denver, Colorado, with-.:
ferric iron determined by titration and total iron by plasma
spectrometry. Perrous iron determined by difference. FeO; by XRF
at Oregon State University.

*HAFe
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Table 6-C. Modal abundances of Units K
points counted.

and K,. in the Linga Superunit. Modes based on 1000 or more

la 1b

1-2-13 12-8-13 8-2-13 9-2-13 722-22 17-9-10M/11-2<14 6-2-19 “T22-19 4-9-13 P-8

qemd. q.md. QeMe grd ﬂd grd hd. g.md. J.md. ~Qede
Modal Percent

Quartz 14.1 14.4 15.5 17.8 18.9 26.3° " 6.9 T1.4 15.5 12.5 15.1
Kspar 19.9 18,0 26,1 20,2 21.5 12.3 5.8 9.1 7.2 3.7 3.3
Plagioclase 45.7 44.4 37.4 42.0 44.3 43.3 55.8 49.6 54.7 55.1  53.2
Clinopyroxene tr - - - - 3.0 - 1.0 - 1.0 -
Amphibole 14.6 16.5 13.4 12.4 9.3 12.0 20,6 20.0 17.2 17.1 15.2
Apatite <1 <1 <1 £1 £ tr £ 1.1 FAR P tr
Sphene <1 2.7 1.5 1.3 - 1.7 21 tr 1.5 2.7 3.8
Opaque oxides 2.7 1.9 3.1 3e3 3.0 £ 5.7 6.0 3.0 3e7 2.2
Zircon tr tr tr tr tr tr tr tr tr tr tr
Epidote 41 £ <1 £1 tr L1 1.3 1.8 L1 Z1 <1
Allanite C - tr - - - - tr tr - - -
Biotite - - - - £ - - - tr - -
Scapolite - - - - - - - tr _ 2.3 1.8
Chlorite <1 <1 <1 £1 <1 1 219 1.0 <1 =1 2.8
Sericite 1.4 <1 1.3 1.5 <1 tr 1.9 2.8 2.2 1.7 2.4
Tourmaline - - - - - L - - tr - - -
Albite tr - - - - - - - - - -
Calcite tr - tr - - - - - - - -

00¢
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Table 6~D. CIPW normative mineral abundances in Units Kla and Klb of the Linga Superunit.

7-2-13 12-8-13 B-2-13 9-2-13 T-2~22 17-9-10 11-2-14 6-2-19 7-2-19 4-9-13 P-8

Volume Percent

quartz 13.0 13.4 15.3 14.7 18.0 18,2 5.9 9.1 19.3 12.5 14.4
orthoclase 16.5 15.2 19.5 13.6 1.2 1.5 7.1 1.2 4.1 2.0 2.0
albite 3% 8 33.0 34.7 3841 39.8 43.2 34.7 30.6 44,0 43.2 41.5
anorthite 18.2 20.2 14.7 17.2 16.4 21.4 28.3% 25.7 18.8 24.1 19.8
diopside 5.2 7.2 4.8 5.2 4.5 9.7 6.9 6.3 4.6 7.7 9.9
hypersthene 6.8 5.8 4.2 5.6 3.2 2.0 7.6 8.2 3.7 4.6 2.6
ma@etite 3.9 4.1 4.2 4.1 5.8 1.6 7.7 6.4 4.9 405 702
hematite - - - - 0.3 - - - - 0.5 0.7
ilmenite 1.2 1.3 1.0 1.2 1.1 1.0 1.6 1.6 1.1 1.4 1.4
Total 98.6 100.2 98.4 99.7 100.3 98.8 99.8 99.0 100.5 100.6 99.8

normative An  35.0 38.0 29.7 N 29.2 33.1 44.9 45.8 29.9 35.9 32.4

102
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ELECTRON MICROPROBE COMPOSITIONS OF CHALCOPYRITE IN ORE

202



Appendix 7. Electron microprobe compositions of chalcopyrite in ore.

D-3-1  D-3-2  D-3-3 D-3-4 D-3-5 5-18=70=1 5-18~70-2 5-18-70~4 5-18~70-5 X=T=1 X-7w2

Weight Percent _
Fe 29.84 30.08 29.95 29.85 29.95 30.31 30.25 30,67 30.45 30,96 29,57

Cu 35.09  34.27  34.52 34.80 34,46 34,04 34.07 - 34.51 34.14  33.52  34.75
S 35.25  35.37 35.23 34,17 34.81 34,22 34.48 35.06 34,20  34.59 34.16
Ag 0.16 - - 0.21 0.18 0.16 0.25 0.25 0,22 0.17 0.21
Ni 0.11 0.12 0.10 - - 0.14 0.14 0.1 0.13 0.10 0.14
Co 0.08 0.08 0,07 0,09 0.09 0.07 0.06 0.06 0.05 0.05 -

Mn 0.03 0,05 - 0.04 0.03 0.03 0.05 0.04 0.04 0.04 0.04
Mo - 0,26 - - - - - - - - 0,19

Total 100.56 100.23 99.87 99.16 99.52 98.97 99,30 100,70 99.23  99.43 99.06

Atonic Percent

Fe 24.4  24.7  24.6 24,9  24.8  25.3 25.2 25.1 25.4  25.7  24.7
Cu  25.3  24.7  24.9  25.5 25.1  25.0  24.9 24.8 25.0  24.4  25.5
s 50,3 506 50,4  49.6  50.2  49.7  49.9 50.0  49.6  49.9  49.7
Cu/Fe  1.034 1.001 1,013 1,025 1,011 0.987 0,990  0.989  0.985 0.952 1.033
THE 0,988 0.977 0.983 1.015 0,994 1.011  1.002 0,999  1.015 1.005 1.010

€0
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(cont.)

X=7-4  X=7=5 X~T-6 X=7-7 X-T-8 1-5-1 1-5-7 L~5-8 1=10-70B-1 1=10=70B~2 DIH~13=20~1

Weight Percent : :

Fe 30.48  30.19 30.94 29.86 29.63 30,07 29.11 29.35 30.38 30.60 29.64

Cu 33.74 33.52 32435 33,68 34.39 33.88 33,89 34.54 34.03 34.43 33.87

S 34.94 - 34.77 34.78 34.53 34.40 34.40 34.84 34.82 34.56 34 .91 33.77

Ag 0.18 0.6 0.6  0.30 - - 0.17 0.25 0.6 0.21 -

Ni 0.15 0.18 0.20 0,10 0.14 0.11  0.09 - 0.10 0.13 -

Co 0.04 - 0,08 0.10  0.06 - 0.12  0.09 0.07 0.07 0.10 0.08

Mn 0.03 0,03 0.04 0.03 - 0.05 0,05 - 0.05 - -

Mo - - - - - - - - - - -

Total 99,56 _ 98,93 98.57 _ 98.56  98.56 98.61 98.22 99.03  99.35 100,38 97.36
Atomic Percent

Fe 25.2  25.1  25.8  25.0 24,7  25.1  24.3  24.4  25.2 25.1 25.1

Cu 24.5 24.5 23.7 24.8  25.2  24.9 24.9 25.2  24.8 24.9 25.2

S 50.3  50.4  50.5 50.3  50.0 50.0 50.7 50.4  50.0 50.0 49.7

Cu/Fe  0.973 0.976 0,919 0.991 1.020 0.990 1.025 1.034  0.985 0.989 ©  1.005

zgggg 0.988 0.985 0,980 0,989 0.999 0.999 0.971 0.984  1.002 1.001 1.010
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Appendix 7. (cont.)

DDH=-13-20-~2 DDH=-13-20-3

Weight Percent

Fe 29.91 30,09
Cu 31.21 32.56
S 34.59 34.52
Ag 0.15 -
Ni 0.09 0.08
Co 0.05 0.10
Mn 0.04 -
Mo - -
Total 96,04 97 .35
Atomic Percent
Fe 25.4 25.3
Cu 23.3 24.1
S 51.2 50.6
Cu/Fe 0.917 0.951
Fe‘;(’“ 0.952 0.976

Wavelength dispersive analyses on the ARL probe at the University of Oregon by G. B. Sidder. Conditions
of operation as cited in Appendix 3.
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Appendix 8,

Electron microprobe compositions of pyrite in ore.

D-3-1 D-3-2 D-3-3 D=3-4 D=3-5 D-3-6 5-18-T70-1 5=18=70=2 5-18-70-3 X~7=-1 X=T-2 X=T-3
Weight Percent
Fe 44.52 45.21  46.41  44.87 45.07 45.61 47.00 46.44 46,28 46.21 45.88 46.63
5 53.57 53.70 53.42 53.54 53.78 53.55 53.62 52,52 52.94 52.54 52.92 53.15
Co 0.84 0.16 0.07 1.14 0.18 0.74 0.06 - 0.54 0.58 0.17 0.17
Mo 0.69 0.69 0.50 0.55 0.63 0.48 0.54 0.54 0.36 0.55 0.60 0.64
Ni - - - - - - 0.11 - 0.11 - 0.09 -
Mn - - - - - - - - - - - -
Cu - - - - - - - - - - - -
Ag - - - - - - - - - - - -
Total 99.67* 99,76 100.40 100.10 99.66 100.38 101,33 99,50 100.23 99,88 99.66 100,59
Atomic Percent
Fe 32.3 32,6 3343 32.5 32.5 32.8 335 33.7 33.4 33.6 33.2 33.5
S 67.7 67.4 66.7 67.5 67.5 67.2 66.5 66.3 66.6 66.4 66.8 66.5
Fe/s 0.477 0.483 0.499 0.481 0.481 0.489 0,503 0.508 0.502 0.505 0,498 0.504
BelalS  0.490 0.489 0.503 0.496 0.487 0.500 0.513  0.511  0.513 0.514 0.504 0.510

*#Total includes As 0,05
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Appendix 8,

(cont.)

X~T7-4 X-7-5 X=7=-6 X~T7=T7 L=5=1 L=5=2 L~5=3 L=5-4 1=5~5 1=10=70B~1 1=10-~70B~-2
Weight Percent
Fe 44.78 45.83 46.86 46.59 44.53 44.78 46.04 46.32 45.04 44.28 47.21
S 53.48 53.44 53.70 53,37 54.26 53,78 54.26 54.43 54.06 53.19 53.54
Co 0.95 0,15 0.07 0.73 0.67 0.75 0.20 0.28 0.58 0.38 0.43
Mo 0.51 0.54 0.43 0.40 0.56 0.66 0.59 0.48 0.56 0.48 0.58
Ni - 0.14 0.15 - - - - - - - -
Mn - - - - - - - - - - 0.03
Cu hand - - - - - hnd - - 0013 -
Ag - - - - = - - - - - -
Total 99.72 100,10 101.21 101.09 100.02 99.97 101.09 101.51 100.24 98.46 101.79
Atomic Percent .
Fe 32,5 33.0 33.4 33.4 32.0 22,3 32.8 32,8 32.4 22.3 33,0
S 67.5 67.0 66.6 66.6 68,0 67.7 67.2 67.2 67.6 67.7 67.0
Fe/S 0.481 0.492 0.501 0.501 0.471 0.478 0.487 0.489 0.478 0.478 0.492
——"‘egals 0.494 0.499 0.506 0.511 0.481 0.490 0.493 0.494 0.488 0.486 0.501
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Appendix 8. (cont.)

DDH~-1%-20~1 DDH~13-20-2 DDH-13%=-20~3 DDH-13-20-4 DDH-13-20-5 DDH-13-20-6 DDH-13-20-7

Weight Percent

Fe 46.20 43.94 46.01 45,71 45 .21 45.20 45,55
] 53.70 53.34 52.89 5330 53.34 53430 52.30
Co 0.29 1.02 0.1% 0.25 0.09 1.09 0.28
Mo 0.60 0.50 0.66 0.50 0.59 0.49 0.76
Ni - - - - - - -
Mn - - - - - - -
Cu - - - - - - -
Ag - - -~ - - - -
Total 100.79 98.80 99.69 99,76 99 ,35% 100.08 98.89
Atomic Percent

Fe 33.1 32.1 33.3 33.0 32.7 32.7 33.3

S 66.9 67.9 66.7 67.0 67.3 67.3 66.7.
Fe/s 0.494 0.473 0.499 0.492 0.487 0.487 0,500
Esgelg 0.501 0.487 0.505 0.498 0.491 0.501 0.508

*Total includes As 0.12

Wavelength dispersive analyses on the ARL probe at the University ~f Oregon by G. B. Sidder.
Conditions nf operation as cited in Appendix 3.
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ELECTRON MICROPROBE COMPOSITIONS OF CUBANITE IN ORE
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Appendix 9. Electron microprobe compositions of cubanite in ore.

-~ L=5~4 1=5-3 1-5-2 DDH=-13%3-20-1 DDH-13-20-2 DDH-13-20-3 X~T7=4 X-=T7=5

Weight Percent

Pe 39.20  41.13  40.17  40.41 38.78 40.25 40,12  41.09
Cu 21,99 19.76 22.67  21.07 22.27 22,69  22.21 23.16
S 35.11  35.74 35.23 344,93 34.58 34.23 35.77 34.95
Ag 0.6 - - - - 0.15 - s
Ni - 0.10  0.09  0.08 - - 0,12 0413
Co 0.1 0.10 0.12 0,09 0.10 0.07  0.07 0,06
Mn 0.03 = - - - 0.03  0.03  0.04
Mo - - - 0.21 - - - 0,22
Total 96.60 96.83 98.28  96.79 95.73 97.42  98.32  99.65
Atomic Percent

Fe 32,8 34.1  33.1 33.7 32,7 . 33.6 32,9  33.6
Cu 16,1 14.4 6.4  15.5 16.5 16.6 16,0  16.6

S 51.1  51.6  50.5  50.8 50.8 49.8  51.1  49.8
Cu/Fe  0.493 0,422 0.496  0.458 0.505 0.495  0.487 0,495
FesCu 5 957 0.940 0.979  0.969 0.969 1,010 0.957  1.009

Wavelength dispersive analyses on the ARL probe at the University of Oregon by G. B. Sidder.
Conditions of operation as cited in Appendix 3,
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ELECTRON MICROPROBE COMPOSITIONS OF PYRRHOTITE IN ORE



-~

Appendix 10,

Electron microprobe compositions of pyrrhotite in ore.

X=7-1 X=T7=2 X=7-3 L=5-6
Weight Percent
Fe 58.31 60,65 60.27 60,16
S 37.52 38.27 38.51 37.99
Co 0.09 0.07 0.09 0.11
Mo - 0.23 0.39 -
Ni 0.15 0.36 - -
Mn - 0,03 0.04 0.03
Cu - 0.17 0.25 0.52
Ag - - - -
Total 96,07 99.78 99.55 98.81
Atomic Percent
Fe 47.2 47.6 47.3 47.6
S 52.8 52.4 52.7 52.4
Fe/s 0.892 0.910 0.899 0.909
22%215 0.896 0.921 0.907 0.918

Wavelength dispersive analyses on the ARL probe at the University of Oregon by G. B. Sidder.

Conditions of operation as cited in Appendix 3.

€T



-

APPENDIX 11

ELECTRON MICROPROBE COMPOSITIONS OF SCAPOLITE
IN THE PATAP GABBRO-DIORITES AND IN ORE
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Appendix 11, Electron microprobe compositions of scapolite in the Patap gabbro-diorites and in ore.

K-10-4 - K=10-5 K-10-6 K-10-8 K=10-9 K-10-11 15-32-30-1 15=32=30-2 15=32-30-3 15=32-30-5

Weight Percent

5102 55.49 56.10 56.77 56.04 56.15 57.34 57.01 5757 55.09 54.10
41203 22.36 22.81 22,35 22,64 22.83 21.54 21.39 21,60 23,30 23,34
Fep034 0.08 «£0.06 <0,06 0.17 #4£0.06 <0,06 0.09 0.14 £0.06 0.23
Ca0 6.98 7.08 6.56 6.98 7.27 5.62 5.66 5.71 8.19 8.16
Na20 9.75 9.72 10.31 9.61 9.69 10,22 10.14 10.42 8.93 8.83
K20 0.76 0.81 0.68 0.70 0.71 0.90 0.75 0.84 0.64 0.79
cl 3,14 2.98 3,27 3,15 2.84 3,59 3,42 3.42 2,75 2.71
Total 98,56 99.50 99.94 99.29 99.49 99.21 98.46 99.69 98.90 98.16
Number of ions on the basis of 12 (Si+Al)
Si 8.137 8,113 8.197 8.129 8.113 8.318 8.321 8.320 8.008 7.955
Al 3.863 3.887  3.803 3,871 3,887 3,682 3,679 3,680 3,992 4.045
12,000 12,000 12,000 12,000 12,000 12,000 12.000 12,000 12,000 12,000
Ca 1,097 1.097 1,015 1,085 1.125 0.874 0.885 0.884 1.276 1.285
Na 2.772 2.724 2.885 2,704 2.715 2.873 2,868 2.920 2.517 2.516
Fe3* 0,008 0.000 0.000 0.018 0.000 0.000 0.010 0.016 0.000 0.026
K 0.141 0.149  0.125 0,130 0.132 0.167 0.140 0.155 0.118 0.148
4.018 3.970 4,025 3.937 3.972 3.914 3.903 3.975 3.911 3.975
cl 0.781 0.729 0.800 0.773 0.696 0.882 0.845 0.838 0.678 0.676
CO4* 0.244 0,226 0.219 0.207 0.257 0.112 0.142 0,187 0,259 0.296
1.025 0.955 1.019  0.980 0.953 0.994 0.987 1.025 0.937 0.972
Me¥*¥* 27.4 27.6 25.2 27.7 28.3 22,3 22.7 22.3 32.6 32.5
EqAn*** 28.4 28,7 26.0 28.6 29,6 22.7 22.6 22.7 33,1 34,8
*#C0z calculated from charge balance
#*Me = Ca/(Na+K+Ca) after Shaw (1960) \

##%EqAn = (Al - 3)/3 x 100 after Ellis (1978)
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Appendix 11, (cont.)

15-32-30-6  15-32~30-7
Weight Percent
$10» 56,60 57.65
A1,0 21.87 22.58
Fex03; <0,06 <£0,06
Ca0 6.41 6.87
Nao0 10.22 9.60
K,0 0.74 0.71
cf 3.33 2.99
Total 99.17 100,40%
Number of ions on the basis of 12 (Si+Al)
Si 8.245 8.210
Al . .790
12,000 12,000
Ca 1.000 1.049
Na 2.886 2.650
Feot 0.000 0.000
K 0.137 0.12
4,023 3,828
cl 0.821 0.722
Co, 0,224 0.18
1.045 0.905
Me 24.9 27.4
EgAn 25,2 26.3

*Total includes S 0.14

Wavelength dispersive analyses on the ARL probe at the University of Oregon.

in Appendix 2.

Conditions as cited
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APPENDIX 12

TRACE ELEMENT ANALYSES FOR ALL SAMPLES COLLECTED AT
THE MONTERROSAS MINE
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Appendix 12. Trace element analyses for all samples collected at
the Monterrosas Mine.

Table 12-A., Metal concentrations in samples collected from surface
outcrops. (in ppm).

Cu Mo Po Zn Co Ag

Oze

12-9=9 6900 60 6 12 30 31
12=2=-17 2500 15 11 20 8 10.7
10-2-13 5670 3 20 35 25 3.5
8-2-14 1370 5 50 80 9 0.9
The Patap Superunit

6~8-13 13 £1 5 15 4 0.4
11=8=13 16 £ 8 12 4 0.3
1-7-1 75 £1 25 35 18 0.3
10=-2-21 6 1 5 10 £5 £0,3
2-2=22 85 <1 8 15 6 £0.3
13=2=22 17 £ 15 16 £5 £0,3
12-2=22 55 1 12 19 5 £0.3
10-2=22 550 £1 9 14 17 0.3
8-9=-9 60 1 L4 12 5 0.7
9-9-9 35 3 6 1 25 0.5
10=9~9 790 2 4 15 12 0.3
3=-9-10 : 205 4 10 12 9 0.5
13«9-10 85 2 14 8 5 0.3
22~9-10 810 8 25 30 25 0.3
8-9-13 55 £ 6 5 10 0.4
The Linga Superunit

1-8-13 25 21 5 16 20 £0.3
12-8-13 25 1 6 25 6 0.3
7-2-13 1 30 70 50 £5 £0,3
8=2=13 19 7 100 70 5 #£0.3
9-2-13 19 6 50 50 6 £0.3
11-2-14 50 £1 40 25 1 0.3
12-2=14 50 Z1 25 30 10 0.3
2-2-17 175 1 10 30 11 #£0.3
7-2-17 15 1 12 19 6 <0.3
6=2-19 45 2 25 30 9 0.3
T=2-19 40 3 12 18 17 0,3
9~2-19 55 £1 5 14 6 <0.3
2=2-21 50 £1 10 15 5 0.3
7-2-21 30 1 6 15 5 £0.3
4-2-22 40 3 30 25 12 0.3
T=2=22 45 2 20 20 5 «0.3
1-9-9 65 7 5 15 12 *0.3
3-9-9 40 2 4 12 Z£4 «£0.3
4-9-9 50 2 8 20 11 0.7




Appendix 12. (cont.)
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Table 12-A. (cont.)

Cu Mo Pb Zn Co Ag
The Linga Superunit
Trg=Toe—SRE22 500 2 17 1 5 «£0.3
2-9-11 55 4 15 14 1 0.5
2-9=12 45 2 6 12 5 £0.3
1-9-13 45 &1 5 11 <4 #<0.3
2-9-13 100 21 9 8 10 «£0.3
3w9=13 200 £1 8 12 20 «£0.3
4=9-13 115 <1 10 5 8 0.5
5-9-13 165 21 10 8 15 0.3
12-9-13 20 21 6 12 24 £0.3
5-9-14 25 21 9 10 8 0.3
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Appendix 12. (cont.)

Table 12-B. Metal concentrations in samples collected from the
1132 Level.(in ppm).

Cu Mo Pb Zn Co Ag

Ore
12-~32-30 3480 500 8 35 30 £0.3
A-2 9900 20 18 20 165 2.5
C~3 9700 25 12 45 185 1.8
F=3 85000 100 12 40 55 8.0
H-T7 26800 40 16 45 25 1.5
The Patap Superunit

2=32-2 12 1 6 15 6 £0.3
3=32=13 140 21 5 19 18 0,3
3-32-18 30 Z1 3 14 4 0.3
S5=32=3 150 3 6 30 11 20,3
T=-32-15 155 21 6 14 4 £0.,3
8=32-30 1100 4 12 45 16 £0.3
A-1 ' 100 3 .25 18 1 0.8
A=5 1230 5 20 10 20 0.5
B-1 160 1 12 14 4 0.3
B-4 160 2 7 30 14 0.3
C-1 720 1 60 25 20 1.0
C-2 115 1 35 15 11 1.0
C=5 5200 17 1" 17 17 1.3
c-6 45 1 8 20 6 £0.3
C-8 140 3 14 12 4 1.5
D-1 295 2 14 60 25 0.7
E-2 1180 6 20 45 16 1.0
F-1 40 Al 5 18 6 £0.3
The Linga Superunit

2-32-14 395 <1 5 19 18 «£0.3
H=-8 650 3 10 14 4 0.4
H=-15 35 21 9 15 10 «£0.3
H-18 45 1 5 20 9 «£0.3




Appendix 12, (cont.)
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Table 12-C. Metal concentrations in samples collected from the

1070 Level and from drill holes (in ppm).

Cu -Mo Pb Zn Co Ag

Ore

X=7 26300 vi vi 20 530 5.8
M~-5 42000 100 5 25 125 8.2
51)%—1 3-20 ! Zg% 2%% 4% 113 6%8 b:%
The Patap Superunit

1-21-70 30 41 7 19 14 0.3
1-70-18 35 3 5 14 5 0.3
2-70-18 450 £ 3 25 9 0.4
2=T0=20 14 21 4 16 5 0.3
3-70-18 35 21 6 20 4 0.3
6=T70=20 130 £1 15 16 5 0.3
k-4 1140 13 1 18 45 0.8
R-8 195 90 8 11 60 0.5
X-1 1420 10 5 35 40 0.7
X-6 1140 13 .8 20 185 0.8
M-1 65 2 4 10 4 0.3
M-4 70 3 6 35 250 0.8
I~1 240 2 14 30 1 0.5
1-3 880 7 9 17 4 0.3
1-8 250 3 6 1 5 0.3
K-11 20 &1 5 20 6 0.3
DDH=13=1 - 12 £1 5 18 4 0.4
DDH=-13-10F 30 £1 5 20 4 Z0.3
DDH~13=-10M 25 Z1 4 20 4 0.3
DDH=-13-12 30 £ 4 17 3 Z0.3
DDH-13-15 155 Z1 6 25 5 Z20,3
DDH~13-18 35 1 6 35 5 «£0.3
The Linga Superunit

V-2 440 2 13 240 25 0.8
V-4 405 2 1% 95 18 0,3
V-7 125 1 8 290 6 0.3
12=70-20 85 <1 10 240 35 0.3
P-7 310 13 24 12 50 0.5
P-8 355 4 £4 10 18 0.5
P=13 280 7 <4 9 13 Z£0.3






