
AN ABSTRACT OF THE THESIS OF

Thomas S. Horning for the degree of Master of Science in

Geology presented on January 20, 1988

Title: THE GEOLOGY. IGNEOUS PETROLOGY. AND MINERAL DEPOSITS OF THE

ATASPACA MINING DISTRICT DEPARTME1 OF TACNA, PERU

Redacted for Privacy
Abstract approved:

us W. ield

The Ataspaca prospect is in the Cordillera Occidental, 45 km

northwest of Tacna, Peru. Epizonal intrusions satellitic to the Cap-

lina-Ataspaca pluton were emplaced 41 m.y. ago into limestones of the

Lower Jurassic Pelado Formation along the northweestase -trending Chucchuco

fault system. Depths of emplacement ranged from 4.5 to 6.0 km. The

intrusions record the differentiation of a calc-alkalic, I-type magma

system from diorite to monzogranite by fractionation of augite, plag-

ioclase feldspar, hornblende, and biotite, and by mixing of granitic

and dioritic magmas. This magmatic system is compositionally similar

to the Arequipa segment of the Coastal Batholith of Peru.

Seven hydrothermal systems correlate temporally and spatially

with the emplacement of granodiorite and monzogranite stocks, and two

magmatic-hydrothermal breccias. Replacement lodes, fissure veins, and

disseminations of base metal sulfides and molybdenite are hosted by

compositionally zoned, porphyry-related garnet-diopside skarn that

formed within and adjacent to an aureole of potassic alteration. Base

metal sulfide fissure veins formed at temperatures of 170-280 °C,

based on sulfur isotopic calculations. Sulfur isotopic values (-3.3



to +1.1 permil) are consistent with a magmatic source. Elsewhere,

marmatite-arsenopyrite mineralization is hosted by unzoned idocrase-

garnet skarn adjacent to a shattered stock of pyrite-bearing, seriate-

textured monzogranite.

Most intrusive rocks have been altered to endoskarn or Ca-Na

assemblages. Endoskarn is characterized by the progressive replace-

ment of ferromagnesian minerals by actinolite, tremolite, and diopside

and formed by reciprocal exchange of Fe for Ca derived from nearby

silicated limestone. Ca-Na alteration is characterized by similar

calc-silicate minerals, but is distinguished by the replacement of

orthoclase by plagioclase feldspar, and (or) magmatic andesine by

oligoclase. Alteration temperatures are estimated from recent data

(Carten, 1986) to have been between 400 and 500 °C, and fluid salini-

ties were in excess of 23 % NaCl-equivalent.

Ca-Na and potassic alteration constitute a metasomatic couplet

whereby alkalies were exchanged as fluids passed through thermal

gradients adjacent to intrusive contacts. Regions of inflow and out-

flow are characterized by Ca-Na and potassic alteration, respectively.

The distribution of these alteration-types indicates that the tops and

bottoms of several porphyry-type alteration systems are exposed at

Ataspaca.

Additional base metal lodes may be localized by northeast-trend-

ing faults within and near the aureole of potassic alteration, and at

depth in skarn-type deposits where these structures cut limestone of

the middle Pelado Formation. Regional exploration potential for por-

phyry- and skarn-type mineralization is high.
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THE GEOLOGY, IGNEOUS PETROLOGY, AND MINERAL DEPOSITS

OF THE ATASPACA MINING DISTRICT, DEPARTMENT OF TACNA, PERU

INTRODUCTION

The Ataspaca prospect is on the west flank of the Andean Cordil-

lera Occidental in the Department of Tacna, Peru, at latitude 17°42'

30" S. and longitude 69°55' W., as depicted in Figure 1. It is 50 km

northeast of the city of Tacna and 10 km west of the Peru-Chile

national border. Elevations at the prospect vary from 3690 to 4240 m

(12,100-13,900 ft).

The city of Tacna (pop. 75,000) is the governmental and economic

center of the Department of Tacna. It can be reached by commercial

airline or by ground transportation on the Pan American Highway. Ac-

cess to the settlement of Ataspaca and the Ataspaca prospect is from

Tacna via the Tacna-Bolivia road. The road is paved for a distance of

19 km from Tacna to the settlement of Miculla on the Pampa San Fran-

cisco, and continues improved and graveled 30 km up Quebrada Palca to

the small community of Causuri. A rugged unimproved dirt road winds

northward from the Tacna-Bolivia road at Causuri a distance of seven

kilometers to the prospect area. Travel time from Tacna to Ataspaca

by light truck is less than two hours.

Climatic conditions at the prospect are typical of high deserts.

Temperatures are below freezing at night, days are cool but sunny, and

the humidity is extremely low. The area is chilled by winds from snow

fields of the Cordillera del Barroso, 12 km to the northeast. Precipi-

tation is rare and usually occurs during summer months (December to
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April) as fog, drizzle, or snow. Vegetation is sparse and consists of

cacti, hardy grasses, low bushes, and other desert flora. Trees

resembling eucalyptus or mahogany are common in nearby river valleys.

The western flank of the Cordillera Occidental is deeply dissec-

ted by quebradas (ravines) and large canyons. Rio Caplina, a conse-

quent stream with headwaters in the snowfields of the Cordillera del

Barroso, has eroded a valley west of the prospect up to 1500 m deep.

Near Ataspaca, the topography is steep but not rugged.

History of the Prospect

Pastor (1979), in a report to the government-owned mining com-

pany, Empresa Minera del Centro del Peru (Centromin Peru), stated that

the mining company of M. Hoschschild first investigated the mineral

deposits at Ataspaca in 1954. An adit 130 meters long was driven up-

slope from the present site of Ricardina tunnel in 1955. Abundant

mine tailings at the portal and a glory hole 30 meters across and more

than 10 meters deep indicate a large quantity of material was removed

from the subsurface. Exploration and small-scale mining continued

until 1968 when the prospect was abandoned.

In January of 1977, Centromin Peru received permission to explore

the region, and on January 4, 1978, was given exploration rights to

the Ataspaca prospect by the Office of Minerals Promotion of the Min-

istry of Energy and Mines. By the end of 1978, a road from Causuri to

the prospect was completed and 60 meters of the Ricardina tunnel had

been excavated.

When I arrived at the prospect in the summer of 1981, a combined
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office-lodging facility was under construction and plans for a mill

were being prepared. Three exploration tunnels were inactive and a

fourth was under development. These workings are unconnected and are

named the Ricardina, Erika, Judith, and Taracahua levels. Except for

a raise of unknown height in the Ricardina tunnel, the workings are

entirely horizontal and have a combined length of 1240 meters. Por-

tals to all the tunnels are served by an unimproved dirt road.

Potential economic base metal mineralization is present in the

Ricardina and Taracahua levels. By late July 1981, approximately

15,000 metric tons of mineralized rock had been mined from the Taraca-

hua level and was being stockpiled in dumps outside the main adit.

Development of the deposit was suspended in 1983 in response to de-

pressed world-wide metals prices.

Previous Investigations

The Ataspaca prospect is located in the Pachia and Palca quad-

rangles, which have a combined area of approximately 2700 km2. Wilson

and Garcia (1962) presented the first geologic study of the Pachia and

Palca quadrangles' and their efforts included a geologic map (scale

1:100,000) and descriptions of the stratigraphy, structure, metamor-

phic and plutonic rocks, and geologic history of the region. The

Mesozoic section of this area was correlated by Szekely (1966) with

rocks of similar age and composition in the Cordillera Occidental from

central Peru to north-central Chile.

Mineralized skarns at the Manto Verde prospect, located 2.5 km

west-northwest of the Ricardina level, were first investigated by



5

Sologuren (1977). He described the old workings, supergene and hypo-

gene mineralization, stratigraphy, igneous rocks, and the exo- and

endoskarns. At about the same time, Rivera (1979) conducted a region-

al geochemical evaluation of stream sediments over an area encompass-

ing 6670 km2, in which 449 samples were analyzed for Cu and Mo. Zones

of alteration and mineralization were delineated, and background,

threshold, and anomalous concentrations of the metals were determined

for areas underlain by sedimentary, volcanic, and plutonic rocks.

Pastor (1979) investigated and described many of the mineralized

localities in the region, and he recognized that mineralization at the

Ataspaca prospect was hosted by skarns. During intitial development

of the property, from 1979 to 1981, Centromin geologists produced

excellent outcrop maps (scale 1:1000) and mine maps (scale 1:500),

which emphasized the geology, alteration, and mineralization of the

country rocks. In association with this preliminary development, Arce

(1980) performed and evaluated an induced polarization geophysical

study of the prospect area. Most recent studies by Bonelli (1983)

have been directed almost exclusively to the geology, petrology, al-

teration, and metallization of the Manto member limestone in the upper

part of the Pelado Formation.

Purposes and Procedures

The purpose of this investigation has been to map in detail the

distribution, hydrothermal alteration, and structural deformation of

the igneous intrusions of the Ataspaca prospect and relate them to the

formation of mineralized skarns hosted in the limestone country
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rocks. An additional outgrowth of these efforts has been concerned

with the petrology, petrogenesis, and mode of emplacement of the in-

trusions. The objective has been to create a genetic model for the

environment of mineralization that can be used as a potential means

for discovering additional metallic resources near and within the

prospect area.

Studies of the Ataspaca prospect incorporate field and laboratory

investigations. Field work was undertaken with Douglas T. Bonelli, a

co-worker from Oregon State University, in July and August of 1981.

Of 34 days of field work at the prospect, 29 were spent mapping and

sampling 1.6 km2 of surface geology, four were spent investigating the

geology beyond the boundaries of the prospect, and one was spent map-

ping and sampling underground in the Judith level. Surface topograph-

ic maps (scale 1:1000) and subsurface maps (scale 1:500) were supplied

by Centromin for our field work.

Approximately 250 rock samples were collected during this period

and subsequently were brought to Oregon State University for further

study. Thin sections were prepared and examined for 240 of these sam-

ples, and modal analyses were performed on 80 samples of this group.

Chemical analyses for whole-rock major oxides, trace to minor element

concentrations of Ag-Cu-Mo-Pb-Zn, and multi-element abundances from

emmission spectrograph determinations were obtained for 42, 50, and 10

samples, respectively. In addition, the data from 46 thin sections,

nine whole-rock major oxide analyses, 28 geochemical analyses, and six

spectographic analyses were reviewed from the earlier thesis research

of D. T. Bonelli (1983).

Modal analyses of thin sections have attempted to meet the ac-
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curacy requirements of Chayes (1956). Points were separated by 0.4 mm

in traverses that were separated by 0.8 mm. Total points counted per

thin section averaged 1200 but ranged from 700 to 1800. The large

number of points corresponds to the need for trace mineral informa-

tion. The low number of points corresponds to the need for only es-

sential and varietal mineral information, or to small specimens.

Plutonic rocks have been classified according to the IUGS system

proposed by Streckheisen (1976). Varietal minerals precede the modal

name of the corresponding plutonic rock in order of increasing abun-

dance. For example, hornblende-biotite granodiorite contains more

biotite than hornblende, and when normalized onto the QAP triangle the

rock has Q >20% and Kf:Pf ratios that vary from 35:65 to 10:90. Com-

positions of plagioclase feldspar were determined by the Carlsbad-al-

bite and/or Michel-Levy methods whereby extinction angles were mea-

sured on crystals cut normal to the (010) face (Kerr, 1977). To as-

sure reliablity, at least 15 crystals were measured when the Michel-

Levy method was employed.

Carbonate sedimentary rocks have been named according to the

classification system of Folk (1974). Siliciclastic sedimentary rocks

are named in accordance with the references in Pettijohn (1975).

Although the majority of whole-rock major oxide analyses were

performed at the rock analysis laboratory of Washington State Univer-

sity with the supervision of Dr. Peter R. Hooper, several additional

analyses were performed by the author at Oregon State University. At

the latter facility, whole-rock oxide analyses for Si, Al, Fe, Ti, Ca,

and K were obtained by X-ray fluorescence, and Na and Mg by atomic

absorption spectrometry.
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Geochemical analyses for Ag-Cu-Mo-Pb-Zn were performed by atomic

absorption spectrometry at Chemical and Mineralogical Services of Salt

Lake City, Utah. Samples with concentrations of Cu greater than 1000

ppm were analyzed by wet chemical assay techniques at the same labora-

tory. Spectrographic analyses were determined by DC arc emission

spectrography at Specomp Services of Boise, Idaho.
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GEOLOGIC SETTING

The Peru-Chile Trench off the west coast of South America marks

the location where the Nazca plate of the Pacific Basin is subducted

beneath the American plate, as depicted in Figure 2. The thickness of

the crust in southernmost Peru is more than 50 km, and the thickness

of the lithosphere is nearly 150 km (James et al., 1974). Subduction

rates are estimated to be between 9 and 11 cm/yr (Minster et al.,

1974). The subducted oceanic plate dips 30° beneath southern Peru, as

indicated by the position of the Benioff zone (James, 1978). Active

arc volcanism related to the subduction process is present at the

crest of the Cordillera Occidental in southern Peru. The Ataspaca

prospect is located 15 km west of this volcanic arc, 250 km from the

Peru-Chile Trench, and 150 km above the Benioff zone.

Mesozoic miogeoclinal and Cenozoic volcanic rocks of the Cordill-

era Occidental overlie a regional Precambrian metamorphic basement.

Of these country rocks, those older than middle Tertiary age have been

intruded and deformed by granitic plutons of a Cretaceous-early Ter-

tiary magmatic arc. Major northwest-trending regional faults, which

cut these units, are related to subduction tectonics, pluton emplace-

ment, and structural reactivation of the Precambrian basement. Numer-

ous mineral deposits throughout southern Peru, including the contact

metasomatic replacement deposits of the Ataspaca prospect, are closely

associated temporally and spatially with the arc magmatic activity.



10

Plutonism

Plutonic rocks in the Andean Cordillera Occidental of South Amer-

ica are found the entire length of the continent, from Tierra del

Fuego in the south to Columbia in the north. These rocks are part of

the circum-Pacific plutonic terrane found in island arcs and along the

margins of continents adjacent to the Pacific Ocean. The Ataspaca

prospect is located near the Arica Bight, where the southern end of

the Coastal Batholith of Peru meets the multiple magmatic arcs of

Chile.

The Coastal Batholith of Peru is nearly 1800 km long and 65 km

wide, and trends subparallel to the continental margin (Fig. 2). It

was emplaced along a structurally weak zone of the crust in a tension-

al environment related to the adjacent subduction zone. This struc-

tural lineament is controlled by fractures in the cratonic basement of

the region, and earlier localized the deposition of Mesozoic eugeo-

clinal sediments in northern Peru ihto trough-like basins subparallel

to the continent (Pitcher, 1978).

The batholith is made of nearly 1000 separate plutons that were

emplaced from 100 Ma to about 30 Ma (Pitcher, 1978; Cobbing and Pitch-

er, 1983). The average pluton is 70 km2 in area (9.4 km diameter),

although massive tonalite plutons elongated parallel to the batholith-

is axis can be more than ten times this size (Pitcher, 1978).

Compositionally and temporally correlative plutons define indi-

vidual plutonic units (Cobbing, Pitcher, and Taylor, 1977; Pitcher,

1978). To comprise a unit, plutons must be similar or identical in

such characteristics as: 1) relative age based on cross-cutting rela-
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tionships; 2) modal variation; 3) texture and fabric; 4) relationship

to associated mafic dikes; and 5) xenolithic content and character. A

unit can be further substantiated with chemistry and radiometric age

determinations. Plutons within a unit may exhibit strong composition-

al zoning, cryptic variation, or little or no zoning at all. Some

units may associate closely in location and age with others, and col-

lectively may form a consanguineous assemblage termed a super-unit

(Cobbing, et al., 1977; Pitcher, 1978). Super-units represent

rhythms of magma generation and differentiation that, in the Coastal

Batholith, become smaller in volume and more felsic with time. Each

super-unit is generally smaller and more evolved than its predecesor.

Overall, each superunit follows a calc-alkaline differentiation trend

that is superimposed over a primary calc-alkaline compositional trend

for the entire batholith. Super-units have been recognized in the

Sierra Nevada Batholith (Bateman and Dodge, 1970) and in the Southern

California Batholith (Larsen, 1948). In the Sierra Nevada Batholith

they are referred to as sequences.

Specific assemblages of super-units characterize at least three,

and possibly five distinct segments of the Peruvian Coastal Batholith

(Pitcher, 1978). These segments contain as many as seven superunits

(e.g. the Lima Segment), and vary from 200 km to 900 km in length.

The Lima, Arequipa, and Trujillo Segments are well documented, but the

designation of the Piura and Toquepala Segments (Cobbing, 1982; Cob-

bing and Pitcher, 1983) must be considered provisional until detailed

work can substantiate their plutonic organization.

Compositional segmentation of the batholith is believed to have

been caused by structural discontinuities in the subducted slab (Sil-
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litoe, 1974; Pitcher, 1978; Jordan et al., 1983). Modern analogues of

these discontinuities are provided by five distinct segments of the

Benioff zone presently beneath the western margin of South America

(Barazangi and Isacks, 1976). In southern Peru, a contortion charac-

terizes the change in dip of the Benioff zone along a narrow interval

at lat 15-15.5° S. North of this contortion, the zone is nearly hori-

zontal, whereas to the south the zone dips 25° (Grange, et al.,

1984). Volcanoes are aligned above the more steeply inclined zone

where seismicity occurs between depths of 120 km and 140 km. These

volcanoes terminate abruptly at the contortion, which suggests that

magmas are not presently being generated in the northern segment.

Plutons of the Coastal Batholith have flat roofs and steep sides

which indicates that they cut out and stoped piston-like sections of

country rock (Pitcher, 1978). This cauldron-forming mechanism is well

illustrated in the centered complexes of the Lima Segment where suc-

cessively younger, more evolved magmas stoped both country rocks and

older plutonic rocks during intrusion into progressively higher levels

of the crust. These cauldron-like plutons may have graded upward into

volcanic caldera systems and may have intruded their associated vol-

canic ejecta (Bussel, Pitcher, and Wilson, 1976; Meyers, 1975), al-

though this has not been conclusively demonstrated (Thorpe and Fran-

cis, 1979, p. 68).

Cauldron plutons are formed when a high ductility contrast exists

between brittle country rock (e.g. andesite) and hydrous magmas of

high fluidity (Pitcher, 1979). Diapiric plutons, on the other hand,

form when a low ductility contrast exists between incompetent country

rocks (e.g. limestone/shale) and viscous crystal-rich or anhydrous
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magmas. Such diapiric plutons dome and punch through incompetent

country rocks and forcibly shoulder them aside. Scattered diapiric

plutons of Late Tertiary age are situated east of the Coastal Batho-

lith and were emplaced into the crust near major regional faults.

Gabbros and diorites are common as early phases in batholithic

settings throughout the circum-Pacific region (Mullan and Bussell,

1977). In the Coastal Batholith, mafic rocks comprise the earliest

super-units (Cobbing and Pitcher, 1972), and preceded the emplacement

of large tonalitic super-units. Younger granitoid super-units are

commonly separated by injected mafic to intermediate dike swarms. The

mafic intrusions are interpreted by Pitcher (1979) to represent 1)

magmas derived directly from the subducted slab, or 2) partial melts

of this magmatic material that had previously underplated the lower

crust. According to Pitcher (1979), the mafic magmas provided heat to

the lower crust and initiated granitoid magma generation by the pro-

cess of equilibrium fusion (Presnall and Bateman, 1973). Initial

87Sr/86Sr ratios for the batholith cluster around 0.7041 (Atherton, et

al., 1979) and substantiate the contribution of material from sub-

ducted oceanic crust.

The Coastal Batholith is classified as an I-type igneous body

(Pitcher, 1978; Pitcher, 1982) and is composed largely of intermedi-

ate intrusive rocks: gabbro precursor, 15%; tonalite, 60%; and granite

and granodiorite, 25% (Pitcher, 1979). This compositional distribu-

tion of plutonic rock-types characterizes batholithic segments also,

as in the Arequipa Segment: gabbro, 7%; tonalite, 55%; granodiorite

and monzogranite, 34%; and seyenogranite, 4% (Jenks and Harris,

1953). Compositional zoning observed in large plutons of tonalite,
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the most common magma-type in the batholith, is the result of crystal

fractionation. Fractionation of plagioclase and hornblende with les-

ser pyroxene and biotite has been modelled to explain chemical and

trace elemental trends (Atherton, 1981). As an example of fractiona-

tion, the Santa Rosa Super-unit varies from diorite and quartz gabbro

along the margin, through tonalite and granodiorite, to monzogranite

and leucogranite in the interior (Pitcher, et al., 1985).

Magma generation in the Coastal Batholith has been episodic.

Although the batholith was emplaced from 100 Ma to 30 Ma, radiometric

ages group at 95-87, 73, 62, and 34-30 Ma (Pitcher, 1979). Despite

this episodicity, the volume of magmas generated correlates positively

with the spreading rate of the East Pacific Rise, with maximum genera-

tion occurring 85-110 Ma when spreading rates may have been as much as

17 cm/yr (Pitcher, 1979). This rate is more than twice the 8.1 cm/yr

single-plate spreading rate for the late Tertiary at lat 20° S., as

determined by Rea and Scheidegger (1979).

Episodic magma generation may have taken place in response to

varying angles of dip of the subducting plate; a similarity to the

present day subduction setting in southern Peru. However, this epi-

sodicity may be obscured by the lengthy differentiation and emplace-

ment histories of super-units into the crust. Duration of superunit

emplacement may reach 18 Ma for complex systems (e.g. 93-84 Ma for the

Santa Rosa Super-unit), or may be less than 5 Ma for simple silicic

systems (Pitcher, 1979). Further work by Mukasa (1986) indicates that

simple plutons of the Santa Rosa super-unit were emplaced episodically

over a 20 Ma period (91-70 Ma) and crystallized independently within

2-3 Ma. These findings show that the large tonalite super-units are
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more complex than initially suggested, and probably require further

detailed investigation to reconstruct their intrusive histories.

Magmatism was confined within the batholithic lineament of Peru

over a period of 70 Ma (Pitcher, 1978; Atherton et al., 1979). How-

ever, detailed U-Pb studies by Mukasa (1986) show that magmatism with-

in the lineament migrated eastward with time. Moreover, in middle

Tertiary time, magmatism shifted out of the lineament and toward the

east, producing the Cordillera Blanca Batholith, numerous stocks, and

the broad Calipuy volcanic field.

A similar eastward shift of magmatism has occurred in Chile,

where episodic magmatism since the Early Jurassic has migrated con-

tinuously eastward more than 250 km (Clark et al., 1976). In Miocene-

Pliocene time, volcanism became active over a 150 km wide belt, but

has since withdrawn to the west to a narrow axis situated 340 km from

the present Chile Trench. Ages for the Chilean plutons tend to group

in the intervals 60-70 Ma, 40-50 Ma, and <20 Ma.

Metamorphosed plutons associated with the Hercynian orogenies of

Late Paleozoic age are common in the north half of Chile. They are

correlative with similar plutons and batholiths in the northern

Coastal Cordillera of southern Peru (e.g. San Nicolas Batholith).

These metamorphosed plutons are not genetically related to the post-

kinematic plutons (e.g. Coastal Batholith) of Cenozoic and Mesozoic

ages in Chile and Peru.

Plutonism in Chile is not defined as well as that in the Coastal

Batholith of Peru. In Chile, plutons extend the length of the country

to lat 56° S, a distance of 4100 km. Rock-types vary between gabbro

and granite, granodiorite and tonalite being most common. Initial



17

87Sr/86Sr ratios of mid-Cretaceous to Quaternary rocks increase east-

ward from 0.7022 to 0.7077, corresponding to the eastward decrease in

ages and proximity to the craton (Aguirre, 1983). Initial 87Sr/86Sr

ratios of Jurassic plutons near the coast vary from 0.7043 to 0.7059.

Metamorphosed Carboniferous plutons (330-280 Ma) associated with the

Hercynian and Caledonian orogenies are common in the north half of the

country and tend to become younger toward the west.

Regional Metallogeny

Metallogenic provinces in the Andean Cordillera are elongated

parallel to the coastline and structural grain of the mountain chain.

The provinces contain mineral deposits of characteristic metallic as-

semblages, and are segmented in a style similar to the magmatic seg-

mentation of the Coastal Batholith. The provinces do not terminate at

segment boundaries, but mineral deposits may change in grade, size,

and abundance. Sillitoe (1974) identified 16 segment boundaries tran-

sverse to the axis of the Andes, shown in Figure 3. These boundaries

are based on 1) spatial, temporal, and compositional changes in plu-

tonic and volcanic rocks; 2) distribution of the Precambrian base-

ment, Paleozoic and Mesozoic sedimentary rocks; and 3) tectonic fab-

ric of the orogen.

Factors that control magma generation in subduction zones should

conceivably influence the distribution, timing, and possible composi-

tion of ore deposits related to igneous intrusions (Sillitoe, 1976).

These factors may include depth of magma generation, rate and angle of

subduction, and composition of the subducted slab. For example, vol-



18

, I 1r- 70°W -
)/

( 0 500
1 MMM=MMEC=MMEM

(
,-.. km

loos 1

4c1

1. Cerro de Pasco
2. Morococha
3. Casapalca
4. Cerro Verde
5. Cuajone
6. Ouellaveco
7. Toquepala
8. Ataspaca
9. Potosi

10. Chuqulcamata
11. El Salvador
12. Potrerillos
13. El Teniente
14. Montorrosas

0

Fe belt
Mn district
Cu-, Mo -Aui belt
Cu-Pb- Zn-Ag belt
Cu-Fe belt
Sn-1 W-Ag- Bi belt

Tectonic-Metallogenic
Boundary

80 °W

20°S-,

1

30°5 -

Figure 3. Metallogenic map of southern Peru and northern Chile (after

Sillitoe, 1976).



19

canism is presently active in southern Peru above a subduction zone

inclined 25-30°, but is absent above a subduction zone inclined 5°.

The eastward younging of hydrothermal ore deposits and magmatism since

the Jurassic in Chile and Peru (Sillitoe, 1976; Clark et al., 1976)

may be related to a progressively shallower dip of the subducting

plate or to a variable rate of convergence between the South American

and Nazca plates. Alternatively, this eastward younging may be caused

by tectonic erosion (the opposite of accretion) whereby the leading

edge of the continent is consumed in the subduction zone thus permit-

ting the relative eastward shift of the subducted slab and of magma-

tism (Rutland, 1971).

The type and composition of Andean ore deposits are related to

the composition of the country rocks in which hydrothermal systems are

established (Peterson, 1972). Deposits of iron along the coast of

Peru (e.g. Monterrosas) are related to mafic rocks such as the Patap

Superunit gabbros and diorites along the west side of the Coastal

Batholith. Contact metasomatic deposits of central Peru (e.g. Cobri-

za) are hosted in widespread Mesozoic and Paleozoic carbonates. Simi-

larly, zoned Cu-Zn-Pb-Ag deposits of central Peru (e.g. Morococha)

correlate with Paleozoic and Mesozoic limestones and sulfur-rich evap-

orites (Peterson, 1972).

The Ataspaca prospect is located in the Cu-(Mo-Au) belt of Figure

3. Approximately 100 km to the northwest of Ataspaca are numerous

Paleocene porphyry Cu-(Mo) deposits- Toquepala (58.7 Ma), Quelleveco

(53.7), and Cuajone (age?) (Laughlin, et al., 1968; Hollister, 1978;

Zimmerman and Kehien Collado, 1983). The Mocha (56.4 Ma), Cerro

Colorado, Copaquire, and Quebrada Blanca porphyry Cu-(Mo) deposits and
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numerous vein and breccia pipe Cu deposits that contain minor W, Au,

and Mo are located 30 to 200 km south of Ataspaca (Sillitoe and Saw-

kins, 1971; Clark, et al., 1976; Hollister, 1978). In the Pachia

and Palca quadrangles, the locale of this study, are several areas of

broad alteration suggestive of porphyry systems (Rivera, 1979), numer-

ous volcanic- and plutonic-hosted Cu and Pb-Zn-Ag vein deposits (Pas-

tor, 1979), and the Manto Verde contact metasomatic deposit (Sologur-

en, 1977).
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REGIONAL GEOLOGY

According to Wilson and Garcia (1962), Precambrian gneisses are

the oldest rocks found in the Ataspaca region, and are presumed to

underlie the entire area. Overlying this metamorphic basement is a

sequence of concordant volcanic and marine sedimentary rocks of Trias-

sic to Cretaceous age, as shown in Figure 4. These rocks are uncon-

formably overlain by volcanic and volcaniclastic rocks of Late Creta-

ceous and early Tertiary age. Intrusive rocks that range from diorite

to monzogranite in composition, including intrusive rhyolite, crosscut

all rocks older than late Tertiary. Major unconformities separate the

intrusions and older country rocks from widespread volcanic and vol-

caniclastic rocks of late Tertiary age.

Precambrian Rocks

Precambrian gneiss of the Arequipa Massif crops out extensively

in the Coastal Cordillera and as inliers in the Cordillera Occiden-

tal. The Arequipa Massif, also referred to as the Coastal Basal Com-

plex, is at least 800 km long and 100 km wide, and is exposed on the

coast as far south as Mollendo. In this vicinity, granulite-facies

paragneiss has an age of formation of 1918 Ma (Shackleton et al.,

1979). Younger Precambrian schists and metamorphosed Paleozoic batho-

liths are present northwest of the gneisses.

Although an early Paleozoic sedimentary basin existed between the

Arequipa Massif and the Brazilian Shield, suture zones are absent east

of the massif. This indicates that the massif probably does not
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represent an exotic terrane accreted to the continent (James,

1971). Furthermore, paleomagnetic studies do not show any latitudinal

displacement of the Arequipa Massif with respect to the Brazilian

craton (Shackleton et al., 1979), precluding the possibility that the

massif was brought in by transcurrent faults. The Arequipa Massif,

based on similarities in age and metamorphism, has been correlated

with rocks of the Trans-Amazonian nucleus in the Brazilian shield

(Cobbing et al., 1977) and with rocks in western Africa (Dalmayrac et

al., 1977). These Precambrian rocks, cratonic elements of the preLate

Jurassic continent of Gondwanaland, may underlie much of the Central

Andes.

Granitic orthogneiss crops out 15 km northwest of Ataspaca in the

Pachia quadrangle (Wilson and Garcia, 1962). The gneiss is unconform-

ably overlain by a basal gneiss-pebble conglomerate of the Triassic

Machani Formation, and is intruded by an epizonal granitic pluton of

probable Late Cretaceous-early Tertiary age. A K-Ar radiometric age

of 187 Ma was determined from muscovite for the gneiss (Stewart et

al., 1974). This Jurassic age is anomalously young and probably

represents heating of the gneiss above the argon blocking temperature

of muscovite during emplacement of the nearby granitic mass. Accord-

ingly, the gneiss is provisionally correlated with the Arequipa Massif

on the basis of stratigraphic age and metamorphic grade.

Stratigraphy

The Mesozoic and Cenozoic stratigraphy of the Pachia and Palca

quadrangles was first described by Wilson and Garcia (1962), and is



0

5000

(A)

SW
0

1000

NE COLLUVIUM
RHYOLITIC ASH
FLUVIOGLACIAL DEPOSITS

2000
d6-74,..1.7-?

.
A+ ,A.,

A.°

3000

Cl)

E2

S000

1000

BARROSO VOLCANICS: Trechytic flows and tuffs of andesite,
drab, violet, and reddish in color.

HUAYLILLAS FORMATION: Rhyodacitic ash-flow tuffs, white in
color, soft, in massive cooling units; grading down
into reddish compacted units; minor conglomerates.

MOQUEGUA FORMATION: Conglomerate and tuffaceoue sandstone
with rare igniabritic units In upper part.

HUILLACOLLO VOLCANICS: Pyroclastic andesite flows,
brownish to yellowish color; probably correlative with
lower part of Moquegua Formation.

TARATA FORMATION (TOQUEPALA GROUP): Andesite breccia., and
tuffs, white, violet, and green in color; grade down
into andeeite flows and breccias.

TOQUEPALA FORMATION (TOQUEPALA GROUP): Andeeite and
rhyodacite, brown in color, with intercalated conglom-
erate and aandatone.

CHULLUNCANE FORMATION (TOQUEPALA GROUP): Conglomerate,
thick bedded and compact, with pebbles of quartzite,
limestone, and andesite; basal tuflaceous sandstone;
areally restricted.

CHACHACUMANE FORMATION (YURA GROUP): Quartz arenite, thick
bedded with intercalated dark slItetone bearing
plant fossils.

ATASPACA FORMATION IYURA GROUP): Black elltstone and
quartz arenite, thin bedded. Thin beds of lime-
stone near base contain foesile of marine mollueks.

SAN FRANCISCO FORMATION: Calcareous feldspathic sandstone
and gray siltstone, thin bedded, grading up to thin
bedded limestones and black miltstones.

PELADO FORMATION: Limestone and calcareous siltetone with
minor sandstone; basal volcanic pebble conglomerate
grades up into silicified limestone that contains
abundant benthonic fossils; upper dark siltetonee and
bituminous limestone contain pelagic foeeile. Calcare-
ous concretions enclosing smmonitee are common.

JUNERATA FORMATION: Andesite and rhyolite, thick subaerial
flows;

MACHANI FORMATION: Sandstone, black siltatone, and pebble
conglomerate; medium bedded; basal gneiss pebble
conglomerate.

COASTAL BASAL COMPLEX: Metaeedieentary(?) gneissic
D ***** nt; correlative with Arequipa Nagai!.

24

Figure 5. Stratigraphic column for the Pachia and Palca quadrangles;
after Wilson and Garcia (1962).
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summarized in Figure 5. The stratigraphic section is predominantly

of marine character from the basal gneiss-pebble conglomerate of the

Upper Triassic Machani Formation through the Lower Cretaceous Chacha-

cumane Formation. Marine volcaniclastic and subaerial volcanic rocks

rapidly increase in abundance in the overlying Lower to Upper Creta-

ceous Toquepala Group, and comprise virtually all of the stratigraphic

section through the Tertiary. The maximum thickness of a composite

stratigraphic section is approximately 10,000 m.

Machani Formation

Clastic marine sedimentary rocks of the Upper Triassic Machani

Formation are composed of 1050 m of feldspathic sandstone, conglomer-

ate and siltstone which were laid down on a surface of low relief

eroded from the gneisses of the Arequipa Massif. These sedimentary

units were deposited in a near-shore neritic sedimentary environment

(Wilson and Garcia, 1962). Although pelecypod (Ostrea) and plant

fossils are present, fossils diagnostic of age are absent in this for-

mation. The Triassic age of this formation is based on its strati-

graphic position below formations of Jurassic age and on regional

stratigraphic correlations with Permian and Triassic rocks to the

northwest.

Junerata Volcanics

Concordantly overlying the Machani Formation are at least 1500 m

of subaerial andesite and dacite(?) flows of the Upper Triassic-Lower

Jurassic Junerata Volcanics. The volcanic rocks are probably correla-

tive with the Triassic-Jurassic volcanic-plutonic complex present in
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the Coastal Cordillera from Tacna to Mollendo. Szekely (1966) has

correlated these rocks with similar volcanic units several hundred

kilometers to the south and to the northwest.

The Junerata Volcanics are inferred by Wilson and Garcia (1962)

to have been volcanic islands in a shallow sea. James (1971) conclud-

ed that these rocks and their correlatives represent the inception of

island arc volcanism and subduction in Late Triassic times. This

transition from a passive to active plate margin in western South

America occurred prior to Jurassic rifting of the Atlantic Ocean.

Pelado and San Francisco Formations

Disconformably overlying the Junerata Volcanics is the basal

volcanic-cobble conglomerate of the Lower Jurassic Pelado Formation.

The Pelado Formation is 510 m in thickness and is predominantly cal-

careous. The basal conglomerate grades upward through sandy lime-

stone, calcareous mudstone and siltstone, to medium-bedded gray lime-

stone that is interbedded with dark calcareous siltstone. Strata at

the top of the formation are black siltstones and dark limestones.

Limestone beds of this formation are important in the Ataspaca area

because they host potentially economic mineralization in contact meta-

somatic replacement deposits.

Fossils in the lower part of the Pelado Formation, Pecten prad-

oanus (bivalve) and Arnioceras (ammonoid), are indicative of the Sine-

murian (Lias Epoch). These fossils and strata were deposited during a

marine transgression in Early Jurassic time (Wilson and Garcia,

1962). The transgression followed a world-wide eustatic drop in sea

level of about 100 m at the beginning of the Sinemurian (Vail et al.,
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1977).

The middle part of the Pelado Formation is characterized by fos-

sils of benthic organisms, such as crinoids, brachiopods, pelecypods,

ostracods, echinoderms, and sponges (Wilson and Garcia, 1962). This

fossil assemblage indicates that the sediments were deposited in an

oxygenated, shallow marine environment capable of supporting life in

or on the substratum. Silicified limestone is common and diagnostic

of this part of the formation (Wilson and Garcia, 1962). The silici-

fication of the limestones may be a diagenetic phenomenon in which

silica from sponge spicules and siliceous microfossils replaced the

original carbonate constituents. Alternatively, this silicification

may be attributed to epigenetic and (or) metamorphic processes related

to nearby granitic intrusions, according to Wilson and Garcia (1962).

Bituminous siltstones and dark limestones of the upper part of

the Pelado Formation contain only pelagic fossils of the Toarcian

(late Lias), such as ammonites (Dactyliocera) and belemnites. The

absence of benthic fossils indicates that the depth of water had in-

creased, reflecting a minor transgression. The presence of abundant

carbonaceous material in the sediments indicates anoxic conditions

prevailed in the depositional environment (Wilson and Garcia, 1962).

Further description and discussion of the upper units and formational

boundary of the Pelado Formation near Ataspaca are presented in later

chapters.

Southwest of the principal outcrops of the Pelado Formation are

strata of the calcareous San Francisco Formation that total at least

620 m (Wilson and Garcia, 1962). The San Francisco Formation is com-

posed of 1) a 400 meter-thick lower sequence of feldspathic sandstone
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intercalated with black siltstones, marls, and calcareous sandstones

in the lower part, and 2) an upper 220 meter-thick sequence of dark,

sandy and silty limestone. Many small reverse faults are found in the

lower part of the section measured at Quebrada Palca and Pampa San

Francisco.

Fossils collected from upper beds of the San Francisco Formation,

including the ammonite Witchelia, are indicative of an early Bajocian

(Middle Jurassic) age. Sandstones in the lower part of the formation

have few diagnostic fossils, but contain calcareous interbeds similar

in composition to the Pelado Formation. Based on this lithologic sim-

ilarity, these lower beds are interpreted to represent sediments de-

posited during the Lias. The San Francisco Formation, therefore, is

probably a time-transgressive lateral correlative of the Pelado Forma-

tion.

The high sand content of the San Francisco Formation indicates

that it was deposited in a shallower, higher energy environment than

the Pelado Formation. This fact, and the feldspathic composition of

the sands, suggests that the marine transgression of the Jurassic

spread over the volcanic island arc of the Coastal Cordillera from

east to west, and that the Junerata Volcanics probably underlie the

San Francisco Formation. This stratigraphic sequence indicates that

the San Francisco Formation was deposited in a progressively deepening

back-arc basin. Anoxic conditions developed in the deeper parts of

this basin because of limited circulation and exchange with the ocean.

The Pelado and San Francisco Formations correlate widely across

the Andes with other calcareous formations of the Lower and Middle

Jurassic. Lateral correlatives of the Pelado Formation are 1) the
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shale-limestone-phosphorite of the Aramachay Formation and the carbon-

aceous limestone of the Condorsinga Formation (Hettangian to Toarcian;

based on Arnioceras) of the Pucard Group in the Peruvian Central Andes

(Szekely and Grose, 1972), 2) the lower part of the black limestone of

the Lagunillas Group (Lower to Upper Jurassic) near Lake Titicaca

(Newell, 1949), 3) the Socosani Limestone (Bajocian) near Arequipa

(Jenks, 1948), and 4) volcaniclastic formations along the coast of

Peru and Chile (Szekely, 1966).

Yura Group

White quartz arenites and dark siltstones of the Yura Group over-

lie the Ataspaca and San Francisco Formations concordantly, and local-

ly disconformably. The Yura Group is comprised of the lower Ataspaca

and the upper Chachacumane Formations, which have an aggregate thick-

ness of 1650 meters. Thin-bedded siltstone, quartz arenite, and minor

limestone constitute the Ataspaca Formation, whereas thick beds of

medium- to coarse-grained quartz arenite interbedded with dark silt-

stone comprise the Chachacumane Formation. The formational boundary

between the Ataspaca and Chachacumane Formations is arbitrarily placed

at the horizon where quartz arenite increases to 50% or more of the

sedimentary sequence (Wilson and Garcia, 1962).

As indicated by diagnostic ammonites (Macrocephalites) and mol-

lusks, the Ataspaca Formation was deposited during Callovian (Late

Jurassic) time. The Chachacumane Formation, which contains only non-

diagnostic plant fossils in black silty interbeds, is considered to be

of Early Cretaceous age on the basis of fossil similarities to strata

of this age throughout the Andes.
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The absence of intraformational disconformities within the Yura

Group indicate that sedimentation was continuous throughout Late

Jurassic and Early Cretaceous time. Increasing abundances of quartz

arenite through time and the appearance of plant fossils suggests a

progressive change from a low energy depositional environment to a

shallower, higher energy, near-shore depositional environment.

Crossbeds in the quartz arenites of the Yura Group were formed by

currents coming from the north and east (Wilson and Garcia, 1962).

The compositional maturity of the quartz arenites indicates they are a

multi-cycle sandstone derived from pre-existing sedimentary rocks.

The current directions and compositional maturity of the quartz aren-

ites imply that the craton to the northeast was the provenance of the

Yura Group.

The change in sedimentation from feldspathic sandstones of the

San Francisco Formation to quartz arenites of the Yura Group may be

interpreted as marking the submergence of the Coastal Cordillera vol-

canic arc below wave base in response to prolonged erosion and marine

transgression in the Middle Jurassic. Alternatively, it may indicate

that ocean current circulation patterns changed drastically in the

Middle Jurassic in response to new seaways created by the transgres-

sion. In either case, the feldspathic sands would be restricted to

deposits found in or near the Coastal Cordillera, such as the Guaneros

Formation 70 km to the southwest in La Yarada Hills.

The Yura Group is correlative with 1) the Yura Group of the Are-

quipa area (Jenks, 1948), 2) the Lagunillas Formation near Lake Titi-

caca, 3) the clastic Chimu (Valanginian) and Chicama (Tithonian)

Formations of northern Peru, 4) the clastic Chapiza and Boqueron For-
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mations in Bolivia, and 5) the volcanic Guaneros Formation of the

Coastal Cordillera (Wilson and Garcia, 1962). The Guaneros Formation

indicates that island arc volcanism was active during Late Jurassic

and possibly into Early Cretaceous time.

The Yura Group is separated from the overlying Toquepala Group by

an angular unconformity that is widely recognized in southern Peru and

northern Chile. This unconformity indicates a regional event of

gentle folding in Early to Middle Cretaceous time (Wilson and Garcia,

1962).

Toquepala Group

The Toquepala Group is comprised of three volcaniclastic and

volcanic units named the Chulluncane, Toquepala, and Tarata Forma-

tions, which have a combined maximum thickness of 2800 m. Provisional

ages for these formations extend from the late Early Cretaceous into

the early Tertiary. However, the absence of both fossil control and

radiometric age determinations precludes accurate stratigraphic dating

of this volcanic sequence (Wilson and Garcia, 1962).

Eruptive centers for the Toquepala Group are poorly defined, but

are considered to be located 50 to 70 km northeast of the present

coastline of Peru, in the western flank of the Cordillera Occidental

(Wilson and Garcia, 1962). This axis of volcanism is approximately 50

km inland from the Jurassic volcanic arc. The shift in position of

volcanism occurred in Late Jurassic to Early Cretaceous time, and may

correlate with folding that post-dates deposition of the Yura Group.

The Chulluncane Formation is about 700 m in thickness and is

composed of interbedded tuffaceous sandstone, conglomerate, and ande-
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site flows. Pebbles in the conglomerate are composed of quartz aren-

ite, limestone, and andesite. The pebbles are derived from the ero-

sion of the Pelado/San Francisco Formations, the Yura Group, and con-

temporaneous volcanic flow rocks. The lithologies of the Chulluncane

Formation mark the permanent transition from a marine to subaerial

depositional environment in southern Peru. The Chulluncane Formation,

because it is areally restricted, may have been either largely buried

by the Toquepala Formation or eroded during a later period of signifi-

cant structural elevation and volcanic quiescence.

The Toquepala Formation is nearly 1500 m in thickness and uncon-

formably overlies the Chulluncane Formation. It is composed of rhyo-

lite and andesite with a few thin interbeds of conglomerate and sand-

stone that presumably are of fluvial origin. Pyroclastic deposits

commonly overlie the flow rocks. The age of this formation provision-

ally extends from the early Late Cretaceous to the early Tertiary.

The Tarata Formation, about 1000 m in thickness, disconformably

overlies the Toquepala Formation, and is composed of andesitic tuffs

and volcanic breccias that are intercalated with fluvial conglomer-

ates, sandstones, and siltstones. The age of the Tarata Formation is

poorly constrained because of the absence of radiometric age deter-

minations and detailed study, but it may range from late Late Creta-

ceous(?) to the early Tertiary in age.

The Toquepala Group extends to the northwest to the Arequipa

area. It is correlative with clastic and calcareous formations far-

ther to the northwest and into the Central Andes of Peru, and with

volcanics or periods of nondeposition to the south in central and

northern Chile (Szekely, 1966).
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A marked angular unconformity separates the Toquepala Group from

overlying volcanic formations. Folding associated with the unconfor-

mity is Late Cretaceous to early Tertiary in age (Wilson and Garcia,

1962), and is associated with the emplacement of numerous igneous in-

trusions and the evolution of large regional faults. Volcanic activ-

ity, represented by the Huilacollo Volcanics, as discussed below, may

have continued during this period of folding and intrusion. Subse-

quent to the intrusive activity, a prolonged period of erosion cut a

surface of high relief across the region to expose the intrusions and

folded country rocks.

The folding and intrusive activity may correlate with similar

events in north-central Peru and Chile. In Peru, two events are

distinguished by Cobbing and others (1981) as the early Tertiary Inca-

ic Orogeny (ca. 60 Ma) and the late Eocene Quechua 1 Orogeny (ca. 38

Ma). Similarly, two events have been identified in Chile by Aguirre

(1983) as the Laramian Orogeny (ca. 57 Ma) and the Incaic Orogeny

(ca. 38 Ma). Although it is unknown whether the folding and intrusion

in the Pachia and Palca quadrangles was episodic or continuous, the

radiometric age reported in this study suggests that the folding in

southernmost Peru culminated near or at the time of the late Eocene

(Incaic) orogeny.

Late Tertiary Volcanics

Several volcanic formations, totaling at least 2500 m in thick-

ness, comprise a stratigraphic sequence that unconformably overlies

the early Tertiary intrusions and folded Mesozoic basement rocks.

These volcanic and volcaniclastic units are, from oldest to youngest,
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the Huilacollo Volcanics, Moquegua Formation, Huaylillas Formation,

and Barosso Volcanics. They range in age from approximately late

Oligocene to Recent (Wilson and Garcia, 1962). However, because the

Huilacollo Volcanics appear to be faulted and folded with the Mesozoic

strata east of Ataspaca, their lower part is considered in this study

to be of late Eocene age, and thus contemporaneous with or older than

the CaplinaAtaspaca pluton. Assuming the Huilacollo Volcanics and the

Moquegua Formation to be coeval (Wilson and Garcia, 1962), this late

Eocene age is in agreement with that given by Tosdal and others (1984)

for the base of the Moquegua Formation, as deduced from radiometric

and stratigraphic data.

The Tertiary volcanic formations are separated by periods of

peneplanation that are correlatable throughout southern Peru. The

volcanics vary in composition from andesite to rhyolite, and include a

large proportion of pyroclastic deposits. Conglomerate and tuffaceous

sandstone of the Moquegua Formation and andesite of the Huilacollo

Volcanics are overlain by voluminous rhyodacitic ignimbrites of the

late Oligocene to Miocene Huaylillas Formation. This ignimbrite ac-

tivity has been correlated with both an increase in the rates of sub-

duction beneath the coastal region and the orogenic uplift of the Cor-

dillera Occidental in the Tacna region during Miocene time (Tosdal et

al., 1984). Subsequent Pliocene and Quaternary volcanism produced

andesitic cones and stratovolcanoes of the Barroso Volcanics east of

the Late Cretaceous-early Tertiary magmatic arc.

Intense alpine glaciation eroded the Barroso Volcanics during the

Pleistocene, leaving many morainal deposits and fluvioglacial terraces

in closed basins and along river valleys. Snow fields and small gla-
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ciers remain to this day at higher altitudes in the Barroso Volcanics

east of the Ataspaca prospect.

Post-glacial ash and pyroclastic deposits are present in the

lower stretches of the Caplina and Palca drainages. These deposits

contain pumice and quartz, but no exotic lithic clasts, and form nar-

row benches up to 50 m above the valley bottoms. The distribution and

composition of these deposits indicate that Recent ash-flow tuffs have

erupted from vents in the Cordillera del Barosso near the headwaters

of the Rio Caplina and have followed the river channel at least to

Pachia. Because some snow fields and glaciers are located on dormant

volcanic cones (e.g. Volcan Tacora) and could be incorporated in

future eruptions, potential volcanic mudflows in addition to ash-flows

and/or nuees ardentes threaten communities in the Rio Caplina valley

from the Cordillera del Barroso to the city of Tacna.

Structural Geology

Strata older than middle Tertiary age typically dip away from the

igneous intrusions in the Pachia and Palca quadrangles (Fig. 4). The

strata are folded into synclines with north-northwest trending axes in

the north and east parts of the region. These synclines have axial

lengths of less than 5 km, widths of 2 to 7 km, and amplitudes ranging

up to 3 km. Vertical faults of similar length and trend are usually

paired with the synclines. The synclinal axes are not aligned and

therefore do not represent a fragmented fold. Instead, they are sep-

arated by intervening intrusions and major northwest-trending faults,

and appear to have been produced by emplacement of the intrusions. As
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an example, the syncline east of Ataspaca, herein termed the Chullun-

cane syncline, was produced by the laccolithic/diapiric emplacement of

the Caplina-Ataspaca pluton, as illustrated in Figure 6. Additional

discussion of this and related deformation is presented in the chapter

concerning structural geology of the Ataspaca area.

Incapuquio fault system

Faults of the Incapuquio system trend northwest through the re-

gion, parallel to the coast and the Peru-Chile Trench, as depicted in

Figure 7. This fault system is buried by young volcanic rocks east of

Ataspaca, but it re-emerges along trend 50 km east of the city of

Arica, Chile and extends southward intermittently for several hundred

kilometers (Coulbourn, 1981, p. 591). The fault system extends more

than 150 km northwest of Ataspaca, past the Toquepala, Cuajone, and

Quelleveco porphyry Cu-Mo deposits and beyond the city of Moquegua.

The Incapuquio fault, near Ataspaca, splays out into the Challa-

viento, Quebrada Seca, and Bellavista faults (Fig. 4). These faults

are visible in LANDSAT photos and are well-expressed topographically,

as shown in Figures 8 and 9, respectively. On the basis of vertical

fault planes, long length, and "drag" fold axes that intersect the

faults at small angles, Wilson and Garcia (1962) concluded that the

Incapuquio fault system is characterized by transcurrent displace-

ments. However, the structural characteristics of the Incapuquio

fault system can be explained by differential vertical displacements

caused by the diapiric emplacement of exposed and hidden intrusions.

For example, emplacement of the Caplina-Ataspaca pluton domed the

country rocks northeast of the Bellavista fault, and this local move
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Figure 9. Bellavista fault and Quebrada Ataspaca; view to northwest
from the Causuri-Ataspaca road.

ment resulted in rotary displacement along the fault concurrent with

creation of the Chulluncane syncline (Fig. 4). Such displacement is

consistent with vertical tectonism elsewhere in Peru (Pitcher, 1978)

and with vertical displacement along the West Fissure fault zone at

Chuquicamata, Chile (Sillitoe, 1973). Additional displacement may

have occurred along the Incapuquio fault system during uplift of the

Andean orogen since early Miocene time, as inferred from offsets of

the early Tertiary intrusions and younger volcanic units (Wilson and

Garcia, 1962; Tosdal et al., 1984).

Northwest-trending faults, similar in orientation to faults of

the the Incapuqio system, are mapped within Precambrian gneisses near

Mollendo (Fig. 7), approximately 200 km to the north-northwest of

Ataspaca (Dalmayrac et al., 1977). The age of these faults is uncer-
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tain, but presumably is pre-Jurassic on the basis of their absence in

the Jurassic plutonic complex immediately to the southwest. Because

northwest-trending structures are restricted to the gneisses, it seems

likely that the Incapuquio fault system is an expression of structures

in the Precambrian basement which were reactivated by Late Mesozoic

and Cenozoic plutonism and (or) tectonism.

Chucchuco fault system

Faults of the northeast-trending Chucchuco fault system (Wilson

and Garcia, 1962) cut the Huaylillas and Moquegua Formations near

Pampa San Francisco and the community of Pachia (Fig. 4). These

faults are oriented perpendicular to the structural grain of the

Andes, and they are similar to structures that cut the Jurassic rocks

of the Coastal Cordillera west-northwest of Tacna (Fig. 7). The west-

ernmost fault near Pachia, when extrapolated northeast along trend,

coincides with 1) the faulted sandstones of the San Francisco Forma-

tion near the outlet of Quebrada Palca, and 2) the northern one-half

of the Ataspaca prospect in which multiple intrusions have ascended

through a northeast-trending fault zone. The exact alignment and

identical orientation of these structures indicates that they are

manifestations of a single northeast-trending fault zone. Additional

discussion of this fault zone is presented in the section concerned

with the structural geology of the Ataspaca prospect and vicinity.

The northeast-trending faults intersect northwest-trending struc-

tures of the Precambrian metamorphic basement, and thus may have pro-

vided channelways for the emplacement of magma into the epizone during

the Tertiary. This structural control is illustrated by the Caplina-
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Ataspaca pluton, which is centered on the intersection of the Incapu-

quio and Chucchuco faults (Fig. 4). Similarly, these fault systems

have served as conduits for Pleistocene and Recent lavas, as illus-

trated by Volcan Tacora and the Cordillera del Barroso that coincide

closely with the Challaviento and Chucchuco faults, respectively.

Intrusive Rocks

Intrusive rocks of the Pachia and Palca quadrangles are composed

predominantly of granodiorite, with lesser diorite, monzonite, and

intrusive rhyolite (Wilson and Garcia, 1962). Ages of the intrusions

were estimated to be between Late Cretaceous (post-Tarata Formation)

and Late Tertiary (pre-Moquegua Formation) on the basis of field rela-

tionships.

Five granodiorite bodies were defined by Wilson and Garcia (1962)

(Fig. 4) and these consist of: 1) the Lluta intrusion located between

Palca and Miculla; 2) the Cobani stock to the south of the Lluta in-

trusion; 3) the granodiorite of Quebrada Chero located northwest of

Ataspaca; 4) the Toquela-Challaviento intrusion north of Ataspaca;

and 5) the Caplina-Ataspaca intrusion located near Ataspaca between

the Challaviento and Bellavista faults. Modal compositions for three

of these intrusions are as follows:

Mineral Lluta Caplina-Ataspaca Toquela-Challaviento

Quartz 8% 9% 4%
Orthoclase 9 16 4
Plagioclase 46 40 54
Hornblende 11 9 16
Biotite 22 21 19
Zircon/Sphene 4 5 3
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A sill that is compositionally similar to the Caplina-Ataspaca

pluton and located near the Manto Verde prospect may connect this plu-

ton with the Toquela-Challaviento intrusion (Sologuren, 1977). How-

ever, because of the compositional differences between the two intru-

sions, it is unlikely that they represent a single pulse of magma.

Investigations presented in later chapters indicate that this sill may

be compositionally similar to the Caplina-Ataspaca pluton, but may

represent a distinct body of magma separate from the pluton and pos-

sibly correlative with a sill at the Ataspaca prospect.

The diorite and monzonite are volumetrically minor and have been

interpreted by Wilson and Garcia (1962) to be phases related to the

larger granodiorite intrusions.

Dikes of intrusive rhyolite located along splays of the Incapu-

quio fault are deficient in ferromagnesian minerals, but contain

phenocrysts of quartz and feldspar in a thinly banded groundmass.

Wilson and Garcia (1962) suggest that these dikes may be unmineralized

quartz porphyries related to the dacite porphyry at the Toquepala

mine. These dikes differ from other intrusions in the Ataspaca area,

because they are in and adjacent to the Incapuquio fault system.

Pitcher and others (1985; Sheet 2) have assigned several of the

granodiorite intrusions in the Pachia and Palca quadrangles to super-

units of the Toquepala Segment of the Peruvian Coastal Batholith. The

Lluta and Cobani intrusions have been assigned to the Linga Yarabamba

(61 Ma) Super-unit that varies compositionally from granodiorite to

monzogranite and contains approximately 5% mafic minerals. Intrusive

units north of the Toquela-Challaviento intrusion (Fig. 4) have been

assigned to the Linga Yarabamba (61 Ma) and the Tiabaya (78 Ma) Super-
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units, which vary from granodiorite to monzogranite in composition.

Pitcher and others (1985) consider that some intrusions in the

Pachia and Palca quadrangles do not belong to the Coastal Batholith.

The Quebrada Chero intrusion, in contact with Precambrian rocks 15 km

northwest of Ataspaca, is assigned to Lower Paleozoic to Precambrian

monzogranite units. This anomalously older age is incorrect, because

the Machani Formation has been domed by the diapiric emplacement of

the intrusion (Fig. 6), which indicates that the intrusion was emplac-

ed subsequent to the Triassic. The Caplina-Ataspaca and Toquela-Chal-

laviento intrusions have not been assigned to any super-unit, but

instead are considered to be miscellaneous granodiorite and tonalite

units of Cretaceous age.
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GENERAL PROSPECT GEOLOGY

The Ataspaca prospect area, shown in Figure 10, is approximately

1.6 x 1.0 km in surface dimensions and is located on the west slope of

Cerro Sarane, two kilometers due north of the village of Ataspaca.

Here, country rocks that consist of east-dipping strata of the upper

Pelado and Ataspaca Formations have been intruded, deformed, and ther-

mally metamorphosed by at least one dozen comagmatic intrusions. This

intrusive suite, which includes the late Eocene Caplina-Ataspaca plu-

ton, evolved compositionally through time from diorite to monzogran-

ite. The majority of intrusions, many of them porphyritic, and a dis-

membered breccia pipe were emplaced along part of the Chucchuco fault

system in the northern one-half of the prospect area, and collectively

comprise the northeast-trending White Ridge. A stock and dike/sill of

monzogranite were emplaced in the southern one-half of the prospect

area along the contact of the Caplina-Ataspaca pluton. Endo- and exo-

skarns were formed by hydrothermal fluids associated with these and

possibly other "hidden" intrusions. Mineralized exoskarns are prefer-

entially hosted by the Manto member limestone of the Pelado Formation,

the only pure carbonate unit exposed in the area. Skarn alteration is

controlled locally by proximity of limestone to the intrusions, north-

east-trending pre-intrusive faults, and syn-intrusive fractures and

breccias. Limestones were locally thickened by intra-bed folds and

siltstones by small-scale faults during intrusion. Major northeast-

trending faults control the distribution and orientation of many

stream valleys in the area. Much of the bedrock is obscured by allu-

vium, volcanic ash, talus, and colluvium.
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Figure 10. View to northeast of the Ataspaca prospect and Cerro Sar-
ane; White Ridge is to the left, Quebrada Taracahua to the right.

Stratigraphy

The sedimentary rocks of the Pelado and Ataspaca Formations were

originally described by Wilson and Garcia (1962), and have been previ-

ously summarized in the discussion of Regional Geology. Bonelli

(1983) measured and described parts of these formations in the Atas-

paca prospect and applied informal names to particular sequences based

on stratigraphic position and lithologic uniqueness. The nomenclature

of these authors has been combined in this report so that regional

stratigraphic terminology is maintained and that stratigraphic units

important to mineral exploration are emphasized. The following de-

scriptions of the prospect stratigraphy are based on my observations

and those of Bonelli (1983).
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Pelado Formation (Jp)

The lowermost stratigraphic unit exposed in the prospect area was

informally named the Oeste member of the Taracahua Formation by Bon-

elli (1983). This sequence is herein assigned to the Pelado Formation

on the basis of stratigraphic relationships provided in the regional

geologic map by Wilson and Garcia (1962). It has a maximum strati-

graphic thickness of 360 m (Bonelli, 1983), but the lower 177 m may be

repeated in a structurally complex area near White Ridge. The base of

the sequence is in sharp intrusive contact with younger plutons,

whereas the top of the sequence is conformably overlain by limestone

of the Manto member.

Strata of the Pelado Formation are composed of intercalated thin

to medium beds of 1) dark laminated argillite and pale green, lamin-

ated calcareous siltstone, 2) medium to dark grey, laminated and non-

laminated limestone, and 3) white, buff and grey, medium- to fine-

grained quartz arenite and laminated quartz wacke. Sandstone and

limestone are volumetrically subequal and together comprise approxi-

mately 20% of the sequence.

The clastic components of these strata are composed of rounded

quartz and minor chert in the arenites and wackes, but angular quartz

in the siltstones. Some grains of quartz exhibit strained extinction

when viewed in polarized light, but most are strain-free. Although

feldspars are absent from these rocks, textural observations cannot

discount the possibility that silt-sized feldspars have been converted

to clays by diagenetic processes.

The calcareous argillite and siltstone commonly contain oblate

calcareous concretions that are up to 5 cm in cross section. These
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concretions lie parallel to bedding and some probably represent fossil

ammonites in recumbent position. Similar ammonite-bearing concretions

and belemnite fossils are reported for the Pelado Formation elsewhere

(Wilson and Garcia 1962). These fossils are of pelagic fauna and dif-

fer from the shallow water benthic fossil assemblages found in the

middle part of the formation. The absence of benthic fossil assem-

blages and bioturbation in the laminated strata, and the high organic

content of the sediments as indicated by their dark color, indicates

that anoxic conditions prevailed at the time of deposition. Wilson

and Garcia (1962) have concluded that the change from benthic to pel-

agic fossil assemblages in the upper Pelado Formation reflects deep-

ening waters and anoxic conditions during a minor marine transgression

in the late Lias (late Early Jurassic).

Manto member limestone (Jpm)

Bonelli (1983) studied the Manto member in detail and named it

after the Spanish word "manto" that is used by geologists in Latin

America for sheet-like and strata-bound mineral deposits. Although

part of the Pelado Formation, the Manto member is given special empha-

sis in this report because it is the preferentially mineralized

stratigraphic unit and hosts all known potentially economic miner-

alization in the Ataspaca area.

The Manto member varies from 6.8 to 11.8 m in thickness (Bonelli,

1983), and is composed of nearly pure carbonate beds that are lateral-

ly continuous beyond the boundaries of the prospect. The unit is

typically recrystallized to a medium to finely crystalline marble and

is replaced by calc-silicate minerals in locations of intense hydro-



49

thermal activity.

The least altered outcrops of the Manto member are found near

11,500 N x 15,100 E on the prospect map (Plate 1). These outcrops

form small cliffs up to 3 m in height in which laminated medium beds

are visible. The beds rarely exhibit crossbedding, imbricated ammon-

ite fossils, and small scoured channels 1-2 m wide and 15 cm deep, as

shown in Figures 11 through 13. These features indicate that currents

were significant at the time of depositon, in contrast to the low

energy environment of the underlying laminated beds. The absence of

quartz sand or silt in these beds is probably the result of an interr-

upted supply of sediment caused by barriers, possibly carbonate mud

banks or locally emergent areas. These postulated barriers indicate

that water depths had become shallower in response to a marine regres-

sion, and such a regression may have produced the erosional discon-

formity at the top of the Pelado Formation near Palquilla, 12 km

northwest of Ataspaca (Wilson and Garcia, 1962).

Metamorphic recrystallization has obscured many of the original

textures of the Manto member limestone. However, microscopic observa-

tions reveal the presence of ostracods, brachiopod(?) spicules, sparry

intraclasts, and carbonaceous phosphatic ooids or fecal pellets, as

shown in Figure 14. These fragments are usually less than 1.0 mm in

size, make up 40 to 50 percent of some rocks, and appear to be sup-

ported in an matrix of finely crystalline sparry calcite. Although

currents may have winnowed carbonate mud from these sediments during

deposition, the apparent matrix support suggests that the rock was a

biomicrite prior to recrystallization, as suggested by Bonelli (1.983).

Phosphatic ooids in the Manto member indicate a high degree of
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Figure 11: Recrystallized ammonites hosted in laminated Manto member
limestone; 11,500 N - 15,100 E.

Figure 12: Crossbedded Manto member limestone cut by faults of small
displacement; silty laminae have been metamorphosed to grossularitic
garnet; 11,500 N 15,100 E.
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Figure 13: Scour and fill of small channel in Manto member limestone;
11,535 N - 15,100 E.

Figure 14: Photomicrograph of carbonaceous phosphorite ooids (fecal
pellets rimmed by metamorphic apatite?) in the Manto member limestone;
width of view 2 mm; (AP 394a); 11,374 N - 15,050 E.
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biologic and wave-current activity in the local marine environment

prior to or during the time of sediment deposition. Modern phosphor-

ite deposits form along shelf zones where there is upwelling of phos-

phaterich ocean currents (Baturin, 1982). The phosphate is assimil-

ated by phytoplankton and distributed throughout the food-chain. As a

result of vigorous biological activity, phosphate-rich biogenic detri-

tus is contributed to the shelf sediments. This phosphorous, or its

biogenic phosphate precursor, is apparently mobile in the sediments

and forms gel-like concretions that harden and become further concen-

trated by reworking in shallow waters. In extreme cases, phosphorite

nodules, concretions, and oolites are the major constituents of

ancient sedimentary rocks (e.g. Permian Phosphoria Formation, western

U.S.A.). Phosphorite deposition presently occurs off the coast of

Peru and west Africa (Baturin, 1982). Peruvian phosphorites accumu-

late in waters 40-1800 m deep, and commonly are found in reduced or-

ganic-rich sediments that contain iron sulfides. Similarly, phosphor-

ites are found in organic-rich sediments off west Africa and are most

abundant where concentrated by shallow waters of marine regressions.

Metals also are anomalously concentrated in diatomaceous oozes

collected off the coast of west Africa. According to Baturin (1982,

p. 210), maximum concentrations for some metals include 45,500 ppm

nickel, 33,700 ppm zinc, 12,900 ppm copper, 50,000 ppm molybdenum,

36,000 ppm vanadium, 1000 ppm cobalt, 3000 ppm lanthanum, 1000 ppm

ytterbium, and 6000 ppm uranium. These metals are probably bound in

organic compounds (humic acids, lipo-proteins, etc.) in the sediments

and they may be mobilized and eventually concentrated in sulfides

formed by diagenetic processes.
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The phosphatic ooids of the Manto member probably formed by re-

working of organic phosphate from underlying sediments during a marine

regression. These sediments, by comparison with modern African phos-

phatic sediments, may contain anomalous concentrations of base

metals. This possibility is supported by the presence of anomalously

high concentrations of vanadium and selenium in phosphatic shales of

the laterally correlative Aramachay Formation, east of Lima (Szekely

and Grose, 1972). Bonelli (1983) also has found anomalous concentra-

tions of base metals in the Manto member; however, whether the metals

were of syngenetic or epigenetic origin could not be determined, be-

cause all of the rocks were hydrothermally altered or thermally meta-

morphosed.

Erika member

The Erika member is composed of a characteristic sequence of

siltstones that overlies the Manto member throughout the Ataspaca

area. These siltstones were named by Bonelli (1983) after the Erika

level mine workings in which they are well exposed. This stratigraph-

ic unit is approximately 17 m in thickness and is composed of two

differing sequences of strata. The lower sequence is 8 m in thickness

and grades upward from the Manto member as thin interbeds of laminated

calcareous siltstone, argillite, and limestone. The upper sequence,

9 m in thickness, is non-calcareous and is composed of easily weather-

ed, black to dark brown laminated argillite.

The lower sequence of the Erika member is lithologically indis-

tinguishable from the Pelado Formation below the Manto member. Be-

cause of this lithologic similarity, the Erika member is assigned to
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the Pelado Formation. The upper part of the Erika member is also

assigned to the Pelado Formation because it is fine-grained, although

non-calcareous. Argillites of the Erika member elsewhere in the

region were eroded during a regression that marks the boundary of the

Lower and Middle Jurassic. This regression is correlative with a

world-wide eustatic drop in sea level of approximately 80 m (Vail and

Todd, 1981).

Ataspaca Formation

The Ataspaca Formation, named the Sarane member by Bonelli

(1983), conformably overlies the Erika member throughout the prospect

area. In general, the formation is composed of thick beds of white to

buff, massive quartz arenite and quartz wacke that are interbedded

with thin beds of dark laminated argillite and siltstone, as shown in

Figure 15. The lowermost bed of this formation is less than 2 m in

thickness, and is composed of laminated grey and buff quartz wacke and

siltstone. This bed, shown in Figure 16, is easily recognized by

flute casts and flame structures indicative of rapid sediment depo-

sition, and by thin graded beds indicative of surges of sediment. Be-

cause of these unique structures, this bed provides a useful marker

horizon within the prospect area.

Massive quartz arenite and quartzite comprise much of the lower

Ataspaca Formation. These units grade upward into interbedded quartz

arenite, quartz wacke, and siltstone. Arkose, lithic arkose, and

greywacke are absent. Minor calcareous argillite is present within

the lower parts of the Ataspaca Formation, but the calcareous compo-

nent becomes negligible at distances of more than 75 m above the base
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Figure 15: Massive white quartzites overlying basal siltstone of the
Ataspaca Formation; 11,510 N x 15,100 E.

of this formation.

Quartz grains in the Ataspaca Formation are identical to those of

the Pelado Formation. They are subrounded to well rounded and include

minor amounts of chert and strained quartz, as illustrated in Figure

17. The chert has a milky appearance and megascopically might be mis-

taken for altered feldspar grains in the absence of thin section

examination. Heavy minerals such as zircon and tourmaline were ob-

served in thin sections of quartzite.

The compositional maturity of the quartz arenites and quartz
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Figure 16. Flame structures in laminated siltstone and quartz wacke
in the basal beds of the Ataspaca Formation; 11,510 N x 15,100 E.

Figure 17. Photomicrograph of quartz wacke of the lower Ataspaca
Formation; note subrounded to well-rounded quartz grains in a silty
matrix; (AT X-11); width of view 5 mm; 11,510 N x 15,100 E.
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wackes is in accord with the presumed cratonic provenance for these

sediments as proposed by Wilson and Garcia (1962). The variable tex-

tural maturity of the argillites, siltstones, and arenites indicates

that these sediments were probably deposited in a shallow epeiric sea

at or below wave-base in a variable energy, near-shore environment.

The absence of bioturbation, the presence of carbonaceous debris, and

the dark organic color of the interbedded siltstones suggests that low

oxygen or anoxic conditions prevailed when the sediments were deposit-

ed.

A fossil ammonite mold was collected by Bonelli (1983) near the

outcrops of the Manto member previously discussed. According to Ralph

W. Imlay (1982, in a written communication to Bonelli), the fossil re-

sembles the genus Cleistosphinctes and sub-genus Vermisphinctes, which

are indicative of late Bajocian time (Middle Jurassic). This age

corresponds to that of the lower Ataspaca Formation, as proposed by

Wilson and Garcia (1962). Because this fossil is contained in silt-

stone, it is considered to be an "exotic" that probably moved down-

slope 40-50 m from the Ataspaca Formation prior to its discovery.
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Intrusive Rocks

The Caplina-Ataspaca pluton was originally described by Wilson

and Garcia (1962), but intrusions marginal to it and within the Atas-

paca prospect were not differentiated. Bonelli (1983) supplied a

cursory review of these intrusions based on my field maps and pre-

liminary analyses. At the time of his publication not enough work had

been accomplished to fully define the petrologic variations and char-

acteristics of each intrusion. In this study, intrusive and breccia

units are discussed by order of emplacement, from early diorite to

late monzogranite, followed by non-correlatable units, exotic blocks,

and a petrologic summary. Important geomorphic features, roads, and

mines that are referred to in these discussions are illustrated in

Figure 18.

White Ridge Diorite (Tde)

An irregular intrusion of finely crystalline diorite, herein

named the White Ridge diorite, is located on the southeast side of

White Ridge, as depicted in Figure 19. This intrusion is roughly

triangular in shape, and is approximately 220 m in length north-south

and 150 m in width east-west. White Ridge diorite is finely crystal-

line, rich in biotite, and has a color index of approximately 35 per-

cent. Identifiable primary magmatic minerals are plagioclase feld-

spar, biotite, hornblende, and Fe-Ti oxide. Fracture coatings of

pyrite are common in some samples. Fresh White Ridge diorite is dark

brownish a,reen, but where weathered the feldspars are lightened, py-

rite is oxidized, and the rock becomes speckled white and brown, as
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Figure 18. Location map of principle geographic and geomorphic fea-
tures of the Ataspaca prospect.
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Figure 19. Distribution of White Ridge diorite in the Ataspaca pros-
pect.
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shown in Figure 20. Crystal size and the absence of phenocrysts and

xenoliths characterizes fresh White Ridge diorite in the field.

The east side of the White Ridge diorite is in fault contact with

calcareous argillite of the Pelado Formation near 11,350 N -

14,720 E. This relationship indicates that the diorite has been dis-

placed an unknown, but presumably small, distance by the emplacement

of subsequent intrusions or by structural activity of the Chucchuco

fault system.

The west side of the White Ridge diorite is in intrusive contact

with the younger White Ridge granodiorite porphyry (Tpgd). The dio-

rite is cut by 10 to 30 cm-wide dikes of this granodiorite near

11,272 N - 14,602 E, as shown in Figure 21. Nearby joints have sel-

vages of Ca-Na alteration that are related to hydrothermal fluids from

the adjacent granodiorite body.

A block of diorite up to 20 m long is engulfed within the grano-

diorite at 11,250 N - 14,602 E. This block appears to represent dis-

membered remnants of White Ridge diorite, which suggests that the

diorite was larger in size prior to the emplacement of the younger in-

trusion. Evidence of digestion of the diorite block by the granodio-

rite is absent, but weak alteration fringes where metasomatic fluids

diffused across contacts are present along the margins of the block.

The south side of the White Ridge diorite structurally overlies a

poorly exposed, tabular zone of brecciated and altered White Ridge

granodiorite (Tbx-2). This breccia zone is in concordant orientation

with the nearby stratigraphy, and thus imparts a similar orientation

to the diorite that extends nearly to the crest of White Ridge (Plate

1). The diorite is negligibly altered along this contact.



Figure 20. Sample of White Ridge diorite; (AT 35); hand lens for
scale.
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Figure 21. Outcrop of White Ridge diorite; note the dike of granodio-
rite on right and calc-silicate selvages along joints on left; (11,272
N - 14,540 E).
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Intense Ca-Na alteration is confined to a pervasively microfrac-

tured, fault-bounded block of the White Ridge diorite in the northeast

part of the intrusion. A fault contact between fresh and altered

diorite is easily recognized along the Caplina-Ataspaca path at

11,297 N - 14,696 E. Deformation and alteration of the diorite block

were concurrent with the emplacement and alteration of the White Ridge

granodiorite porphyry.

The White Ridge diorite, where affected by Ca-Na alteraton, gen-

erally is bleached to pale green and white, but in places it is mot-

tled light and dark green, as illustrated in Figure 22. This Ca-Na

altered diorite is correlated with White Ridge diorite on the basis of

proximity and on similarity in size and morphology of plagioclase

feldspar laths.

Petrography

White Ridge diorite is finely crystalline and has a hypidiomor-

phic equigranular trachytoid texture that is characterized by a moder-

ate to strong alignment of plagioclase feldspar laths. In addition to

plagioclase, the diorite is composed of biotite, hornblende with cores

of augite, interstitial quartz, and traces of orthoclase. Accessory

minerals include Fe-Ti oxide, apatite, sphene, zircon, disseminated

and dendritic pyrite, and trace chlorite, sphene, and epidote. Modal,

chemical, and normative analyses of fresh and altered White Ridge

diorite are listed in Table 1 and the modal data are plotted on the

IUGS Q-A-P diagram in Figure 23.

Plagioclase feldspar laths constitute 54 to 61 percent of the

White Ridge diorite. They are subhedral and vary from 0.5 to 1.5 mm
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Figure 22. Fresh and altered White Ridge diorite; counterclockwise
from top: fresh (AT 33); combined amphibole (dark) and diopside
(light) endoskarn (AT 34); diopsidic Ca-Na alteration (AT 80).

in length. These laths are simply zoned, and are composed of cores of

sodic bytownite (An 73) that grade transitionally to margins of calcic

oligoclase (An 38). Albite twins in these laths are not bent, which

implies that the trachytoid texture was produced by gravitative settl-

ing of the laths rather than viscous flow in the magma. Mineral

inclusions contained in the feldspar laths are augite, hornblende,

biotite, Fe-Ti oxide, and apatite. Trace phenocrysts of fine to med-

ium crystalline labradorite(?) are present in the diorite.

Quartz, which constitutes from zero to eight percent of the White

Ridge diorite, is anhedral and less than 0.3 mm in diameter. It is

interstitial to larger crystals of plagioclase feldspar, biotite, and

hornblende, but may enclose augite, hornblende, orthoclase, and apa-

tite that are less than 0.1 mm in size. The absence of quartz in
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Table 1: Modal, Chemical, and Normative Analyses of
the White Ridge diorite, Tde

Modal Mineralogy, vol Z

AT 81b Specimen AT 34a- AT 34b2 AT 801,4
Specimen AT 331 AT 351

Q 8.2 4.7 6.4 Q 0.0 0.0 12.7
Or 0.0 0.0 tr Or 0.0 0.0 2.4
Pf 55.9 53.9 61.5 Pf 58.9 57.4 62.9
Bi 14.6 19.3 13.9 Bi 1.7 0.0 0.0
Hb 15.5 16.0 13.9 Amph 34.2 0.0 2.9
Aug 2.2 3.5 0.0 Di 0.0 35.9 16.2
Fe-Ti oxide 2.0 2.2 2.8 Fe-Ti oxide 2.7 0.0 0.0
Sph 0.3 tr 1.0 Sph 0.7 3.9 1.5
Epi 0.2 tr 0.0 Zo/Epi tr 0.8 0.3
Chl tr 0.0 0.0 Chl 1.7 tr 0.3
Ap 0.6 0.1 0.5 Ap 0.4 1.3 0.3
Zr tr tr tr Zeo 0.0 0.5 0.5py 0.7 0.3 0.0 Lim 0.4 0.0 0.0

Total 100.0 100.0 100.0 Total 100.0 100.0 100.0
Points 1528 752 1273 Points 710 982 860
s.g. 2.82 2.76 2.79 s.g. 2.68
C.I. 35.5 41.3 31.6 C.I. 40.3 40.6 21.2

Chemistry, wt %

Si02 54.90
SiO 2 61.09

TiO
2 1.13 TiO2 0.96

A1203 18.39 A120
3 16.48FeO 9.42 Fe0- 1.81

Mh0 0.14 MnO 0.09MgO 4.30 Mg0 3.29
Ca0 8.00 Ca0 9.31
Na20 3.37 Na20 3.10
K2 0 1.70 K2 0 3.49
P2052-5 0.26 -205 0.10

Total 101.43

-2-5

Total 99.72

Trace Metals, ppm

Cu 110 Cu 50
Mo <1 Mo <1
Pb 20 Pb 12
Zn 45 Zn 60
Ag <.3 Ag <.3

CIPW Normative Mineralogy, wt Z

q 3.39 q 10.16
Or 10.05 or 20.63
ab 28.52 ab 26.23
an 30.03 an 20.75
wo 0.00 wo 0.24
di 6.56 di 19.01
hy 16.92 hy 0.64
mt 3.68 mt 0.71
it 2.15 it 1.82
ap 0.60 ap 0.24

1-fresh; 2-weak Ca-Na alteration;

3-Ca-Na altered cut, by di-or and zeolite veins

4-Ca-Na altered cut, by q-di-amph-sph and di-or veins

Oxide analyses by Peter R. Hooper, Washington State University
Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
Normative analyses based on Fe203/Fe0 = 0.35.
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Figure 23. QAP diagram of modal analyses of the White Ridge diorite;
filled symbol is suite average.

I- diorite/gabbro V- tonalite
II- monzodiorite/gabbro VI- granodiorite

III- quartz diorite/gabbro VII- monzogranite
IV- quartz monzodiorite/gabbro VIII- seyenogranite
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sample AT 34 may represent normal magmatic variations, or may be the

result of Ca-Na alteration. This conclusion is based on feldspar

alteration reactions that are discussed fully in later sections.

Orthoclase is a trace mineral in the White Ridge diorite, and is

less than 0.1 mm in diameter. This feldspar, where present, is inter-

stitial to all other minerals, and rarely encloses minute flakes of

biotite and rods of apatite.

Primary ferromagnesian minerals in the White Ridge diorite are

biotite, hornblende, augite, and Fe-Ti oxide, as illustrated in Figure

24. Biotite and hornblende are subequal volumetrically, whereas

augite and Fe-Ti oxide are minor by comparison. The color index of

the White Ridge diorite varies from 31 to 41.

Biotite forms subhedral plates up to 1.5 mm across that poikil-

itically enclose plagioclase feldspar, hornblende, augite, Fe-Ti

oxide, and apatite. Less commonly, it is anhedral and interstitial to

plagioclase feldspar and other ferromagnesian minerals. Elsewhere,

trace amounts of biotite are intergrown incipiently with or replace

hornblende.

Green subhedral hornblende, up to 1.0 mm in diameter, commonly

contains cores of clear anhedral augite (Fig. 24). This amphibole has

well-developed rhombic terminations in spaces interstitial to laths of

plagioclase feldspar, which indicates that the augite was overgrown by

the hornblende prior to complete crystallization of the magma. The

augite cores are absent in some samples and suggest complete replace-

ment by hornblende.

Trace phenocrysts of euhedral hornblende, up to 2.5 mm in dia-

meter, are present in the White Ridge diorite. These phenocrysts are



Figure 24. Photomicrograph of White Ridge diorite; brown poikilitic
biotite is on left, green hornblende cored by clear high-relief augite
is in lower right; (AT 35); width of view 2 mm; plane light.

equant and morphologically similar in cross section to pyroxene.

Additionally, sparse poikilitic glomerocrysts of hornblende, which

contain smaller-than-average plagioclase feldspar and minor Fe-Ti

oxide, are also similar in morphology to pyroxene. These textural

similarities suggest that a pyroxene, probably augite, was an early

phase in the crystallization history of the magma, but subsequently

was replaced by hornblende under progressively lower temperatures(?)

and more hydrous magmatic conditions.

Fe-Ti oxide, apatite, and zircon are distributed as accessory

minerals throughout the diorite in interstitial positions or as inclu-

sions in the essential and varietal minerals. Apatite crystals are

present as stubby prisms or rods with length-to-width ratios that are

typically 3:1. Unusual rods of late-crystallizing apatite with ratios
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exceding 15:1 are enclosed within interstitial crystals of orthoclase

and quartz. Anhedral sphene is interstitial to plagioclase feldspar

and is a product of the deuteric chloritization of biotite. Epidote

is commonly present in trace amounts near chloritized biotite. Fe-Ti

oxide is sporadically replaced by disseminated pyrite in association

with dendritic pyrite. Dendritic pyrite is restricted to the White

Ridge diorite, and appears to be of deuteric or autometasomatic ori-

gin.

The sequence of crystallization of the White Ridge diorite as

determined from petrographic textural observations indicates that

plagioclase feldspar, Fe-Ti oxide, augite, and apatite were initial

crystalline phases that subsequently were accompanied by and (or)

superseded by hornblende and later biotite. Quartz and orthoclase

were the last phases to crystallize. This magma was almost free of

crystals at the time of emplacement, and appears to have crystallized

rapidly, as is suggested by its finely crystalline texture and simple

normally zoned plagioclase feldspars.

Modal analyses of the White Ridge diorite define a compositional

trend in the diorite/gabbro and quartz diorite/gabbro fields of the

IUGS Q-A-P ternary diagram (Fig. 23). The average for the analyses

falls almost at the boundary between the two fields.

The IUGS classification system differentiates between gabbro and

diorite principally on the basis of plagioclase feldspar composition

and secondarily by constituent ferromagnesian minerals. According to

this classification, diorite contains plagioclase feldspar more sodic

than labradorite (An 50), whereas gabbro contains plagioclase feld-

spar more calcic than andesine (An 50). Because the plagioclase
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feldspar composition of the White Ridge diorite varies from An 73 to

38, classification of this intrusion is difficult. The intrusion is

designated as diorite on the basis of abundant biotite and hornblende,

which are common to diorite but less common to gabbro. However, be-

cause augite is present in the cores of hornblende and was probably an

early mineral phase prior to replacement by hornblende, the composi-

tionally transitional nature of the intrusion between gabbro and dio-

rite is thereby emphasized.

Ca-Na alteration in the White Ridge diorite is characterized by

the pseudomorphic replacement of biotite and hornblende by secondary

patchy green amphibole or microcrystalline aggregates of clear diop-

side (bi (+), 2V-50-60°), shown in Figure 25. Anhedral sphene both

replaces Fe-Ti oxide and is intergrown with diopside. Pyrite is ab-

sent in diopside-bearing Ca-Na altered diorite, whereas it is altered

or weathered to limonite in amphibole-bearing Ca-Na altered diorite.

Plagioclase feldspar is unaffected by amphibole Ca-Na alteration, but

is spotted by minute clots of zoisite, clinozoisite, and/or scapolite

in samples of diopside Ca-Na altered diorite. The Ca-Na altered dio-

rite is cut by three different types of veinlets: 1) orthoclase-diop-

side-monticellite-epidote-quartz, as shown in Figure 26; 2) quartz-

diopside-actinolite-sphene; and 3) laumontite. Of these vein miner-

als, epidote, monticellite, and orthoclase exhibit optical zonations.

Chemistry

Major oxide, trace element, and normative mineral analyses for

fresh and altered White Ridge diorite are listed in Table 1. Fresh

White Ridge diorite is compositionally similar to the average horn-



Figure 25. Photomicrographs of Ca-Na altered White Ridge diorite; note
microfractures that separate upper amphibole-rich from lower diopside-
rich zone; (AT 34); width of view 5 mm; upper photo plane light; lower
photo crossed polars.



Figure 26. Photomicrograph of orthoclase-diopside vein cutting diop-
side endoskarn in White Ridge diorite; (AT 34); width of view 5 mm;
crossed polars.

blende-biotite diorite of Nockolds (1954), but is slightly higher in

FeOt (9.42 vs. 8.26 %).

Compared to fresh samples of White Ridge diorite, intensely Ca-Na

altered diorite is enriched in CaO, K20, and Si02, and is depleted in

FeOt, A1203, and MgO. The dramatic depletion of FeOt and the enrich-

ment in Ca0 result both from the replacement of biotite, hornblende,

and Fe-Ti oxide by diopside and sphene and from the deposition of vein

diopside. The enrichment of K20 and Si02 reflects the addition of

vein orthoclase and quartz. The large increase in vein material to

the rock causes a minor dilution of the other oxides. The large per-

centage decrease in P205 indicates that apatite may bemobile; how-

ever, modal analyses and petrographic examination of apatite in alter-

ed diorite indicates that the mineral is resistant to alteration. The
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depletion of copper in the endoskarn with respect to fresh diorite

correlates with the removal of pyrite from the diorite by hydrothermal

solutions.

Age and Significance

The White Ridge diorite is probably the oldest intrusion in the

Ataspaca prospect. Its inferred relative age is based on contact

relations with the adjacent White Ridge granodiorite intrusion, and on

the absence of xenoliths. Mafic exotic blocks, discussed later in

this chapter, may represent coeval intrusions that were subsequently

dismembered by emplacement of younger intrusions.

The White Ridge diorite does not correlate compositionally with

any of the reported superunits in the Toquepala Segment of the Coastal

Batholith of Peru, but it may correlate with diorite present near the

Toquepala porphyry-Cu pit. A K-Ar age date for the Toquepala diorite,

obtained from biotite, was reported by Laughlin and others (1968) to

be 58.7 Ma. Additionally, the White Ridge diorite, though finely

crystalline, is texturally and mineralogically similar to early dior-

itic phases of the Santa Rosa Super-unit in the Lima Segment of the

Coastal Batholith (Cobbing et al., 1981). Similarly, late hydrous

differentiates of the Early Gabbros of the Coastal Batholith (Pitcher

et al., 1985) exhibit compositional and textural traits similar to

this intrusion. White Ridge diorite, based on analogy with these

intrusive suites, may be either 1) a late differentiate from a gab-

broic body that remains buried at depth in the crust, or 2) an early

differentiate from a magma that subsequently gave rise rise to younger

granitic intrusions within the Ataspaca area.
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Road Diorite (Tdr)

The Road diorite is named for its best exposures along the road

to the Ricardina level in the south half of the prospect, as depicted

in Figure 27. This finely crystalline diorite crops out over an area

of 350 by 200 m as thin dikes, sills, and irregular apophyses. The

sills vary up to 50 m in length and 3.0 m in thickness, and have undu-

latory contacts that pinch out, as shown in Figure 28.

Road diorite is finely crystalline, dark green to brown, and has

a color index of approximately 30. Minerals that can be readily iden-

tified in hand specimens are plagioclase feldspar and pyrite. Weath-

ered diorite is light to medium goethite brown, and it has fracture

surfaces sheathed with thin coatings of supergene gypsum. Unaltered

Road diorite is rarely observed.

Some apophyses of Road diorite are intensely fractured and inter-

mixed with broken sandstone and folded limestone along northnortheast

trending faults both underground in the Erika level (Plate 2) and on

the surface. Bonelli (1983, p.36) concluded that strata are down-

dropped to the west across these structures by as much as 30 m.

Slickensides mark the surfaces of many of the dikes and apophyses

(e.g. 11,808 N x 15,028 E), and indicate that structural deformation

post-dated crystallization of the diorite. Deformation of the diorite

took place when the younger Taracahua monzogranite dike (Tsmg-1) was

intruded nearby. Emplacement of the monzogranite caused the diorite

and adjacent sandstones to fracture and be infolded by ductile Manto

member limestone. Additional discussion of this deformation is pre-

sented in sections concerned with the Taracahua monzogranite and stru-

ctural geology of the prospect area.
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Figure 27. Distribution of the Road diorite at the Ataspaca prospect
area.
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Figure 28. Sill of Road diorite in Manto member limestone; note that
the sill pinches out on the left; a thin rind of endoskarn mantles the
diorite; view toward south; 10,600 N - 14,945 E.

Petrography

The Road diorite is finely crystalline and has a weakly porphyri-

tic, hypidiomorphic granular texture, in which phenocrysts of plagio-

clase feldspar, less than 1.3 mm in length, are supported in a ground-

mass of minerals that vary up to 0.4 mm across, as shown in Figure

29. The groundmass is composed of plagioclase feldspar, quartz, or-

thoclase, biotite, amphibole, and accessory apatite, sphene, pyrite,

Fe-Ti oxide, and zircon. All Road diorite samples exhibit some degree

of calcium or magnesium metasomatism. Modal and chemical analyses of

the Road diorite are presented in Table 2, and the modal analyses are

plotted on the IUGS Q-A-P ternary diagram in Figure 30.

Plagioclase feldspar constitutes up to 74 percent of the Road

diorite, and of this amount, phenocrysts represent approximately three



Figure 29. Photomicrograph of Road diorite; (AT 142); width of view
5 mm; crossed polars.

percent. The phenocrysts are simply zoned and have broad cores of

calcic bytownite (An 88) that grade transitionally near the rim to

edges of oligoclase (An 34). Similarly, crystals of groundmass plagi-

oclase feldspar are simply zoned and have narrow cores of bytownite

(An 74) that grade transitionally to edges of oligoclase (An 34). The

phenocrysts are euhedral and equant, whereas the groundmass crystals

exhibit quench textures that range from subhedral and equant to an-

hedral and acicular. Inclusions of apatite are present in both pheno-

cryst and groundmass plagioclase feldspar.

Orthoclase and quartz each constitute less than five percent of

the diorite, and are anhedral and interstitial to other essential and

varietal minerals. Pale brown subhedral amphibole of low to moderate

relief and light brown anhedral biotite are subequal volumetrically
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Table 2 Modal, Chemical,
the Road

vol

and Normative Analyses of
Diorite, Tdr

Modal Mineralogy
Specimen AT 142-1 AT 125-

2
AT 131-3 AT 1334

Q 2.7 Q 1 Q 1 Q 2
Or 4.6 Or 0 Or 0 Or tr
Pf 55.9 Pf 62 Pf 74 Pf 66
Hi 14.3 Bi 0 Phl 4 Bi tr
Amph 11.0 Trem 30 Anth 8 Trem 11
Aug 0.0 Pyx 0 Pyx 0 Di 10
Mt 0.0 Mt 0 Mt 0 Mt 1
Sph 2.7 Sph 0 Sph 0 Sph 2
Epi tr Ru <1 Ru 2 Epi 2
Chl 0.0 Chl <1 Wh Mica 3 Chl 0
Ap 2.2 Ap tr Ap tr Ap tr
Zr tr Zr 0 Zr 0 Zr 0
Ey 4.2 EY 7 fy 8 2y_ 4

Total 100.0 Total 100 Total 100 Total 100
Points 1228
s.g. 2.73
C.I. 32.2 C.I. 38 C.I. 24 C.I. 30

Chemistry, wt %

Si02 58.16
TiO2 0.96
A1203 18.63 -

Fe0'
,

5.61 _

Mil0 0.07
Mg0 3.47 _

Ca0 8.39 _

Na20 3.44
K20 1.50

P205 0.23

Total 100.46

Trace Metals, ppm

Cu 30

Mo 1

Pb 170

Zn 60

Ag <0.3

CIPW Normative Mineralogy, wt I

q 9.55
or 8.86 -

ab 29.11
an 30.96
di 7.45
hy 10.14
mt 2.20

1.82
ap 0.53

1- incipient amphibole endoskarn with disseminated pyrite
2- tremolite endoskarn

3- anthophyllite-phlogopite magnesian(?) endoskarn
4- tremolite-diopside endoskarn

Oxide analyses by Peter R. Hooper, Washington State University

Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City,
Norms calculated assuming Fe203/Fe0 = 0.35.
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10 35 65 90

Figure 30. QAP diagram of modal analyses of the Road diorite; fields
as in Fig. 23; filled symbol is estimated suite average.
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and jointly constitute approximately 28 percent of the diorite. Bio-

tite and amphibole are estimated to have originally comprised 20 and 7

percent of the diorite, respectively, prior to weak alteration of

biotite to amphibole and sphene. Accessory apatite and zircon are

located along crystal boundaries and in interstices between the other

minerals. Fe-Ti oxide is replaced by anhedral sphene or disseminated

and dendritic pyrite. Some pyrite crystals are subhedral and show

striated crystal faces in reflected light. Pyrite is associated with

the replacement of biotite by patchy amphibole.

Modal analyses of the Road diorite are plotted on the IUGS Q-A-P

ternary diagram (Fig. 30), and fall into the diorite/gabbro field.

This intrusion is classified as diorite, despite bytownitic cores in

the plagioclase feldspars. The replacement of orthoclase in some

samples does not appreciably affect the compositional field of this

intrusion.

The Road diorite has undergone various types of alteration.

Primary ferromagnesian minerals have been replaced by either acicular

tremolite and anhedral sphene, or by sparse columnar anthophyllite,

phlogopite/biotite, white mica, and rutile. The latter minerals,

present in sample AT 131, are largely magnesian in composition, and

contrast with diopside, tremolite, and sphene of Ca-Na alteration.

These magnesia-rich minerals may reflect either the original composi-

tion of the Road diorite, or magnesium metasomatism from dolomite that

possibly is present in the enclosing Manto member limestone.

Chemistry

One major oxide and trace element analysis for the Road diorite
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is listed in Table 2. Compared with the White Ridge diorite, the Road

diorite contains more Si02 but less Mg0 and FeOt. The relative con-

centrations of the latter two oxides may be explained by the absence

of augite in the Road diorite. However, neither the modal quartz nor

plagioclase content of the Road diorite explains its higher relative

concentration of Si02. Concentration of Pb in the Road diorite is

eight times greater than those in the unaltered White Ridge diorite,

and probably correlates with the metasomatic origin for sulfides in

the Road diorite, in contrast to the magmatic/deuteric origin of py-

rite in the White Ridge diorite.

Compared with the average hornblende-biotite diorite of Nockolds

(1954), and the average diorite of LeMaitre (1976), the Road diorite

contains five percent more Si02 and two percent more A1203, respec-

tively. These and other differences in composition lie within one

standard deviation of the average diorite of LeMaitre (1976).

Age and Significance

The Road diorite is one of the oldest intrusions in the Ataspaca

prospect, based on cross-cutting and structural relationships with

later granitic intrusions. The Road diorite is probably coeval with

the compositionally similar White Ridge diorite and with miscellaneous

dioritic dikes and sills that are widespread in the Ataspaca area.

The intrusive style of the diorite indicates that a high contrast

in ductility existed between the country rocks and magma at the time

of intrusion. This contrast was probably caused by high temperature,

composition, and few crystals in the magma. The crystal-free nature

of the magma is confirmed by the paucity of phenocrysts in the dior-
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ite, and by the various quench textures exhibited by the groundmass

feldspars. Alteration of the Road diorite was probably imposed by

hydrothermal systems related to the nearby Taracahua monzogranite.

Miscellaneous intrusive rocks (Tmi)

Miscellaneous unclassified sills and dikes cut the sedimentary

rocks both within the Ataspaca prospect and beyond. These intrusive

units were difficult to both identify and correlate in the field, be-

cause they are 1) discontinuous and widely separated; 2) finely crys-

talline; and 3) variably altered. The sills are usually less than 2 m

in thickness and rarely more than 20 m in length.

Sills of endoskarn in the northern one-half of the prospect ap-

pear to have been composed of gabbro or diorite prior to alteration.

Petrographic studies suggest that several sills west of the Taracahua

level may be altered Road diorite, whereas sills in the Ataspaca

Formation northeast of the Erika level are composed of monzodiorite.

The monzodiorite sills have typically undergone argillic alteration

adjacent to quartzite and argillite, but have been altered to

endoskarn adjacent to calcareous strata. These undifferentiated sills

appear to be coeval with the White Ridge and Road diorites, based on

compositional similarity and style of intrusion.

Hybrid Porphyry (Thp)

A thin sill and several scattered chimney-form apophyses of a

dark porphyritic rock, herein named the Hybrid Porphyry, are present

in the northern one-half of the prospect, as depicted in Figure 31.

The sill crops out on the southeast side of White Ridge, several
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meters above the upper Caplina-Ataspaca path. This sill is less than

3 m in thickness, more than 90 m in length, and is in contact with

calc-silicate hornfels, skarnoid, and exoskarn hosted by the Pelado

Formation. The sill is largely bleached light green by Ca-Na altera-

tion, and is identical in color to the enclosing rocks. Blocky joints

help to distinguish the sill from adjacent massive hornfels. Altera-

tion is most intense at the west end of the sill where the Hybrid

Porphyry appears to be truncated by exotic blocks that were dragged

into place by a subsequent intrusion of quartz monzodiorite.

Fresh Hybrid Porphyry exhibits an obvious porphyritic texture and

black aphanitic groundmass, as illustrated in Figure 32. Identifiable

medium-sized phenocrysts include plagioclase feldspar, quartz, horn-

blende, augite, and biotite. Phenocrysts of plagioclase feldspar are

euhedral and have perfect cleavages with excellent vitreous luster.

These phenocrysts characteristically distinguish the Hybrid Porphyry

from other intrusions, particularly where it has undergone Ca-Na al-

teration. A few xenoliths of calc-silicate hornfels, up to 15 mm in

diameter, are present in the Hybrid Porphyry.

Petrography

The Hybrid Porphyry has a seriate porphyritic texture in which

medium to finely crystalline phenocrysts are supported in a microcrys-

talline groundmass. These phenocrysts are composed of quartz, plagio-

clase feldspar, biotite, hornblende, and augite, as shown in Figure

33. With the exception of biotite, all phenocrystic phases are char-

acterized by two sub-populations of either euhedral or corroded and

embayed crystals. The groundmass is similar mineralogically to the
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Figure 31. Distribution of Hybrid Porphyry at the Ataspaca prospect.
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Figure 32. Fresh and altered Hybrid Porphyry; from left: fresh (AP
032); moderate tremolitic Ca-Na alteration (AT 1); intense diopsidic
Ca-Na alteration (AT 2); note progressive bleaching.

Figure 33. Photomicrograph of fresh Hybrid Porphyry; phenocrysts are
quartz, plagioclase feldspar, brown hornblende, and red-brown biotite;
note bright birefringent speckles of groundmass biotite; (AP 032);
width of view 5 mm; crossed polars.
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phenocrysts, but additionally contains orthoclase and Fe-Ti oxide.

Abundant groundmass biotite causes the black color of fresh Hybrid

Porphyry. Modal, chemical, and normative analyses of the Hybrid Por-

phyry are provided in Table 3, and the modal analysis of sample AP 032

is plotted on the LUGS Q-A-P ternary diagram in Figure 34. Only

sample AP 032 is plotted, because hydrothermal alteration has modified

the relative abundances of feldspar in the other two samples. The

small sizes of the groundmass minerals ( 0.03 mm) make accurate point-

counting impossible; therefore, the relative proportions of these

minerals have been visually estimated.

Plagioclase feldspar, the most abundant phenocryst mineral in the

Hybrid Porphyry, is represented by two sub-equal populations of tabu-

lar crystals. These two populations are characterized respectively by

normal and reversed compositional zonations, as depicted in Figure 35.

The normally zoned phenocrysts are composed of broad cores of labra-

dorite (An 60+) that grade sharply to edges of andesine (An 38) at the

rims. The reversely zoned phenocrysts, in contrast, are composed of

corroded cores of andesine (An 37) that are overgrown by thin poik-

ilitic rims of labradorite (An 64), which, in turn, grade sharply to

calcic andesine (An 47) at the edges, as shown in Figure 36. These

poikilitic rims contain inclusions of augite, hornblende, and biotite

from the adjacent groundmass. A small proportion of the corroded

phenocrysts have been overlain by a final thin rim of andesine that is

free of inclusions. Inclusions of biotite, hornblende, augite(?), and

Fe-Ti oxide, all coarser than those of the groundmass, are present

sporadically within the cores of the corroded andesine phenocrysts.

Plagioclase feldspar of the groundmass is normally zoned, and is
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Table 3: Modal, Chemical, and Normative Analyses of
the Hybrid Porphyry (Thp)

Modal Mineralogy, vol

AT 1 AT 2
Specimen AP 032

Q 2.1 ( 4.5) 6.6 0.8 ( 1.5) 2.3 0.8 ( 0.0) 0.8Or 0.0 (15.0)
p-a -
t 6.1 +8.8 (38.8)

15.0 0.0

9.5+8.4
(22.0) 22.0 0.0

10.1+11.3
( tr ) tr

52.4 (29.8) 47.7 (36.3) 57.7
Bi 1.6 ( 9.0) 10.6 0.6 ( 0.0) 0.6 0.0Hb 4.5 ( 6.0) 10.5 2.5 ( 0.0) 2.5 0 0Aug 1.4 ( 1.5) 2.9 1.3 ( 0.0) 1.3 0.0
Fe-Ti ox. ( 0.7) 0.7 0.0 0.0Sph 0.0 ( 1.0) 1.0

( 1.5) 1.5Ur/Bast 0.0 3.8 ( 0.0) 3.8 0.0Di 0.0 (14.4) 14.4 7.5 (28.1) 35.6Tm 0.0 ( 4.4) 4.4 0.0Ido 0.0 0.0 ( 0.6) 0.6Zeo 0.0 0.0
( 0.4) 0.4

Total 100.0 100.0 100.0Points 1342 1058 720s.g. 2.79 2.76 2.78C.I. 24.7 28.0 37.7

Chemistry, wt %

SiO2 60.73 59.37 60.55TiO2 0.83 0.78 0.82Al 0
3

17.16 16.11 15.76
F eJi 5.80 3.35 2.36MoO 0.08 0.09 0.08Mg0 3.17 3.73 3.84Ca0 6.56 8.80 11.46
N a20 2.76 3.43 4.53
K 2 0 2.43 4.28 1.07-2052-5 0.22 0.24 0.27

Total 99.74 100.19 100.74

Trace Metals, ppn

Cu
Mo
Pb

Zn

Ag

CIPW Normative Mineralogy, wt %

q 15.50 3.29 7.08
Or 14.36 25.29 6.32
ab 23.35 29.02 38.33
an 27.26 15.92 19.51
WO 0.00 0.00 1.50
di 3.15 21.05 25.53
by 11.93 2.81 0,30
mt 2.28 0.83 0.00
il 1.15 1.48 1.56
ap 0.51 0.56 0.63

*- Minerals listed as phenocrysts (groundmass) total.

a- Plagioclase feldspar phenocrysts listed as corroded + non-corroded.
1- Fresh Hybrid Porphyry 2- moderate endoskarn/potassically altered
3- diopside Ca-Na altered

Oxide analyses by Peter R. Hooper, Washington State University
Norms calculated assuming Fe203/Fe0 = 0.35.
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Figure 34. QAP diagram of modal analyss of the Hybrid Porphyry; fields
as in Figure 23; see text for details.
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Figure 35. Compositions of plagioclase feldspar phenocrysts and
groundmass crystals in the Hybrid Porphyry versus distance from outer
rim.

Figure 36. Photomicrograph of corroded and non-corroded plagioclase
feldspar phenocrysts; (AT 1); width of field 5 mm; crossed polars.
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composed of bytownite (An 73) that grades transitionally to outer

margins of andesine (An 35).

Groundmass minerals are included in the rims of corroded andesine

phenocrysts, but are absent from those of non-corroded labradorite

phenocrysts. Rims of the corroded phenocrysts presumably grew rapidly

and engulfed the groundmass crystals, whereas the rims of the non-cor-

roded phenocrysts grew more slowly and forced the groundmass crystals

aside. Rapid growth of the inclusion-filled rims may be explained by

a high concentration of alumina in the liquid near the crystal sur-

face. This highly concentrated alumina was produced by resorption of

the andesine phenocryst. Because the diffusivity of alumina in magma

is low by comparison to that of alkalies, the alumina remained near

the crystal whereas the alkalies dispersed. Therefore, the resulting

high concentrations of alumina enabled labradorite to rapidly grow and

capture groundmass minerals at the time of their crystallization.

Phenocrysts of quartz in the Hybrid Porphyry are typically sub-

hedral and equant with sharp boundaries (Fig. 33), but a small number

are deeply embayed by the groundmass, as shown in Figure 37. Quartz

is present with orthoclase and biotite in the groundmass, and together

they occupy positions interstitial to groundmass plagioclase feldspar

and hornblende.

Euhedral pale-green augite typically forms equant glomerocrysts,

as shown in Figure 38. Of these, a small number are pitted, corroded,

and embayed. Isolated glomerocrysts are pseudomorphically replaced by

uralitic tremolite and bastite serpentine, as illustrated in Figure

39. These alteration minerals are rich in magnesium and are normally

associated with the replacement of orthopyroxene. However, the possi-
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Figure 37. Photomicrograph of resorbed phenocrysts in the Hybrid Por-
phyry; quartz lower right, hornblende lower center; (AT 1); width of
view 5 mm; crossed polars.

bility that these altered glomerocrysts were composed of orthopyroxene

is in this case precluded by the presence of unreplaced crystals of

augite in some of the pseudomorphs. It appears that the pseudomorphs

are products either of deuteric alteration or possibly were produced

by thermal metamorphism related to nearby granitic intrusions. Re-

gardless, they are not considered to be products of moderate endoskarn

alteration that affects these rocks.

Phenocrysts of brown hornblende are euhedral, but occasionally

exhibit textures of deep embayment and resorption similar to those of

quartz and augite (Fig. 37). These phenocrysts contain sporadic in-

clusions of biotite, Fe-Ti oxide, and plagioclase. Some are crossed

by dark swaths of "sooty" Fe-Ti oxide(?) that appear to have exsolved

from the amphibole. Groundmass hornblende is lath-shaped and euhed-
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Figure 38. Photomicrograph of the Hybrid Porphyry; augite glomerocryst
on left, corroded plagioclase upper right, and tremolite-rimmed horn-
blende lower right; (AT 1); width of view 5 mm, crossed polars.

Figure 39. Photomicrograph of altered Hybrid Porphyry; hornblende on
left and right is rimmed by microgranular tremolite and diopside;
tremolite and bastite are pseudomorphous after an augite glomerocryst
in upper right; remnant of euhedral biotite is partly altered to trem-
olite, sphene, and feldspar; (AT 1); width of view 5 mm, plane light.
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ral, and may have thin overgrowths of pyroxene. These overgrowths are

considered to be of magmatic origin, because they are present in unal-

tered groundmass.

Phenocrysts of red-brown biotite exhibit both sharp and poikil-

itic margins against the groundmass minerals (Fig. 33). The poikil-

itic margins suggest that the phenocrysts grew during groundmass nuc-

leation, and that biotite was oversaturated with respect to the

groundmass liquid. Inclusions of hornblende and plagioclase feldspar

are present within these phenocrysts.

Certain phenocryst phases co-exist as accidental glomerocrysts

(Fig. 33), which imply genetically related populations. Corroded

plagioclase feldspar is associated with both biotite and hornblende,

whereas the non-corroded variety is associated only with hornblende.

Quartz and augite are discrete phases that appear not to associate

with other minerals.

The Hybrid Porphyry, on the basis of petrographic observations,

appears to have been in a state of compositional or thermal disequi-

librium prior to the crystallization of the groundmass. This disequi-

librium was probably caused by the mixture of two compositionally

distinct magmas. This conclusion is based on 1) two compositionally

distinct populations of plagioclase feldspar phenocrysts; 2) the pref-

erential corrosion of phenocrysts of andesine relative to those of

labradorite; 3) the resorption and embayment of phenocrysts of augite,

hornblende, and quartz; 4) the presence of pyroxene overgrowths on

groundmass hornblende; 5) the unique association of biotite pheno-

crysts with corroded plagioclase feldspar; and 6) the anomalous coex-

istence of phenocrysts of quartz and biotite with those of augite, in
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contrast to all other intrusions of the prospect area. Because this

evidence suggests that the intrusion may be the product of mixed mag-

mas, it is referred to as the Hybrid Porphyry.

Parent magmas of the Hybrid Porphyry were probably composed of

basaltic andesite and rhyodacite, as discussed below. Phenocrysts of

augite and labradorite would correlate with the basaltic andesite

magma, whereas those of quartz, andesine, and biotite would correlate

with the rhyodacite magma. Hornblende appears to have been common to

both magmas; although the presence of dark swaths of exsolved Fe-Ti

oxides(?) in some hornblende phenocrysts may indicate two populations

of the amphibole.

Primary ferromagnesian minerals of the Hybrid Porphyry have been

replaced by secondary tremolite, diopside, and sphene during Ca-Na al-

teration. Orthoclase has been replaced by plagioclase feldspar under

conditions of intense alteration (sample AT 2), but elsewhere it has

replaced plagioclase feldspar under moderate conditions (sample AT 1).

Chemistry

Major oxide and normative analyses for fresh and altered Hybrid

Porphyry are listed in Table 3. Fresh Hybrid Porphyry is composition-

ally similar to the average tonalite of LeMaitre (1976) but is much

less silicic than the average tonalite of Nockolds (1954). The aver-

age hornblende-biotite tonalite of Nockolds (1954) contains more Si02

and Na20, but less A1203, Ti02, MgO, CaO, and K20 than the Hybrid Por-

phyry. This difference is accounted for by labradoritic plagioclase

feldspar, augite, and abundant biotite in the Hybrid Porphyry. The

Hybrid Porphyry is more chemically evolved than the White Ridge and
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Road diorites, as it contains larger concentrations of Si02 and K20

and proportionately less of the other oxides. The relatively high

content of normative orthoclase in the Hybrid Porphyry is caused by

the relatively large abundance of biotite in the unaltered rock.

Ca-Na alteration of the Hybrid Porphyry has resulted in a de-

crease in the contents of FeOt and A1203 and an overall increase of

MgO, CaO, and Na20. These changes reflect the replacement of ferro-

magnesian minerals by diopside and tremolite and the possible enrich-

ment of the groundmass in sodic plagioclase feldspar. Additionally,

sample AT 1 is enriched in K20, whereas sample AT 2 is depleted.

These changes are caused by the replacement of groundmass plagioclase

feldspar by orthoclase in sample AT 1, whereas the reverse has taken

place in the case of sample AT 2. Increases of Na20 in each of these

altered samples are probably accommodated by the formation of second-

ary feldspar, a conclusion that is supported by the larger normative

feldspar content of these altered samples (see Table 3).

Mixed magma origin

The mixed-magma heritage of the Hybrid Porphyry, as determined

from petrographic studies, can be supported on the basis of major

oxide chemistry. The silica content of the Hybrid Porphyry (Si02

61%) is equivalent to a resultant blend of 57 percent basaltic ande-

site (Si02 55%) and 43 percent rhyodacite (Si02 69%). The compo-

sitions of the basaltic andesite and the rhyodacite are based on those

of the White Ridge diorite and the White Ridge granodiorite, respec-

tively. Other major oxides indicate that the Hybrid Porphyry may be

composed of 38 to 58 percent basaltic andesite.
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Phenocryst ratios of quartz to plagioclase feldspar in the White

Ridge granodiorite porphyry, and of quartz to corroded plagioclase

feldspar (andesine) in the Hybrid Porphyry are 1:6 and 1:5, respec-

tively. This similarity strongly suggests that the rhyodacite magma

was compositionally identical, but not necessarily related, to the

White Ridge granodiorite porphyry.

A mixture of sub-equal parts of basaltic andesite and rhyodacite

is supported by the modal mineralogy. The quartz phenocryst content

of fresh and moderately altered Hybrid Porphyry is approximately 1.5

percent. This compares with a quartz phenocryst content of 3.4 per-

cent for the White Ridge granodiorite porphyry, and indicates that the

Hybrid Porphyry is composed of 58 percent basaltic andesite and 42

percent rhyodacite; values within one percent of those determined from

the chemistry.

The White Ridge granodiorite porphyry modal average (rhyodacite)

and a diorite (basaltic andesite) are plotted with the fresh Hybrid

Porphyry on the TUGS Q-A-P ternary diagram (Fig. 34) and are connected

by a linear mixing line. The Hybrid Porphyry plots near the mixing

line and is equidistant between the two end-member magmas. The Hybrid

Porphyry is slightly richer in orthoclase than would be predicted by

this mixing diagram, but this apparent enrichment may be because the

modal orthoclase content of the intrusion was visually estimated.

Although crude, the mixing diagram supports a mixed magma heritage for

the Hybrid Porphyry.

Mixing of sub-equal parts of basaltic andesite and rhyodacite

would produce a hydrous magma rich in iron and potassium, and as a

result, biotite probably would be oversaturated in the magma. Such a
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model may explain the anomalous abundance of groundmass biotite and

the absence of resorption of the phenocrystic biotite in the Hybrid

Porphyry.

Age and Significance

The Hybrid Porphyry is of the same relative age as the White

Ridge and Road diorites. It does not crosscut other intrusions, but

it may be truncated by exotic blocks emplaced with the intrusion of a

later quartz monzodiorite magma. Moreover, the Hybrid Porphyry ad-

jacent to these exotic blocks has been hydrothermally altered by

fluids genetically related to the younger White Ridge granodiorite.

The rhyodacite parent magma of the Hybrid Porphyry suggests that

a reservoir of highly evolved magma was present at depth early in the

intrusive history of the Ataspaca area. This rhyodacite may have come

from one of several magma bodies, because intrusions less evolved than

this parent magma were emplaced after the Hybrid Porphyry. Alterna-

tively, if only a single magma body was involved, it may have been

subsequently contaminated by the addition of large volumes of basaltic

andesite magma. Another explanation is that the Hybrid Porphyry may

be coeval with the White Ridge granodiorite. This latter alternative

is possible because the relative age of the Hybrid Porphyry is infer-

red from limited field relationships and alteration patterns.

Quartz Monzodiorite Porphyry (Tiamd)

Several small bodies of porphyritic quartz monzodiorite are pres-

ent on the upper reaches of White Ridge in the northern one-half of

the Ataspaca prospect, as shown in Figure 40. The largest exposure
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Figure 40. Distribution of quartz monzodiorite in the Ataspaca pros-
pect area.
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of the quartz monzodiorite is located just below the upper Caplina-

Ataspaca path. This intrusion is circular in shape and approximately

80 m in diameter. Upslope from this intrusion are two irregular apo-

physes of quartz monzodiorite that have intruded into the Pelado For-

mation. All exposures of quartz monzodiorite probably represent pro-

tuberances of a single igneous body that underlies the highest part of

White Ridge.

Quartz monzodiorite has a porphyritic texture defined by medium

crystalline phenocrysts supported in a finely crystalline groundmass

that is characteristically speckled black and white, as shown in

Figure 41. Identifiable primary magmatic minerals are plagioclase

feldspar, hornblende, biotite, Fe-Ti oxide, and pyrite/limonite. The

color index of fresh quartz monzodiorite is approximately 20.

The lower body of quartz monzodiorite weathers with slight posi-

tive relief above the adjacent calc-silicate hornfels, skarnoid, and

argillite of the Pelado Formation. This resistance to weathering

localizes stream drainages on either side of the intrusion, and serves

to mark the upper end of White Ridge. The apophyses farther upslope

weather without relief.

The northeast side of the lower quartz monzodiorite is in contact

with compositionally diverse, intermediate plutonic rocks (Txb).

Because their compositions are variable, these rocks are considered to

be exotic blocks of dismembered intrusions that were dragged into

place during emplacement of the quartz monzodiorite magma.

The southwest side of the quartz monzodiorite is separated from

the White Ridge granodiorite porphyry (Tpgd) by a narrow screen of

metasedimentary rocks that is up to one meter in thickness. A tabular



100

Figure 41. Sample of quartz monzodiorite; note abundant ferromagnesian
minerals in the groundmass; (AT 13); hand lens for scale.

apophysis of granodiorite intrudes the west side of the quartz monzo-

diorite, whereas another separates the southeast side of the intrusion

from the White Ridge diorite (Tde).

The quartz monzodiorite is cut by minor northwest-trending

shears that cross into the adjacent granodiorite and exotic blocks.

These shears are oriented perpendicular to the axis of White Ridge and

suggest that the intrusions have been displaced a small, presumably

vertical, distance by the emplacement of magmas nearby to the south

west.

Xenoliths of finely crystalline diorite are common in the quartz

monzodiorite. These xenoliths have an apparent color index greater

than that of the quartz monzodiorite, and are petrographically similar

to, but richer in orthoclase, than the White Ridge diorite.
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Petrography

The quartz monzodiorite porphyry has a porphyritic hypidiomorphic

granular texture in which phenocrysts of medium-size are supported in

a finely crystalline ( 0.4 mm), allotriomorphic groundmass. The

phenocrysts are composed of plagioclase feldspar, quartz, hornblende,

and biotite. The groundmass is compositionally similar to the pheno-

crysts, but contains abundant biotite, orthoclase, and accessory min-

erals. Modal, chemical, and normative analyses of the quartz mon-

zodiorite are provided in Table 4, and the modal data are plotted on

the IUGS Q-A-P diagram in Figure 42.

Quartz, though common in the groundmass, rarely forms phenocrysts

in the quartz monzodiorite. They are anhedral, where present and as

shown in Figure 43, and constitute less than 0.5 percent of the in-

trusion. Groundmass quartz and orthoclase are interstitial to plag-

ioclase feldspar and the ferromagnesian minerals. Quartz rarely con-

tains minute rods of apatite, whereas orthoclase contains both apatite

and shreds of biotite.

Plagioclase feldspar constitutes more than one-half of the

quartz monzodiorite porphyry. Phenocrysts of this feldspar have

oscillatory compositional zonations in which cores of calcic andesine

(An 46) grade transitionally to outer cores of medium andesine (An

40). These cores are encapsulated by normally zoned rims of sodic

labradorite (An 51) that grade to oligoclase (An 15) at the edges.

Some phenocrysts tend to exhibit pronounced oscillatory zones in the

core, whereas others show little at all. Groundmass plagioclase is

normally zoned and compositionally similar to that found on the rims

of the phenocrysts. Inclusions of biotite, hornblende, apatite, Fe-Ti
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Table 4: Modal, Chemical, and Normative Analyses of
the Quartz Monzodiorite Porphyry, Tpqmd

Modal Mineralogy, vol
*

AT 121 AT 4-
Specimen AT 131

Q 0.5 (18.6) 19.1 0.0 (18.3) 18.3 0.0 (16.2) 16.2
Or 0.0 ( 8.7) 8.7 0.0 (15.5) 15.5 0.0 (14.2) 14.2
Pf 25.8 (29.5) 55.3 19.9 (28.2) 48.1 25.9 (26.5) 52.4
Bia 1.3 ( 2.1) 3.4 1.9 ( 1.3) 3.2 0.0
Hb 2.6 ( 3.0) 5.6 3.3 ( 4.4) 7.7 2.3 ( 7.3) 9.6
Aug 0.0 0.0 0.0
Fe-Ti oxide 1.0 0.4 0.2
Sph 0.6 0.9 0.8
Epi/Zo 1.3 0.8 1.4
Chl 3.8 3.5 1.2 ( 2.9) 4.1
Ap 0.2 0.2 0.2
Zr/Allan tr 0.3 tr
Wh Mica 0.7 tr 0.1
Zeo 0.2 1.0 0.7
Py/Lim 0.1 0.1 0.0

Total 100.0 100.0 100.0
Points 1463 1675 1375
s.g. 2.63 2.64
C.I. 15.8 16.9 16.1

Chemistry, wt 2

SiO2 65.17
TiO2 0.68
Al203 0 16.52
Fe° 4.67
Mn0 0.04
Mg0 2.33
Ca0 4.64
Na 2 0 2.48
K20 2.65
-2-52-5 0.17

Total 99.35

Trace Metals, ppm

Cu 75
Mo 2
Pb - 35
Zn 60
Ag <0.3

CIPW Normative Mineralogy, wt

q 26.99
Or 15.66
ab 20.99
an 21.91
c 1.54
di 0.00
by 8.83
mt 2.64
11 1.29
ap 0.39

*- Minerals listed as phenocrysts, (groundmass), total

a- Biotite exclusively replaced by chlorite
1- weak chlorite-epidote alteration

combined with incipient amph endoskarn

Oxide analyses by Peter R. Hooper, Washington State University
Norms calculated assuming Fe202/Fe0 = 0.60.
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Figure 42. QAP diagram of modal analyses of the quartz monzodiorite;
filled symbol is suite average; compositional fields as shown in
Fig. 23.
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Figure 43. Photomicrograph of quartz monzodiorite; note anhedral
quartz and corroded and non-corroded plagioclase feldspar phenocrysts;
(AT 13); width of view 5 mm; crossed polars.

oxide, and clinopyroxene(?) are present in some of the phenocrysts.

Corrosion and alteration are ubiquitous in the cores of ground-

mass plagioclase feldspar and are characterized by the growth of

clinozoisite and chlorite. Identical corrosion textures and altera-

tion minerals are present at various locations within many of the

phenocrysts of plagioclase feldspar. These zones of corrosion and

alteration are invariably overlain by unaltered plagioclase that var-

ies in thickness from thin rims to thick mantles. Phenocrysts with

unzoned cores generally escape corrosion and alteration, although thin

zones of corrosion beneath the oligoclase edge are sporadically pre-

sent. Some of these zones are attributable to preferential replace-

ment of calcic plagioclase feldspar by secondary clinozoisite and

chlorite, whereas others may be the result of disequilibrium resorp-
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tion of the phenocrysts by the groundmass liquid. Resorption corre-

lates with the nucleation of the groundmass crystals and with events

earlier in the crystallization history of the magma. These earlier

events are speculated to represent changes in magma temperature caused

by surging or convection of the magma and phenocrysts into different

levels of a magma chamber.

Other phenocrysts in the quartz monzodiorite are subhedral brown

biotite and weakly-pitted, euhedral green hornblende. Biotite does

not replace amphibole, as illustrated in Figure 44. Both minerals

contain inclusions of plagioclase, Fe-Ti oxide, apatite, and zircon.

Groundmass hornblende forms stubby pitted euhedra whereas groundmass

biotite forms subhedral to anhedral flakes. Accessory Fe-Ti oxide,

apatite, sphene, zircon, and allanite are present in the groundmass

and as inclusions in the ferromagnesian phenocrysts. Sparse pyrite

anhedra enclose groundmass quartz and plagioclase poikilitically and

may be altered to goethite/limonite. The texture of the pyrite sug-

gests it was an immiscible bleb in the magma.

The sequence of crystallization of the quartz monzodiorite por-

phyry has been deduced from textures observed petrographically. These

observations indicate that plagioclase feldspar, clinopyroxene(?),

apatite, zircon, and Fe-Ti oxide were the initial phases to crystal-

lize, and that these subsequently were accompanied by hornblende, bio-

tite, and finally quartz. Orthoclase did not crystallize until the

groundmass nucleated. Phenocrysts constituted 26 to 30 percent of the

intrusion at the time of groundmass nucleation.

Modal analyses of the quartz monzodiorite plot in both the

quartz monzodiorite and granodiorite fields of the TUGS Q-A-P diagram,
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Figure 44. Photomicrograph of quartz monzodiorite; note weakly pitted
hornblende and the chlorite/clinozoisite cores of groundmass plagio-
clase feldspar; (AT 13); width of view 5 mm; crossed polars.

but the average analysis for the intrusion falls into the granodiorite

field. However, this intrusion is designated as quartz monzodiorite,

because the average quartz content of the intrusion is less than 20

percent. This designation serves additionally to distinguish this

intrusion from younger intrusions of granodiorite.

Part of the phenocrystic biotite and most of the groundmass bio-

tite are altered to chlorite, sphene, leucoxene, and epidote. Associ-

ated with this chloritic alteration, plagioclase feldspar is speckled

with incipient clots of clinozoisite. Secondary amphibole is weakly

intergrown with chlorite where endoskarn alteration is superimposed on

the chloritic alteration. Traces of zeolite are sparingly present in

the groundmass in altered quartz monzodiorite.
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Chemistry

A single chemical analysis of weakly chloritically altered

quartz monzodiorite porphyry is provided in Table 4. In comparison to

the White Ridge diorite, the quartz monzodiorite is significantly

enriched in Si02 (65.80 % vs. 54.38 %) and K20 (2.68 % vs. 1.69 %),

but is depleted in the other major oxides. Additionally, in compari-

son to the Hybrid Porphyry, the quartz monzodiorite is enriched in

Si02 (65.80 % vs. 61.07 %) and depleted in Ca0 (4.68 % vs. 6.59 %).

Compared to the average hornblende-biotite tonalite of Nockolds

(1954), quartz monzodiorite is depleted in Ca0 (4.68 % vs. 5.36 %) and

enriched in K20 (2.68 % vs. 1.45 %). Normative plagioclase feldspar

of the quartz monzodiorite is sodic labradorite, and accurately re-

flects the labradoritic cores of the groundmass feldspar. The pres-

ence of normative corundum in this sample indicates that alumina may

have enriched relative to other oxides by leaching during weak propyl-

itic alteration.

Age and Significance

The quartz monzodiorite, based on xenoliths and cross-cutting

field relationships, is younger than the White Ridge diorite, the Hy-

brid Porphyry, and adjacent exotic blocks, but is older than the White

Ridge granodiorite porphyry. The modal compositional field of the

quartz monzodiorite is similar to that of the Santa Rosa tonalite-

monzotonalite in the Lima Segment of the Coastal Batholith (Cobbing et

al., 1981). The latter intrusions were classified with a modified

Q-A-P diagram in which the field boundary was changed from 20 to 15

percent, and low-orthoclase granodiorites were named monzotonalite.
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The magma was quenched either thermally by emplacement into cold

country rocks or by evolution and escape of volatiles. The average

size of groundmass minerals in the quartz monzodiorite is twice as

large as those in the pervasively altered White Ridge granodiorite,

discussed in the following section. This textural difference implies

that the rate of nucleation of the groundmass was slower in the quartz

monzodiorite, and compared to the granodiorite, it may have been only

weakly saturated with fluids at the time of emplacement. Thus, the

quartz monzodiorite probably did not establish a significant hydro-

thermal system and did not contribute much to the silication of the

limestones or to the mineralization of the exoskarns in the prospect.

This interpretation is supported by the absence of appreciable endo-

skarn or Ca-Na alteration within the quartz monzodiorite.

White Ridge Granodiorite Porphyry (Tpgd)

The White Ridge granodiorite porphyry is the most pervasively

altered intrusive unit in the Ataspaca prospect area. This intrusive

unit, as depicted in Figure 45, is comprised of two distinct bodies of

granodiorite that differ in size and alteration intensity. The larg-

est body of granodiorite is a quasi-circular stock with a diameter of

approximately 200 m. It is located in the middle part of White Ridge,

shown in Figure 46. This stock has undergone intense, pervasive Ca-Na

alteration. The smaller body of granodiorite is approximately 50 m in

diameter, and is located 100 m northwest of the larger stock. The

south side of this smaller intrusion has undergone moderate chlorite-

epidote (propylitic) and endoskarn alteration that diminishes to nil

toward the central and northern parts.
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Figure 45. Distribution of the White Ridge granodiorite porphyry in
the Ataspaca prospect area.
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Figure 46. View to east at the upper end of White Ridge; granodiorite
constitutes most of the ridge above the lower trail; note resistant
cliffs of dark exoskarn above the ridge.

Fresh samples of White Ridge granodiorite are characterized by a

porphyritic texture in which medium-sized phenocrysts are set in a

finely crystalline, leucocratic groundmass, as shown in Figure 47.

The phenocrysts consist of quartz, plagioclase feldspar, hornblende,

and biotite, and the color index is approximately 15. The granodior-

ite is distinguished from quartz monzodiorite by its leucocratic

groundmass, a lower color index, and quartz phenocrysts, and from

monzogranite by the absence of orthoclase phenocrysts. Under increas-

ing intensities of Ca-Na alteration, the granodiorite is bleached

through progressively paler shades of green until it is nearly white,

as in Figure 48. White Ridge is named for this light coloration.

The larger stock of White Ridge granodiorite is in contact with

older quartz monzodiorite porphyry (Tpqmd) and White Ridge diorite
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Figure 47. Fresh White Ridge granodiorite porphyry; hand lens for
scale. (AT 35a).

Figure 48. Ca-Na altered White Ridge granodiorite porphyry; ferromag-
nesian minerals have been altered to tremolite and/or sphene; drusy
laumontite(?) mantles the near surface, (AT 24).
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(Tde) on its northeast and southeast sides, respectively. Apophyses

of granodiorite crosscut these older intrusions, as discussed in pre-

vious sections and as shown in Figure 20, and they intrude exotic

blocks (Txb) on the north side of the quartz monzodiorite. Angular

clasts of quartz monzodiorite, up to 30 cm in diameter, are enclosed

within the northeast margin of the stock. Emplacement of the grano-

diorite between the older intrusions produced brittle microfractures

in the White Ridge diorite. These fractures enhanced the flow of

hydrothermal fluids through the northeastern part of the diorite,

which resulted in intense vein- and fracture-controlled Ca-Na altera-

tion (Figs. 25 and 26).

The west side of the larger granodiorite stock is in contact

with the younger White Ridge monzogranite porphyry (Tpmg). The

granodiorite is sheared near the contact, whereas the monzogranite is

fresh and undeformed. White coloration of the granodiorite, caused by

intense Ca-Na and zeolitic alteration, contrasts markedly with the

fresh monzogranite and helps to locate the contact. This contact dips

steeply to the northeast along the northwest side of White Ridge. The

orientation of this contact is difficult to determine on the southeast

side of the ridge, because the granodiorite has been complexly deform-

ed by the subsequent emplacement of the monzogranite porphyry, exotic

blocks, and two units of breccia (Tbx-1 and Tbx-2). The youngest of

these breccias contain clasts of White Ridge granodiorite that have

been potassically altered.

Deformation appears to be intense in the larger stock, based on

the presence of rubbly outcrops, although it is difficult to document.

However, shears, joints, and at least one vertical fissure trend
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north-northwest across the north side of the stock, approximately

perpendicular to the axis of White Ridge. Orientations of these

structures indicate that the granodiorite may have been displaced

vertically a small distance by the emplacement of subsequent intru-

sions.

Open-space veins of orthoclase sparingly cut the larger intrusion

of granodiorite, and appear to be most abundant along, and crudely

perpendicular to, its margins. They vary up to 1.5 cm in thickness

and also contain diopside, sphene, and epidote. More-abundant vein-

lets and fracture-coatings of zeolite are common throughout the in-

trusion and along its sheared contacts.

The south side of the smaller granodiorite stock is in contact

with skarnoid and hornfels of the Pelado Formation. Other sides of

this stock are in contact with exotic blocks of diorite (Txb) through

which the granodiorite intruded. Blocks on the northeast side of the

stock appear to have been sheared against the granodiorite during the

subsequent emplacement of the breccia sill (Tbx-2). Combined chlor-

ite-epidote and endoskarn alteration of this stock are most intense

adjacent to the metasedimentary strata.

White Ridge granodiorite weathers with weak positive relief above

the surrounding metasedimentary country rocks. Ca-Na altered grano-

diorite weathers to resistant hummocks surrounded by crumbly zeolitic

debris. Weathering of this granodiorite is enhanced locally by high

fracture densities and by the alteration of plagioclase feldspar to

zeolite. Chlorite-epidote alteration does not appreciably affect the

weathering resistance of these intrusions.
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Petrography

White Ridge granodiorite exhibits a porphyritic hypidiomorphic

granular texture in which medium-sized phenocrysts are supported in a

finely crystalline ( 0.2 mm) microgranitic groundmass. The pheno-

crysts of quartz, plagioclase feldspar, biotite, and hornblende, shown

in Figure 49, are set in a groundmass of subequal amounts of quartz,

orthoclase, and plagioclase feldspar, plus traces of varietal horn-

blende and biotite and accessory minerals. Modal, chemical, and norm-

ative analyses of the granodiorite are provided in Table 5, and the

modal data are plotted on the IUGS Q-A-P ternary diagram in Figure 50.

Phenocrysts of quartz vary from 3.0 to 0.6 mm in diameter, are

subhedral to anhedral, typically embayed, and occasionally glomero-

crystic. Euhedral phenocrysts are uncommon and always embayed. In-

clusions of biotite, hornblende, apatite, plagioclase, and muscovite

are contained within some of these phenocrysts. The inclusions of

muscovite are extremely rare and occupy phenocrysts devoid of other

inclusions. These muscovite-bearing phenocrysts are interpreted to be

xenocrystic and probably derived from the Arequipa Massif through

which the granodiorite magma must have ascended. The absence of meta-

morphic fabrics in muscovite-bearing quartz may be the result of ther-

mal annealing.

Orthoclase constitutes up to 25 percent of the granodiorite, but

is present only in the groundmass. It is anhedral and untwinned in

large intensely altered masses of the intrusion, but is tabular and

contains Carlsbad twins in unaltered dikes. Whether this textural

difference is caused by cooling rates or hydrothermal alteration is

unknown.



Figure 49. Photomicrograph of White Ridge granodiorite porphyry; weak
potassic alteration; (AT 78); width of view 5 mm; crossed polars.

Plagioclase feldspar constitutes the most abundant phenocrystic

phase of the granodiorite. These phenocrysts have oscillatory

compositional zones characterized by broad cores of zoned andesine

(An 49-34) that grade abruptly but transitionally at the edges to

sodic oligoclase (An 15). Groundmass plagioclase feldspar is simply

zoned and compositionally identical to the rims of the phenocrysts.

The phenocrysts contain inclusions of biotite, hornblende, Fe-Ti

oxide, and apatite. Some individual phenocrysts appear to be broken

and offset up to one millimeter, which suggests that the granodiorite

magma intruded violently up the Chucchuco fault system.

Fresh phenocrysts of hornblende are brown and typically form

pitted euhedra that rarely excede 5 mm in length. Traces of late

magmatic biotite are intergrown with hornblende and replace it.
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Table 5: Modal, Chemical, and Normative Analyses of
the White Ridge Granodiorite Porphyry, Tpgd

Modal Mineralogy, vol
a

AT 35a-?- 3AT 78- AT 79-1

1 of 3

AT 83a1
Specimen AT 5-

0 2.6 (20.7) 23.3 6.2 (14.5) 20.7 2.5 (19.3) 21.8 2.9 (21.9) 24.8 4.5 (20.4) 24.9
Or (18.6) 18.6 (25.2) 24.9 (18.3) 18.3 (15.7) 15.7 (18.4) 18.4
Pf 29.0 (18.0) 47.0 32.8 (10.2) 43.0 32.0 (14.8) 46.8 23.6 (16.6) 40.2 25.0 (15.9) 40.9
Bi 1.9 ( 0.0) 1.9 2.0 ( 0.0) 2.0 5.0 ( 1.9) 6.9 3.8 ( 3.0) 6.8 5.3 ( 5.2) 10.5
Hb 2.3 ( 2.2) 4.5 5.2 ( 1.8) 7.0 1.0 ( 0.1) 1.1 0.0 0.9 ( 0.0) 0.9
Fe-Ti oxide 0.3 0.2 0.1 1.4 0.7
Sph 0.9 0.6 0.1 1.0 0.5
Epi/Czo 1.4 0.4 0.0 2.6 0.5
Chl 1.7 0.9 0.0 1.6 ( 4.6) 6.2 2.1Ap 0.1 0.1 0.1 0.3 0.2
Zr/Allan 0.3 tr 0.1 0.2 tr
Bi(after hb) 0.0 0.0 4.4 0.0 0.0
Wh Mica 0.0 0.0 0.0 0.5 0.2
Py/Lim 0.0 0.0 0.3 0.3 0.2

Total 100.0 100.0 100.0 100.0 100.0
Points 738 1411 800 1316 1247
s.g. 2.60 2.69 2.70
C.I. 11.0 11.1 13.0 19.0 15.6

Chemistry, wt Z

SiO 2 67.74 69.02TiO2 0.42 0.49
Al2O323 15.86 15.82Fe0- 2.52 3.48
Mn0 0.03 0.02
MgO

1.16 1.69
CaO

2.91 3.29
Na2O 3.92 3.59
K2O 2.03 3.35
-2052-5 0.18 0.14

Total
96.77 100.89

Trace Metals, ppm

Cu 35 235 80
Mb 1 <1 2
Pb 20 25 30
Zn 40 65 55
Ag <0.3 <0.3 <0.3

CIPW Normative Mineralogy, wt %

q 35.23 25.17
or 12.35 19.80
ab 25.39 30.38
an 13.64 15.41
c - - 4.14 0.64
di - 0.00 6.35
by 3.96 - 5.56
mt 1.78 2.17
it 0.82 0.93
ap - 0.44 0.32

*- minerals listed as phenocrysts, (groundmass), total
1- weak chlorite-epidote alteration
2- incipient Ca-Na alteration

3- moderate potassic alteration; a clast from the breccia sill (Tbx-2)

Oxide analyses by Peter R. Hooper, Washington State University (AT 83a) and by
Chemex Labs, Vancouver, B.C. (AT 78).

Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
Norms calculated assuming Fe203/Fe0 = 0.60.
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Table 5: (continued)

Modal Mineralog/. vol
2AT 18- AT 20-2 AT 25-2

Specimen AT 8-

Q 1.2 (16.1) 17.3 3.9 (14.7) 18.6 3.9 (15.2) 19.1 4.5 (14.5) 19.0
Or (25.2) 25.2 (19.2) 19.2 (15.4) 15.4 (24.9) 24.9
Pf 31.5 (16.1) 47.6 32.4 (17.4) 49.8 43.7 ( 8.4) 52.1 36.7 (10.4) 47.1
Amph 1.8 ( 0.6) 2.4 2.1 ( 7.3) 9.4 2.4 ( 5.5) 7.9 3.2 ( 1.5) 4.7
Di 2.0 ( 2.6) 4.6 0.2 0.0 ( 1.3) 1.3
Fe-Ti oxide 0.0 0.0 0.0 0.0
Sph 1.4 1.9 1.5 1.7
Epi/Czo 0.2 tr 0.4 0.4
Chl 0.2 0.0 0.0 0.0
Ap 0.1 0.3 0.2 0.3
Zr 0.1 tr tr tr
Py/Lim 0.0 0.0 0.5 tr
Zeo 0.9 0.6 2.9 0.6

Total 100.0 100.0 100.0 100.0
Points 801 1239 933 965
s.g. 2.60

2.51
C.I. 9.0 11.8 10.5 8.4

Chemistry, wt

SiO2 68.35 -
68.55

TiO
2 0.51 -

0.53
A1203 16.27 16.27
FeO 0.50

0.43
MnO 0.01

0.02
MgO 1.19 -

1.30
Ca0 4.91 -

4.27
Na 20 3.38 -

3.64
K 2 0 4.04

3.92
-205 0.1525 _

0.14

Total 99.30
99.08

Trace Metals, ppm

Cu - 60
Mo - <1
Pb

15
Zn

50
Ag

<0.3

CIPW Normative Mineralogy, wt Z

q 22.67 22.50
or 23.88 23.17
ab 28.60 30.80
an 17.29 16.48
di 4.35 2.42
by 0.95 2.12
mt 0.04 0.00
it 0.70 0.63
hm 0.20 0.17
ti 0.35 0.48
ap 0.35 0.32

*- minerals listed as phenocrysts, (groundmass) total
1- tremolite-diopside Ca-Na alteration
2- tremolite Ca-Na alteration

Oxide analyses by Peter R. Hooper, Washington State University

Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
Norms calculated assuming Fe203/Fe0 = 0.60.
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Table 5: (continued)

Modal Mineralogy. vol I*

AT 28-2

3 of 3

AT 1443Specimen AT 261

Q 3.9 (24.9) 28.8 3.6 (14.9) 18.5 Q 1.0 (19.3) 20.3
Or 0.0 (26.1) 26.1 Or (24.8) 24.8
Pf 34.9 (24.0) 58.9 30.6 (13.4) 44.0 Pf 24.8 (15.8) 40.6
Amph 0.0 5.1 ( 3.4) 8.5 Bi 0.5 ( 0.0) 0.5
Di 0.8 ( 2.5) 3.3 0.0 Amph 3.2 ( 7.1) 10.3
Fe-Ti oxide 0.0 0.0 Fe-Ti oxide 0.1
Sph 1.1 1.5 Sph 1.2
Epi/Czo 0.5 0.2 Epi/Czo 1.8
Chl 0.1 0.0 Chl 0.2
Ap 0.2 0.1 Ap 0.1
Zr/Allan tr 0.3 Zr/Allan 0.1
Zeo 2.8 0.8 Zeo 0.0
EZ 0.0 0.0 Py/Lim tr

Total 100.0 100.0 100.0
Points 1085 978 1381
s.g. 2.52 _

C.I. 5.5 10.6 14.2

Chemistry, wt Z

SiO
2 66,65 -

TiO 2 0.48 -
Al203 0 15.82 -

Fe° 1.32 -

Mn0 0.03 -

Mg0 0.80 -

Ca0 5.15
Na2O 5.02 -
K
2
0 0.48

-20 5 0.22

Total 95.97

Trace Metals, nom

Cu
Mo

Pb

Zn

Ag

CIPW Normative Mineralogy, wt Z

q 25.99
or 2.95 _

ab 44.26
an 19.99
di 4.02
hy 0.41 -

mt 0.88
il 0.95
ap 0.53

*- minerals listed as phenocrysts, (groundmass), total
1- diopside Ca-Na alteration

2- tremo-actinolite Ca-Na alteration

3- combined chlorite-epidote alteration and actinolite endoskarn

Oxide analyses by Chemex Labs, Vancouver, B.C.

Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
Norms calculated assuming Fe203/Fe0 = 0.60.
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Figure 50. QAP diagram of modal analyses of the White Ridge granodior-
ite porphyry; filled symbol is the average for the suite; fields as in
Figure 23.
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Groundmass hornblende is uncommon and forms pitted euhedra similar in

morphology to the phenocrysts. Inclusions of zircon, apatite, Fe-Ti

oxide, and plagioclase feldspar are contained in the phenocrysts.

Brown biotite forms subhedral "books" in fresh granodiorite (Fig.

49). These phenocrysts contain inclusions of apatite, zircon, Fe-Ti

oxide, and plagioclase feldspar. Groundmass biotite is rare and forms

anhedral shreds.

Accessory minerals are composed of Fe-Ti oxide, apatite, zircon,

allanite, sphene, pyrite, and zeolite. They are present as discrete

phases in the groundmass and, as indicated above, as inclusions in the

phenocrysts. Fe-Ti oxide, apatite, and zircon congregate with horn-

blende and biotite in sporadic clots up to 10 mm across, and may con-

stitute restite material.

The sequence of crystallizaton in the White Ridge granodiorite

prior to quenching has been determined from textures observed petro-

graphically. Plagioclase feldspar, apatite, zircon, allanite, and

Fe-Ti oxide were the initial crystalline phases, and these subsequent-

ly were accompanied or superseded by hornblende, biotite, and finally

quartz. The granodiorite magma contained approximately 40 percent

phenocrysts at the time of groundmass crystallization.

Modal analyses of White Ridge granodiorite plot in the grano-

diorite and monzogranite fields of the IUGS Q-A-P ternary diagram

(Fig. 52). Because the average for the suite of modal analyses plots

in the granodiorite field, the intrusion is designated granodiorite

rather than monzogranite. Modal analyses have not been plotted for

samples in which orthoclase is hydrothermally altered.

With Ca-Na alteration, 1) biotite is either dissolved or replaced
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by actinolite, tremolite, and/or diopside, plus sphene; 2) hornblende

is pseudomorphically replaced by actinolite, tremolite, and/or diop-

side, plus sphene; 3) Fe-Ti oxide is replaced by sphene; 4) orthoclase

is replaced by oligoclase and quartz; and 5) plagioclase feldspar is

replaced by oligoclase, zeolite, plus or minus epidote. Secondary

oligoclase (An 15) is compositionally identical to the rims of pheno-

crystic and groundmass plagioclase feldspar. This secondary feldspar

replaces andesine phenocrysts along anastomozing and network micro-

fractures. Additionally, microveinlets of secondary zeolite addition-

ally cut the feldspar phenocrysts and, in combination with secondary

oligoclase, impart a milky appearance to the feldspar that resembles

moderate sericitic or argillic alteration. The dissolution of biotite

produces tiny vugs in Ca-Na altered granodiorite.

With chlorite-epidote alteration, biotite and hornblende are

replaced by chlorite, epidote, and leucoxene/sphene, whereas the ande-

sine cores of plagioclase feldspar are replaced by epidote.

With potassic alteration, 1) hornblende is pseudomorphically

replaced by mats of finely crystalline, subhedral brown biotite; 2)

plagioclase feldspar is pseudomorphically replaced by intergrowths of

oligoclase and orthoclase; and 3) Fe-Ti oxide is replaced by pyrite.

The intensity of potassic alteration is greatest in selvages adjacent

to orthoclase-rutile veinlets.

Chemistry

Whole-rock major oxide chemical analyses of White Ridge grano-

diorite are provided in Table 5, and include samples that have been

affected by weak propylitic (AT 83a), variably intense Ca-Na (AT 8,
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25, and 26), and moderate potassic (AT 78) alteration. Based on the

analysis of the least altered sample (AT 83a), the granodiorite is

compositionally intermediate between the average hornblende-biotite

granodiorite and adamellite of Nockolds (1954), and is compositionally

similar to the average adamellite of LeMaitre (1976). Compared to the

quartz monzodiorite porphyry, White Ridge granodiorite porphyry is

enriched in SiO2 (68.48 % vs. 65.80 %) and K20 (3.32 % vs. 2.44 %),

but depleted in other oxides. These differences correspond to more

abundant quartz and orthoclase and a lower color index for the grano-

diorite.

Ca-Na alteration has enriched the granodiorite in Ca0 and Na20 at

the expense of FeOt and, locally, K20, but has caused little change in

the other oxide components. Minor differences in Mg0 may have been

caused by 1) magmatic variation between the samples analyzed, 2) meta-

somatism, or 3) the effects of unseen veins in the samples. The quan-

titative effects of this alteration are discussed in detail in later

sections concerned with hydrothermal mineralization. Similarly, the

qualitive effects of potassic alteration also are discussed in these

later sections.

Trace metals appear to be neither enriched nor depleted by endo-

skarn alteration. However, the introduction of sulfides to chlorite-

epidote altered granodiorite (AT 79) may lead to enhanced concentra-

tions of Cu (235 versus 70 ppm). This copper may have been introduced

either by fluids responsible for the pervasive alteration of the

granodiorite, or by fluids associated with the emplacement and altera-

tion of the White Ridge breccias (Tbx-1).



123

Age and Significance

The White Ridge granodiorite, based on contact relationships, is

younger than both the White Ridge diorite and the quartz monzodiorite,

but is older than the White Ridge monzogranite porphyry. Morpholo-

gical and compositional similarities of ferromagnesian and feldspar

phenocrysts in both the granodiorite and quartz monzodiorite suggest

that the former intrusion may be a differentiate of the latter.

Hydrothermal alteration of the White Ridge granodiorite reflects

a fluid chemistry that was dominated by calcium and perhaps derived

from limestones of the Pelado Formation. On the basis of pervasive

Ca-Na alteration, the granodiorite is inferred to have been both a

major source of hydrothermal fluids and a major contributor to the

silication of the country rocks. A large body of exoskarn that forms

prominent cliffs above the upper end of White Ridge (Fig. 47) may have

been formed by metasomatic exchange with the granodiorite.

Caplina-Ataspaca Seriate Monzogranite (Tsmg-1)

The largest intrusion in the Ataspaca prospect area is the Cap-

lina-Ataspaca pluton, first mapped and described by Wilson and Garcia

(1962). The pluton is approximately circular in plan and is greater

than 4 km in diameter (Fig. 4). The northeast flank of the pluton

crops out in the southwest part of the prospect over an area of 0.3

km2, as depicted in Figure 51.

Fresh samples of Caplina-Ataspaca monzogranite, as shown in Fig-

ure 52, have a medium crystalline, sub-porphyritic to equigranular

texture. Identifiable primary magmatic minerals are quartz, orthocla-

se, plagioclase feldspar, biotite, hornblende, Fe-Ti oxide, and trace
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Figure 51: Distribution of the Ataspaca seriate monzogranite in the
Ataspaca prospect.
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Figure 52. Caplina-Ataspaca seriate monzogranite; (AT 98); hand lens
for scale.

pyrite. The color index of fresh monzogranite is approximately 12.

This monzogranite is recognized easily by its texture, color index,

and visible orthoclase.

The contact of the Caplina-Ataspaca pluton is discordant, dips

vertically or steeply outward, and trends N15°W throughout most of the

prospect area. This trend is subparallel to stratigraphic strike of

adjacent country rocks. At the north end of the prospect, however,

the contact 1) swings sharply westward through an arc of 120° to a

trend of S45°W; 2) remains steeply dipping; and 3) coincides with the

axis of White Ridge. This structural coincidence suggests that a

high-angle northeast-trending Chucchuco(?) fault acted both as a mag-

matic conduit for the White Ridge intrusions and as a discontinuity

along which the roof rocks above the pluton were raised.

The eastern contact of the Caplina-Ataspaca pluton is approxi-
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mately concordant with strata of the Pelado Formation south of Atas-

paca. This contact is sharp, undeformed, and dips 60° to 75° outward

from the pluton, as shown in Figure 53. These contact relationships

indicate that the eastern side of the pluton has a laccolithic mor-

phology, in contrast to the northwestern side, which is discordant and

vertical, as depicted in Figure 6. The mode of emplacement of the

pluton is discussed in greater detail in the chapter concerning the

structural geology of the Ataspaca area.

Chilled margins are generally absent along the contact south of

Ataspaca, although sparse bodies of biotite-rich rock up to two meters

across are present. These bodies may represent remnant chilled mar-

gins or xenoliths trapped within the rapidly cooled carapace of the

intrusion, although chilled margins were not recognized within the

Ataspaca prospect area.

Aplitic veins, up to 25 cm wide and 30 m long, cut the margin of

the pluton in outcrops due south of Ataspaca. These veins are orient-

ed perpendicular to the contact of the pluton and pinch out within one

or two meters of it. The aplitic texture of the veins becomes coarser

farther from the contact and ultimately merges with that of the sur-

rounding monzogranite. These veins appear to represent late-stage

crystallization phases of the monzogranite that filled tensional frac-

tures within the pluton carapace. Orientations of these fractures

indicate that the carapace was dilated by an increase in pressure from

within the pluton. This increase in pressure may have been caused

either by an increase in magma volume or by an increase in high-pres-

sure volatiles evolved during crystallization of the monzogranite.

Similar aplitic veins are present elsewhere in Ataspaca area, but are
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Figure 53. View to south past Ataspaca showing the concordant contact
of the Pelado Formation and Caplina-Ataspaca pluton dipping to the
east; note the east-west trending fault along the lower hillside.

poorly exposed.

Sparse xenoliths of diorite, which have ovoid form and diameters

up to 10 cm, are present within the Caplina-Ataspaca monzogranite.

These xenoliths have a porphyritic texture and are composed mainly of

hornblende, biotite, and lesser amounts of plagioclase feldspar, plus

significant accessory Fe-Ti oxide, apatite, and zircon. The xenoliths

are unaffected by thermal metamorphism, and may represent restite or

blebs of unassimilated mafic magma. Alternatively, they may be frag-

ments of mafic intrusions or volcanic rock that were incorporated into

the monzogranite. Stoped blocks of country rock are extremely uncom-

mon in the pluton.

The margin of the Caplina-Ataspaca pluton is fractured and

sheared against adjacent metasedimentary rocks in the southern part of
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the area. This deformation was caused by the subsequent injection of

a monzogranite dike (Tsmg-2) along the side of the pluton. Septum

blocks are sheared against the pluton in a zone up to 10 m wide along

road cuts on White Knob (10,440 N - 14,770 E). Compression related to

injection of this dike produced closely-spaced buckled joints (con-

jugate shears?) within the margin of the pluton, as shown in Figure

54. Orientations of these joints indicate that compression by the

dike was directed S80°W, 15° above the horizon. A subhorizontal apo-

physis of fresh monzogranite, approximately 50 cm in thickness, has

intruded altered Caplina-Ataspaca monzogranite adjacent to these buck-

led jonts, as illustrated in Figure 55.

Less intense deformation of the pluton is present near the lower

end of White Ridge. This deformation is characterized by unique,

well-developed vertical joints that weather with positive relief from

non-foliated monzogranite. These joints trend parallel to the contact

of the pluton (10,980 N - 14,520 E), and appear to be related to the

emplacement of the nearby White Ridge monzogranite porphyry (Tpmg).

Veins and oriented joints are present in the Caplina-Ataspaca

pluton down-slope from the Ricardina level, and they trend N55° to

N65°E, subparallel to the axis of White Ridge and nearly perpendicular

to the contact of the pluton. These structures are enclosed within a

northeast-trending aureole of Ca-Na alteration that extends more than

120 m into the pluton. This deformation is located at the northern

end of the monzogranite dike, and is interpreted to have been produced

by either 1) a tear fault generated by differential inflation of the

dike adjacent to the pluton, or 2) reactivation of a nearby member of

the Chucchuco fault system.



129

Figure 54. Buckled joints in the margin of the Caplina-Ataspaca plu-
ton; hammer for scale; road cut on White Knob; (10,427 N - 14,732 E).

Figure 55. Apophysis of fresh Taracahua monzogranite cross-cutting
altered Caplina-Ataspaca monzogranite; pencils on upper and lower
contacts of apophysis are 15 cm in length; road cut on White Knob;
(10,400 N 14,720 E).
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White Knob is a locus of endoskarn alteration in the Caplina-

Ataspaca monzogranite. This endoskarn crops out along the contact of

the pluton for a distance of at least 300 m and extends into the plu-

ton more than 100 m. Endoskarn alteration is most intense adjacent to

the contact and is characterized by intense bleaching of the monzo-

granite. White Knob is named for this bleached coloration, which is

illustrated in Figure 56 (sample AT 88). This alteration was produced

by the diffusion of calcium from limestone into the pluton prior to

intrusion of the monzogranite dike. Garnet exoskarn, adjacent to the

pluton at 10,450 N - 14,750 E, is inferred to be silicated Manto mem-

ber limestone within a resistant part of the septum between the dike

and the pluton.

Petrography

Caplina-Ataspaca monzogranite has a characteristic seriate, medi-

um to finely crystalline, hypidiomorphic
granular texture, in which

crystals vary from 6.0 to 0.1 mm in diameter, as shown in Figure 57.

Fresh monzogranite is composed of subequal quantities of quartz, or-

thoclase, and plagioclase feldspar, lesser biotite and hornblende, and

accessory minerals. Modal, chemical, and normative analyses of the

monzogranite are provided in Table 6, and the modal data are plotted

on the IUGS Q-A-P ternary diagram in Figure 58. Samples in which

orthoclase is replaced by secondary plagioclase feldspar are not plot-

ted on the ternary diagram.

Anhedral to subhedral quartz constitutes up to 30 percent of the

monzogranite. This quartz is typically less than 3.0 mm in diameter,

but commonly forms glomerocrysts up to 6.0 mm in diameter. It is



Figure 56. Fresh and altered samples of Caplina-Ataspaca monzogranite;
fresh sample upper left (note xenolith) (AT 69); incipient actinolite
endoskarn upper right (WK I); diopside-tremolite endoskarn lower left
(AT 88); actinolite-plagioclase Ca-Na altered lower right (AT 93a).

Figure 57. Photomicrograph of fresh Caplina-Ataspaca seriate monzo-
granite; (AT 98); width of view 5 mm; crossed polars.
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Table 6a: Modal, Chemical, and Normative Analyses of the
Caplina-Ataspaca Seriate Monzogranite, Tsmg-1

Interior Suite

Modal Mineralogy, vol Z

AT 99 AT 148Specimen AT 69 AT 98

Q 29.9
Or 21.6
Pf 34.1
Bi 9.2
Hb 3.3

Fe-Ti oxide 0.2
Sph 0.7
Epi 0.0
Chl 0.2
Wh Mica 0.3
Ap 0.2
Zr tr

25.6

23.2

41.1

6.3

1.3

0.9

0.4

0.1

0.5

0.4

0.2
tr

26.7

24.7

35.4

9.4

2.4

1.1

tr
tr

tr

tr

0.3

tr

26.9

22.8

36.2

9.5

2.7

1.0

0.2

0.1

0.3

0.1

tr

0.1
Lim 0.3 0.0 0.0 0.1

Total 100.0 100.0 100.0 100.0
Points 1151 1646 1000 1538
s.g. 2.74 2.65
C.I. 14.4 10.1 13.2 14.1

Chemistry, wt

SiO2 70.43
TiO2 0.42
A1203 15.18
FeO 3.05 _

Mn0 0.02
MgO 1.36
Ca0 3.10
Na2O 3.41
K2O 3.75
2205 0.12

Total 100.84

Trace Metals, ppm

Cu 70 45 175
Mb <1 <1. 3

Pb 10 13 18
Zn 25 35 40
Ag <0.3 0.6 <0.3

CIPW Normative Mineralogy, wt Z

q 25.53
Or 22.40
ab 29.52
an 14.44
c 0.16
by 4.67
mt 2.17
it 0.80
ap 0.30

Oxide analyses by Peter R. Hooper, Washington State University
Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah

Norms calculated assuming Fe203/Fe0 = 0.60;
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Table 6b: Modal, Chemical, and Normative Analyses of the
Caplina-Ataspaca Seriate Monzogranite, Tsmg-1

Marginal Suite

Modal Mineralogy, vol Z
3

WK-5- 3
AT 68-

4
AT 97- 4AT 88- 5AT 67- 5

AT 92- 6AT 71- AT 93a-Specimen AT 53- WK-1

Q 24.8 21.1 20.3 22.3 20.4 25.7 34.9 29.9 31.6 32.2
Or 19.6 20.6 25.0 21.6 33.3 20.8 0.0 0.0 0.0 0.0
Pf 42.9 46.0 45.3 43.6 34.0 41.9 53.1 59.2 56.4 56.5
Bi 5.7 1.0 tr 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hb 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0
Di 0.0 0.0 0.0 0.0 5.9 8.0 6.4 9.3 0.0 0.0
Amph 0.0 8.8 7.8 11.5 4.8 1.7 2.6 0.7 9.5 8.4
Fe-Ti oxide 1.3 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Sph 0.3 1.1 1.4 0.4 1.2 1.4 1.3 0.8 1.4 0.8
Epi/Czo 0.4 0.0 0.0 tr 0.0 tr 0.6 0.0 0.0 0.1
Chl 0.6 0.6 0.0 0.0 0.1 tr 0.0 0.0 0.0 0.1
Ap 0.2 0.4 0.2 0.3 0.3 0.1 0.2 0.1 0.2 0.2
Zr/Allan tr 0.2 tr 0.1 tr 0.1 0.3 tr tr tr
Zeo 0.0 0.0 0.0 0.0 0.0 0.3 0.6 tr 0.0 1.1
Cpy/Cu(OH) 0.0 0.0 0.0 0.0 0.0 0.0 tr tr 0.9 /0.6

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0Points 1040 923 855 1135 862 1025 1119 1000 1168 1131
s.g. 2.61 2.61 2.69 2.62 2.67 2.66 2.61
C.I. 12.7 12.3 9.4 12.5 12.3 11.6 11.2 10.9 12.0 10.2

Chemistry, wt %

SiO
2 68.72 70.88 69.19 68.28 69.58 68.73

TiO
2 - 0.52 0.51 0.50 0.55 0.48 0.53

A1203 15.60 15.69 15.60 15.53 15.34 15.92
FeOt - 0.89 1.33 0.20 0.59 1.08 2.63
Mn0 - 0.01 0.02 - 0.02 0.03 0.03
Mg0 - 1.05 1.68 1.15 1.71 1.32 1.80
Ca0 4.33 5.13 5.19 7.50 6.02 5.50
Na2O 3.13 2.93 3.56 4.08 3.74 3.89
K20 3.76 3.21 3.63 0.27 0.21 0.23
-20525 0.14 0.14 0.15 0.16 0.12

Total 98.15 101.53 99.20 98.70 97.92 99.23

Trace Metals, ppm

Cu 60 50 80 8 55 25 80 980
Mb <1 <1 <1 <1 <1 <1 <1 <1
Pb 6 11 13 8 16 15 30 16
Zn 30 12 35 13 35 20 50 30
Ag <0.3 <0.3 <0.3 <0.3 0.3 <0.3 <0.3

CIPW Normative Mineralogy, wt %

q 26.35 28.23 24.10 28.13 33.35 30.54
Or 22.22 18.97 21.45 1.60 1.24 1.36
ab 26.49 24.79 30.12 34.52 31.65 32.92
an 17.41 20.18 15.87 23.27 24.70 25.30
di 2.46 3.42 6.03 9.19 3.44 1.59
wo 0.00 0.00 0.00 0.32 0.00 0.00
by 1.48 2.93 0.07 0.00 1.88 5.14
mt 0.37 0.75 0.00 0.00 0.61 1.49
hm 0.10 0.00 0.08 0.23 0.00 0.00
ti 0.00 0.00 - 0.82 0.23 0.00 0.00
11 - 1.01 0.97 0.32 0.87 0.93 1.01
ap 0.32 0.32 0.35 0.37 0.28

1- fresh; 2- incipient actinolite endoskarn; 3- actinolite endoskarn;
4- diopside-tremolite endoskarn; 5- diopside-tremolite-plagioclase Ca-Na altered;
6- amphibole-plagioclase Ca-Na altered w/ disseminated chalcopyrite;
7- actinolite-plagioclase Ca-Na altered w/ chrysocolla;
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Figure 58. QAP diagram of the Ataspaca seriate monzogranite; circlesare for the Marginal Suite, squares for the Interior Suite; filled
symbols are for suite averages; fields as in Figure 23.
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interstitial to plagioclase feldspar, hornblende, and biotite, and

where less than 1.0 mm in diameter, it locally forms crude graphic

intergrowths with orthoclase. Inclusions of plagioclase feldspar and

traces of biotite and acicular rutile are contained in quartz.

Orthoclase is volumetrically subequal to quartz and is mostly

anhedral. This feldspar is typically less than 3.0 mm in diameter,

but rarely it may be twice this size. Coarser orthoclase commonly

contains Carlsbad twins and traces of wispy microperthite, and tends

to be more euhedral than finer orthoclase. Orthoclase less than 1.0

mm in diameter is interstitial to plagioclase feldspar, hornblende,

and biotite, as was previously noted for quartz. However, orthoclase

larger than 2.5 mm in diameter may poikilitically enclose smaller

essential and varietal minerals. These poikilitic crystals are weakly

glomerocrystic.

Plagioclase feldspar is volumetrically subequal to both quartz

and orthoclase, but it tends to be coarser and more euhedral. It ex-

hibits oscillatory compositional zonations in which cores of calcic

andesine (An 46) grade transitionally to edges of oligoclase (An 20).

Smaller crystals of plagioclase feldspar, in contrast to the larger

ones, have less calcic cores but compositionally identical edges.

This characteristic indicates that the smaller crystals nucleated from

a residual magmatic liquid that had been depleted of lime and alumi-

na. Inclusions of hornblende, biotite, Fe-Ti oxide, and apatite are

present within plagioclase feldspar. Traces of white mica and clino-

zoisite have replaced the feldspar near deuterically chloritized bio-

tite. Myrmekite is extremely rare and was observed only twice in more

than 30 thin sections.



136

Hornblende is brown with moderate pleochroism and varies up to

5.5 mm in length. Although substantially pitted, hornblende retains a

characteristic euhedral outline. Prismatic sections commonly contain

a single twin parallel to the (100) plane that bisects the rhomb.

Inclusions of Fe-Ti oxide, apatite, sphene, zircon, and allanite are

common. Radiation halos in hornblende appear to be associated with

allanite, but not zircon. Hornblende forms sparse clots up to 7.0 mm

across with biotite, Fe-Ti oxide, sphene, apatite, and zircon. These

clots probably represent restite material. In unaltered samples,

hornblende is weakly replaced by late magmatic biotite.

Biotite forms discrete subhedral "books" up to 2.0 mm in diameter

and columnar aggregates up to 4.5 mm across. Biotite less than 1.0 mm

in diameter is rare and forms anhedral to subhedral shreds. Chlorite

and Fe-Ti oxide are interleaved within coarser biotite, and inclusions

of plagioclase feldspar, apatite, and equant Fe-Ti oxide are present

within the mica. Biotite is altered incipiently to chlorite, sphene,

and epidote in fresh samples.

Accessory zircon, Fe-Ti oxide, allanite, and apatite, and trace

goethite-limonite are present sparsely in the groundmass and as inclu-

sions or in clots as mentioned above.

The sequence of crystallization of the Caplina-Ataspaca monzo-

granite has been deduced from textures observed petrographically.

These observations indicate that plagioclase feldspar, apatite, zir-

con, allanite, and Fe-Ti oxide were the initial crystalline phases,

and that these subsequently were accompanied or superseded sequential-

ly by hornblende, biotite, quartz, and orthoclase.

The principal mineralogical effects imposed by endoskarn Rnd Ca-
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Na alteration are as follows: 1) biotite is replaced by actinolite,

tremolite, and (or) diopside, plus feldspar and sphene; 2) hornblende

is pseudomorphically replaced by actinolite, tremolite, and/or diop-

side, plus sphene; and 3) Fe-Ti oxide is replaced by sphene. Under

conditions of Ca-Na alteration alone, orthoclase is replaced by plag-

ioclase feldspar and quartz, and the ferromagnesian minerals are re-

placed as in endoskarn. Plagioclase feldspar is stable and unaffected

in altered Caplina-Ataspaca monzogranite. Details of this alteration

are presented in subsequent chapters.

Compositional Zoning

Modal analyses of the Caplina-Ataspaca pluton plot within the

granodiorite and monzogranite fields of the IUGS Q-A-P ternary diagram

in Figure 58. Samples collected more than 80 m from the contact of

the pluton tend to be richer in quartz and orthoclase than samples

collected closer to the contact. These samples are assigned to the

Interior and Marginal Suites of the Caplina-Ataspaca intrusion on the

basis of their location and this compositional behavior. The intru-

sion is designated monzogranite because 1) the average for each suite

falls within the monzogranite field, and 2) the Interior Suite, which

lies entirely within the monzogranite field, represents a larger vol-

ume of the intrusion and thus more accurately reflects its true compo-

sition than does the Marginal Suite.

Compositional zonation of the Caplina-Ataspaca pluton is not

texturally evident either petrographically or megascopically. This

cryptic zonation, characterized by modal variations in plagioclase

feldspar, orthoclase, and quartz, as described above, indicates that
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plagioclase feldspar was more abundant as a crystal phase in the magma

than were orthoclase and quartz when the monzogranite magma was in-

truded. As a result, the plagioclase feldspar was preferentially

captured as the carapace of the pluton congealed, whereas the magmatic

constituents of orthoclase and quartz migrated inward toward the in-

terior of the pluton. It is impossible to estimate the depth into the

pluton to which this fractionation process operated.

The seriate texture of the monzogranite suggests that minerals

nucleated continuously until the magma was entirely crystallized.

Continuous nucleation took place because the rate of diffusion of

mineral components to crystal surfaces in the magma was low compared

to the rate of heat loss from the magma. High rates of heat loss

favor rapid nucleation and a porphyritic texture, whereas low rates of

heat loss depress the nucleation rate and favor an equigranular tex-

ture. The seriate texture, therefore, probably was produced by moder-

ately high rates of conductive heat loss to the country rocks.

Chemistry

Several chemical analyses of the Ataspaca monzogranite are pro-

vided in Table 6. A single analysis was obtained for fresh Interior

Suite monzogranite (AT 98), whereas the others are for various types

of endoskarn or Ca-Na altered monzogranite of the Marginal Suite. In

contrast to samples of White Ridge granodiorite, the fresh Interior

Suite monzogranite (AT 98) is slightly enriched in Si02 (70.43 % vs.

69.02 %) and K20 (3.75 % vs. 3.35 %), but is depleted in the other ox-

ides. This difference corresponds to more abundant quartz and ortho-

clase and a lower color index in the monzogranite as compared to the
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granodiorite. Similarly, the Interior Suite is enriched in Si02

(70.43 % vs. 69.19 %) compared with the Marginal Suite (AT 88), and is

consistent with differences in the amount of modal quartz (about

26.2 % vs. 22.4 %) observed between these suites (Table 6).

Caplina-Ataspaca monzogranite is compositionally intermediate

between the average hornblende-biotite adamellite and granodiorite of

Nockolds (1954), although it is richer in Si02. Compared with the

average adamellite of Le Maitre (1976), the Caplina-Ataspaca monzo-

granite is richer in alkalies and slightly depleted in other oxides.

Chemical effects of endoskarn and Ca-Na alteration in the monzo-

granite are characterized by dramatic enrichments in Ca0 (7.50 % vs.

3.10 %) and depletions of FeOt (0.20 % vs. 3.05 %). Under conditions

of intense Ca-Na alteration, K20 also may be markedly depleted (0.21 %

vs. 3.75 %), whereas Na20 can be weakly enriched (4.08 % vs. 3.56 %).

Weak chalcopyrite mineralization in the Ca-Na alteration aureole in-

creases Cu locally from background values of approximately 80 ppm to

as much as 980 ppm (AT 71). Other Ca-Na altered samples, however, are

not enriched and appear to be weakly depleted in trace metals.

Details of this alteration and mineralization are discussed more fully

in later chapters.

Radiometric Age and Significance

The Caplina-Ataspaca monzogranite, based on deformation and

cross- cutting relationships, is older than the adjacent Taracahua

monzogranite, the White Ridge monzogranite porphyry, and probably the

White Ridge granodiorite porphyry. This monzogranite may represent a

slightly more differentiated phase of the magma that produced the
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Table 7: K-Ar age data for the
Caplina-Ataspaca seriate monzogranite.

Data Constants
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Sample: AT 98 (Interior Suite) K = 6.55 t 0.11 Z A/3 = 4.96 x 101° yr-1
Mineral: Biotite

.

40
Ar* = 4.685 x 10 10 mot /gm

. k +AC= 0.581 x 10-10 yr-1
Radiometric Age: 40.8 ± 1.5 Ma .

40Ar * /40Ar
= 86.0 % 40

K/K = 1.167 x 10-4
Precision: ± lw n = 2

Analyst:

Richard L. Armstrong, Dept. of Geological Sciences, Univ. of British Columbia, Vancouver, B.C.

White Ridge granodiorite porphyry, based on modal and chemical simil-

arities between the Marginal Suite and the granodiorite.

A K-Ar radiometric age determination of 40.8 ± 1.5 Ma was obtain-

ed for biotite in sample AT 98 of the Interior Suite monzogranite. It

was calculated from the analytical data and constants presented in

Table 7. The sample of monzogranite is unaltered except for minor

deuteric(?) chloritization of biotite. This cooling age is equivalent

to or slightly older than that of the late Eocene Quechaua 1 orogeny

of Cobbing and others (1981) and the Incaic orogeny of Aguirre (1983),

which occurred at approximately 38-40 m.y. ago. It is unlikely that

this is an orogenic metamorphic age, because the lower part of the

Huilacollo Volcanics, which is laterally correlative with the late

Eocene-early Oligocene Moquegua Formation (Tosdal et al., 1984), was

folded during emplacement of the monzogranite. Instead, the intrusive

deformation suggests that the Incaic/Quechua 1 orogeny may have been

driven, at least in part, by magmatic activity.

The age of the Caplina-Ataspaca pluton is not correlative with

those reported for intrusive or alteration events at the nearby Toque-

pala (58.7 Ma; Hollister, 1978), Quellaveco (53.7 Ma; Zimmerman and
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Kehien Collado, 1983), or Mocha (56.4 Ma; Laughlin et al., 1968.) por-

phyry copper deposits, nor with the much older (110 to 85 Ma) intru-

sive events in the Coastal Batholith of Peru (Pitcher, 1978). How-

ever, this age does correlate with intrusive activity east of the

Coastal Batholith, and with numerous intrusive and mineralization

events in north-central Chile, including Chuquicamata (43-41 Ma; Ruiz,

et al., 1965), El Indio (41 Ma; Drake, 1976), and El Salvador (40 Ma;

Gustafson and Hunt, 1975).

Taracahua Seriate Monzogranite (Tsmg-2)

An elongage body of xenolith-rich monzogranite trends parallel to

the contact of the Caplina-Ataspaca pluton for a distance of 1.5 km,

from the community of Ataspaca to approximately the middle of the

prospect area, as shown in Figure 59. This monzogranite was intruded

in at least two pulses, which resulted in the formation of an early

stock and a later dike/sill.
The resistance of this stock to weather-

ing has served to localize Quebrada Taracahua in the southeast part of

the prospect. The stock and dike/sill are named the Taracahua monzo-

granite after this stream drainage, following the usage of Bonelli

(1983).

Fresh samples of Taracahua monzogranite (Tsmg-2) appear identical

to the Caplina-Ataspaca monzogranite (Tsmg-1) in color, texture, and

mineralogy. In the absence of xenoliths and other relationships, the

Taracahua monzogranite would be indistinguishable from the Caplina-

Ataspaca monzogranite.
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Fiture 59. Distribution of the Taracahua seriate monzogranite in the
Ataspaca prospect.
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Taracahua stock

The Taracahua stock is small (approximately 250 x 100 m) in size

and elliptical in plan. Its long axis trends N10°E, sub-parallel to

the stratagraphic strike of the country rocks. Contacts of the stock

are obscured by colluvium on the north and east sides, but they are

inferred to be nearly vertical on the basis of stream drainage pat-

terns. The south and southwest sides of the stock flare outward with

increasing elevation, based on exposures in road cuts and information

from underground workings, which suggests its shape to be that of an

elliptical cylinder with minor protuberances.

The southwest side of the stock protrudes 40 m into the Manto

member limestone to form a short sill. The lower contact of this sill

is concordant with the local stratigraphy, and it strikes N20°E and

dips 36°SE in subsurface exposures on the Judith level (10,330 N -

15,065 E). The upper contact of the sill is subhorizontal and undu-

latory, as observed in road cuts above the Judith level (10,293 N -

15,087 E). Much of the sill and adjacent wall rocks exposed at this

location have been altered to skarn and subsequently brecciated.

High relative ductility of the Manto member limestone, compared

to that of overlying and underlying siliciclastic strata, appears to

have permitted the monzogranite to push back or raise(?) the limestone

and intrude as a sill. Evidence of intra-bed folding and thickening

of the limestone has been largely obscured by skarn alteration and by

intrusion of a second phase of monzogranite nearby. However, several

small-amplitude folds, mapped by Bonelli (1983), are preserved in the

Manto member due west of the portal to the Judith level. That this

limestone can undergo intra-bed folding is further evidenced in sili-



144

cated limestone farther from the stock near 10,425 N - 15,040 E, and

in unaltered limestone several hundred meters south of the prospect at

an altitude of approximately 3800 m.

The Taracahua stock is intensely fractured and crossed by numer-

ous low-angle shears. Major shears are visible in the drainage on the

east side of the stock and, as shown in Figure 60, in the workings of

the Judith level. This highly fractured monzogranite weathers to

rubbly outcrops on the surface and requires substantial timber sup-

ports in the Judith level to prevent caving. Deformation of the stock

was caused by emplacement of the monzogranite dike/sill nearby. This

deformation appears to have enhanced the flow of hydrothermal solu-

tions that both formed and mineralized the exoskarns in the Taracahua

level and altered the stock. Up to 75 percent of the stock has under-

gone Ca-Na or endoskarn alteration, based on observations in the

Judith level and on the surface. The style of this deformation is

discussed in the chapter concerning structural geology of the Ataspaca

area.

Taracahua dike/sill

The second phase of Taracahua monzogranite constitutes an irreg-

ular dike/sill that is 40 to 100 m in thickness and 1.5 km in length.

The southern terminus of this intrusion is in Quebrada Ataspaca, a

fault-controlled drainage located one kilometer south of the pros-

pect. This fault is vertical, trends N80°E, and appears to have dis-

placed the contact of the Caplina-Ataspaca pluton and the Pelado For-

mation (Fig. 53). Displacement, assuming only dip-slip motion, is

estimated from offset contacts to be in excess of 200 m, and with the
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Figure 60. Intensely sheared Taracahua monzogranite in the Judith
level; note the subhorizontal shears and the white gouge zone beneath
the hammer; the mylonite separates intense Ca-Na alteration in the
footwall from incipient endoskarn in the hangingwall; 10,275 N -

15,145 E.

the north side down. The fault is interpreted to be a syn-intrusive

structure formed during the laccolithic emplacement of the Caplina-

Ataspaca pluton and concurrent folding of the Chulluncane syncline.

Buttressing effects by the pluton beyond the fault appear to have

prevented intrusion of the sill south of the village.

The southern end of the Taracahua dike/sill is in concordant

contact with Manto member limestone. Limestone in the footwall forms

a concordant septum between the sill and the Caplina-Ataspaca pluton.

The sill extends from Quebrada Ataspaca almost to the southern boun-
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dary of the prospect, but disappears beneath alluvium in Quebrada

Taracahua.

The northern end of the Taracahua monzogranite forms a vertical

dike between the Pelado Formation and the Caplina-Ataspaca pluton.

This dike trends parallel to the contact of the pluton from approxi-

mately the center of the prospect (-10,900 N) to White Knob, where the

dike then deviates toward the southeast and pinches out adjacent to

the Taracahua stock.

The dike is separated from the pluton by a septum of deformed

country rocks, exotic blocks, and xenoliths. The northern terminus of

the dike is based on the northernmost extent of 1) xenolithic blocks

in the septum; 2) discordant contacts between the intrusion and the

Pelado Formation; and 3) samples of seriate-textured monzogranite.

These criteria are used because a subsequent breccia sill (Tbx-2)

abuts and partly incorporates the north end of the dike.

The northern end of the Taracahua dike appears to terminate near

a northeast-trending Chucchuco(?) fault. This fault is indicated by

northeast-trending stream drainages below the Ricardina level and by

an adjacent colluvial apron that may represent filled and structurally

controlled gullies. The fault may have acted as a surface along which

country rocks were displaced during intrusion of the dike/sill. The

magnitude of displacement of this fault is indeterminate. Northeast-

trending fractures, apparently related to the fault, have propagated

more than 100 m into the Caplina-Ataspaca monzogranite. These frac-

tures allowed hydrothermal fluids to pass through the margin of the

pluton to form the aureole of Ca-Na alteration downslope from the

Ricardina level.
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The dike/sill is discordant and vertical near White Knob, but it

becomes concordant with bedding near the Taracahua stock. Metasedi-

mentary strata in the Judith level are in concordant contact with, and

overlie, the dike/sill. These strata form a concordant septum between

the dike/sill and the southwest side of the Taracahua stock, and are

important for the understanding of structural deformation in the stock

as presented in later sections.

The mode of emplacement of the Caplina-Ataspaca pluton changes

from discordant to concordant near the southern boundary of the pros-

pect map. Orientations of the dike/sill also change at approximately

the same location. These changes coincide with the Taracahua stock

and Quebrada Taracahua, and collectively suggest that a northeast-

trending fault is hidden beneath alluvium in the drainage. Displace-

ment along this fault, although obscured, appears to have been small.

The Taracahua dike and the Caplina-Ataspaca pluton are separated

by a septum that varies from 20 to 100 m in thickness. This septum is

exposed best in road cuts on and due north of White Knob and in the

stream drainage downslope from the Ricardina level. It erodes prefer-

entially and localizes rills on the north and south sides of White

Knob. Narrower parts of the septum are intensely deformed. The sep-

tum, where less than 30 m in thickness, is composed of many different

folded and intersheared rock types that include quartzite, siltstone,

limestone, diorite, hornfels, skarnoid, and exoskarn. Outcrops on

White Knob that contain these sheared rock-types are labelled as the

"chaotic zone" on Plate 1. This zone is cut by narrow dikes of Tara-

cahua monzogranite that merge with the main mass of the intrusion a

short distance beneath the surface.
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Taracahua monzogranite magma invaded the contact of the Caplina-

Ataspaca pluton and completely displaced septum rocks on the south

side of White Knob. The contact between these two intrusions is mark-

ed by minor brecciated monzogranite at 10,340 N - 14,770 E and by a

screen of exoskarn breccia at 10,200 N - 14,830 E. Taracahua monzo-

granite is distinguished at these locations by negligible endoskarn

alteration and by abundant xenoliths.

Intrusion and inflation of the Taracahua dike caused signficant

structural deformation of the Caplina-Ataspaca pluton, as discussed

and illustrated in the previous section (see Figs. 53 and 54). It

also caused structural deformation in country rocks south and east of

White Knob similar to that of the chaotic zone. This deformation,

although obscured by skarn alteration and metamorphism, appears to

extend up to 100 m outward from the dike, and is characterized by 1)

thickened Manto member limestone; 2) sheared siliciclastic strata; and

3) fractured and brecciated Road diorite. The actual distribution of

the Manto member limestone near White Knob therefore is more complex

than depicted in Plate 1.

Endoskarn alteration of the dike/sill is minor in comparison to

that of the Taracahua stock. Incipient endoskarn is restricted to a

narrow zone along the upper surface of the dike/sill east of White

Knob. Sparse resistant hummocks of intense endoskarn stand above

colluvium up to 250 m north of White Knob.

Xenoliths

Xenoliths of meta-igneous hornfels are ubiquitous throughout the

Taracahua monzogranite and comprise up to 20 percent of the intru-
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Figure 61. Dark hornfels xenolith hosted by Taracahua monzogranite;
10,420 N - 14,882 E.

sion. These xenoliths vary up to 25 m across and are easily recog-

nized by their high color indices, as shown in Figure 61. The petrog-

raphy and chemistry of these xenoliths are presented in the section

concerned with metamorphism in the Ataspaca area.

Xenoliths are concentrated along the footwalls of the dike/sill,

which suggests that they settled gravitatively through the magma prior

to its consolidation. This settling phenomenon is illustrated 1) in

the Judith level, where abundant xenoliths rest upon the inclined

surface of the concordant septum; 2) east of White Knob, where xeno-

liths are common in the lower, but absent in the upper, part of the

dike/sill; and 3) adjacent to the Caplina-Ataspaca pluton south of

White Knob, where numerous xenoliths are either concentrated in the

lower levels of the dike, or are perched on ledges of metasedimentary

strata that extend into the dike.
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Slickensides are common in the xenoliths of the dike/sill, but

they are absent in the surrounding monzogranite. This relationship

indicates that the xenoliths were sheared prior to crystallization of

the monzogranite 1) before engulfment by the magma; 2) during engulf-

ment by the magma; and (or) 3) after engulfment but during entrainment

by the magma. A xenolith more than 20 m in diameter has been sheared

against strata of the Pelado Formation at 10,510 N - 14,856 E, which

suggests that at least some xenoliths were deformed by mechanism (3)

described above.

The xenoliths were more resistant to endoskarn alteration than

the surrounding monzogranite. This resistance was presumably imparted

by tight metamorphic crystal boundaries that inhibited the diffusion

and infiltration of metasomatic constituents into the rock. As a

consequence, large bodies of dark xenolithic rock are commonly en-

closed by monzogranite that has been bleached by Ca-Na alteration, as

illustrated in Figure 62.

Petrography

The petrography of fresh and altered Taracahua monzogranite is

almost identical to that of the Caplina-Ataspaca monzogranite. Petro-

graphic characteristics unique to the Taracahua monzogranite are dis-

cussed below. Modal, chemical, and normative analyses of the Taraca-

hua monzogranite are provided in Table 8 and are plotted on the IUGS

Q-A-P ternary diagram in Figure 63.

Taracahua monzogranite is medium to finely crystalline, and has

seriate, equigranular, and porphyritic textures. The porphyritic

texture is uncommon and is restricted to a thin chilled margin that
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Figure 62. Hornfels xenolith in the Judith level; fresh xenolith is
supported by intense Ca-Na altered Taracahua monzogranite; a major
sub-horizontal shear with gouge and breccia underlies the xenolith and
is marked by a brown stain below the hammer; 10,302 N - 15,134 E.

forms an irregular rind around the Tarcahua stock. This chilled mar-

gin contains phenocrysts of quartz, orthoclase, plagioclase feldspar,

biotite, and hornblende that are supported in both granophyric and

microgranitic groundmasses. The phenocrysts, mostly plagioclase feld-

spar, constitute approximately 40 percent of the chilled margin.

Equigranular and seriate textures characterize both the Taracahua

stock and dike/sill. These textures cannot be resolved megascopical-

ly, nor do they show any recognizable pattern of distribution.
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Table 8: Modal, Chemical, and Normative Analyses of the
Taracahua Seriate Monzogranite, Tsmg-2

Early Phase: Taracahua Stock

Modal Mineralogy, vol %
Specimen AT 1401 AT 1111 AT 1061 AT 106a2 AT 1082 AT 109a2 AT 106b2 AT 1381'

Q 26.3 19.6 28.0 27.6 22.2 25.9 22.7 36.6
Or 20.1 25.5 27.7 28.2 33.1 32.5 42.1 0.0
Pf 44.8 46.7 37.1 36.5 33.5 31.2 28.6 50.2
Bi 0.3 0.4 0.2 0.3 0.0 0.0 0.0 0.0
Amph 6.1 6.2 5.0 6.4 8.5 8.3 0.0 0.0
Di 0.0 0.0 0.0 0.0 0.0 0.0 6.2 6.5
Fe-Ti oxide 0.1 0.0 0.0 0.1 tr 0.0 0.0 0.0
Sph 0.7 0.9 0.6 0.5 1.1 0.9 0.4 1.1
Epi 0.1 0.0 0.0 0.0 0.0 0.0 0.0 3.4
Ap 0.1 tr 0.1 0.2 0.1 0.1 tr tr
Zr/Allan 0.1 0.1 tr tr 0.1 tr tr tr
FY/Lim 0.3 0.6 1.3 0.2 1.4 1.1 0.0 2.2

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Points 760 550 939 1186 1249 996 1064 815
s.g. 2.59 2.59 2.72
C.I. 7.8 8.2 7.2 7.7 11.2 10.4 6.6 13.2

Chemistry, wt %

.SiO2 73.89 - 70.38 71.77
TiO2 0.37 - 0.44 0.39
A1203 14.272t3 14.11 15.71
FeOt 1.16 - 1.55 1.36
Mn0 0.01 0.00 _

Mg0 0.90 - 1.01 1.10
Ca0 2.92 - 3.18 5.28
Na 2 0 3.48 3.34 4.18
K20 3.93 4.96 0.22
2.225 0.10 0.10 _

Total 101.03 99.07 100.13

Trace Metals, ppm

Cu 7 7 290 8 18
Mo <1 1 2 <1 <1
Pb 10 12 20 17 8
Zn 30 20 35 65 15
Ag <0.3 <0.3 <0.3 <0.3 <0.3

CIPW Normative Mineralogy, wt Z

Q 31.56 24.99 34.01
or 23.23 29.31 1.30
ab 29.45 28.26 35.37
an 11.71 8.86 23.46
di 1.68 4.99 2.17
by 1.86 0.77 2.24
mt 0.65 0.87 0.77
it 0.70 0.84 - 0.74
hm 0.00 0.00 0.00
ti 0.00 0.00 0.00
ap 0.23 0.23

1- incipient amphibole endoskarn; 2- amphibole endoskarn
3- diopside endoskarn; 4-diopside-(epidote) Ca-Na alteration

Oxide analyses by Peter R. Hooper, Washington State University

Trace metal analyses by Chemical and MineraLogicaL Services, Salt Lake City, Utah
Norms calculated assuming Fe203/Fe0 = 0.60.
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Table 8: Modal, Chemical, and Normative
Seriate Monzogranite,

Phase: Taracahua Dike/Sill

%

Analyses of the
Tsmg-2

2 of 2

Taracahua
Late

Modal Mineralogy, vol
Specimen AT 137a1 AT 105c1 AT 135- 1 AT 105b- AT 1103 Specimen AT 7611

Q 24.1 20.6 21.3 21.6 19.2 Q 22.1
Or 27.8 24.4 26.0 33.6 30.0 Or 22.4
Pf 37.5 39.8 36.4 31.7 36.3 Pf 17.9
Bi 7.2 7.9 7.1 4.1 0.6 Bi 4.9
Hb 2.8 5.2 7.4 0.0 0.0 Hb 3.0
Amph 0.0 0.0 0.0 6.3 11.5 Amph 0.0
Fe-Ti oxide 0.5 0.5 0.0 0.0 tr Fe-Ti oxide 0.2
Sph 0.1 0.1 0.3 0.7 1.1 Sph 0.1
Chl 0.0 0.0 0.4 0.0 tr Chl 0.4
Wh Mica 0.0 tr 0.3 0.0 0.0 Laumontite 24.2
Clay 0.0 0.0 0.0 0.0 0.2 Carbonate 4.7
Ap tr 0.2 0.4 0.1 tr Ap 0.1
Zr/Allan tr 0.1 tr tr tr Zr/Allan tr
Py/Lim 0.0 1.2 0.4 1.9 1.1 Py/Lim 0.0

Total 100.0 100.0 100.0 100.0 100.0 Total 100.0
Points 880 746 775 636 848 Points 700
s.g. 2.67 s.g. 2.32
C.I. 10.6 15.2 16.3 13.1 13.9 C.I. 8.7

Chemistry, wt %

SiO
2 68.67 70.19

TiO2 0.51 0.46
Al 02,
Fe0-

3 15.22

3.04
14.70

2.83
Mn0 0.05
Mg0 1.74 1.26
C a0 3.83 4.23
Na

2
0 3.31 1.64

K2 0 3.68 4.06
-20525 0.14

Total - 100.19 99.37

Trace Metals, ppm

Cu 70 19

Mo 3 4

Pb 14 18

Zn 35 16

Ag <0.3 <0.3

CIPW Normative Mineralogy, wt %

Q 24.55 34.22
or 21.75 23.99
ab 28.01 13.88
an 15.80 20.76
C 0.00 0.00
di 1.84 0.18
by 5.35 3.06
mt 1.73 1.89
Il 0.97 0.87

hm 0.00 0.53
ap 0.32

1- fresh; 2- incipient amphibole endoskarn, minor supergene argillic alteration;
3- amphibole endoskarn, weak argillic alteration; 4- zeolite alteration

Oxide analyses by Peter R. Hooper, Washington State University
Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
Norms calculated assuming Fe203/Fe0 = 0.60.
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Figure 63. QAP diagram of the Taracahua seriate monzogranite; circles
are for the early stock, squares are for late dike/sill; filled sym-
bols represent average analysis for each intrusion; fields as in Fig-
ure 23.



Figure 64. Photomicrograph of Taracahua monzogranite; note seriate to
equigranular texture; opaque mineral interleaved with biotite is py-
rite that replaced Fe-Ti oxide (AT 135); width of view 5 mm; crossed
polars.

Equigranular textures are typical of samples enriched in orthoclase

but depleted in medium to coarse plagioclase feldspar (e.g. AT 108).

In contrast, seriate to porphyritic textures, as shown in Figure 64,

are typical of samples depleted in orthoclase but enriched in medium

to coarse plagioclase feldspar (e.g. AT 140). These trends indicate

that plagioclase feldspar phenocrysts were distributed heterogeneously

in the monzogranite magma prior to crystallization. Possible causes

of this distribution are discussed later in this section.

Both the stock and dike/sill of Taracahua monzogranite contain

variable but significant amounts of pyrite. This pyrite pseudomor-

phically replaces Fe-Ti oxides and locally coats fractures in the

monzogranite. Pyrite and pseudomorphs of limonite characterize both
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fresh and altered monzogranite. Pyrite in otherwise unaltered monzo-

granite suggests that the sulfide is of magmatic or late-magmatic

origin, and that it was not necessarily introduced by the hydrothermal

fluids that were responsible for the Ca-Na alteration of the stock.

Modal analyses for both phases of the Taracahua monzogranite plot

in the monzogranite field on the TUGS Q-A-P ternary diagram (Fig. 63).

Compositional fields for the two phases are largely coincident on the

diagram, but are more varied than that of the CaplinaAtaspaca pluton.

This variation is caused by the heterogeneous distribution of plagio-

clase feldspar. The average modal analyses for the two phases contain

more orthoclase but less quartz and plagioclase feldspar than that of

the Interior Suite of the Caplina-Ataspaca monzogranite. This differ-

ence may have been caused by fractionation of quartz and plagioclase

feldspar from the Taracahua magma prior to its emplacement, or it may

be the result of statistical error in the modal analyses. The Taraca-

hua and Caplina-Ataspaca monzogranites, despite these minor composi-

tional differences, appear to be consanguineous.

The petrography of Ca-Na alteration in the Taracahua monzogranite

is essentially identical to that in the Caplina-Ataspaca monzogran-

ite. However, the andesine cores of plagioclase feldspar are replaced

by oligoclase and traces of yellow epidote. This epidote is associ-

ated with limonite that has pseudomorphically replaced pyrite.

Crystal Filtering

As previously mentioned, plagioclase feldspar is heterogeneously

distributed in the Taracahua monzogranite. This heterogeneity broad-

ens the compositional field of the intrusion (Fig. 63) as compared to
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that of the Caplina-Ataspaca monzogranite (Fig. 58). Mechanisms pecu-

liar to the Taracahua monzogranite must have segregated the feldspar

prior to final consolidation of the magma. Possible segregation

mechanisms are illustrated in Figure 65 and they include 1) flowage

differentiation; 2) filter pressing; and (or) 3) "sieving". Because

compositional variations could not be adequately established spatially

within the intrusions, these segregation mechanisms must be regarded

as speculative.

Evidence for sieving may be inferred from the large xenolith,

mentioned previously, that is in sheared contact with the wall of the

conduit. The xenolith, as shown in Figure 66, is either crossed by a

narrow apophysis of altered monzogranite, or is separated from another

xenolith of similar composition by a small amount of the intrusive

rock. This monzogranite is devoid of coarse plagioclase feldspar,

enriched in orthoclase, and has an equigranular texture, as illustrat-

ed in Figure 67. This monzogranite is inferred to represent the

residual liquid from which plagioclase feldspar was segregated by

sieving, whereas the xenoliths are inferred to be remnants of the

sieve. An alternative explanation for these observations is that the

filtered monzogranite may have leaked into a fissure that formed when

the xenolith sheared against the conduit wall.

Chemistry

Several chemical analyses of the Taracahua monzogranite are pro-

vided in Table 8. Based on the least altered specimen analyzed (AT

140), the Taracahua monzogranite is enriched in Si02 (73.89 % vs.

70.43 %) and K20 (3.93 % vs. 3.75 %) but poorer in the other oxides
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Figure 65. Hypothetical mechanisms to explain the segregation of plag-
ioclase feldspar in the Taracahua monzogranite; a) flowage differen-
tiation; b) filter pressing by settling xenoliths; and c) sieving by
blockages of xenoliths; see text for details.
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Figure 66. Large block of dark meta-igneous xenolith cut by an apophy-sis of filtered monzogranite; monzogranite is altered to endoskarn;10,497 N 14,849 E.

Figure 67. Photomicrograph of filtered monzogranite; note hypidiomor-
phic texture and relatively narrow size range of orthoclase and
quartz; from apophysis in Figure 66; (AT 100d); width of view 5 mm;
crossed polars.
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relative to their counterparts in the Caplina-Ataspaca monzogranite.

These differences represent the effects of crystal fractionation, as

previously discussed. Less fractionated samples of Taracahua monzo-

granite (e.g. 135) exhibit oxide concentrations identical to those of

the Caplina-Ataspaca monzogranite.

Trace metal concentrations of the Taracahua monzogranite are

generally lower on the average than those of the Caplina-Ataspaca

monzogranite. This depletion suggests that the Taracahua monzogranite

was leached of metals perhaps by the hydrothermal fluids that formed

and mineralized the exoskarns in the nearby Taracahua level. Pyrite

and limonite, which are present in anomalous quantities (1-2 %) in the

monzogranite, do not consistently or significantly correlate with the

concentrations of metal such as copper, lead, and zinc (see Table 8).

Age and Significance

The Taracahua monzogranite appears to have been emplaced in two

distinct episodes subsequent to the crystallization of the Caplina-

Ataspaca monzogranite, as deduced from cross-cutting field relation-

ships. Structural deformation, heat, and possibly fluids that accom-

panied intrusion and crystallization of the Taracahua monzogranite

contributed to the mineralization of the skarns in the Taracahua

level. Similarities in mode of emplacement suggest that the Taracahua

monzogranite may be related to the sill adjacent to the Manto Verde

workings west of the Ataspaca prospect (Sologuren, 1977). Modal

analyses described by Sologuren (1977) for the Manto Verde sill are

nearly identical with those listed by Wilson and Garcia (1962) for the
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Caplina-Ataspaca pluton. Although the analyses by the latter authors

do not agree with those for the Caplina-Ataspaca monzogranite as re-

ported herein, the consistency of their analyses with those of Solo-

guren (11977) suggest that the Taracahua and Manto Verde sills repre-

sent igneous rocks formed from similar if not identical magmas. The

association of mineralized skarns with these monzogranite sills and

dikes provides important criteria for the exploration of base metal

mineralization in the Pachia and Palca quadrangles.

White Ridge Breccias (Tbx-1)

The White Ridge breccias are named for their widespread distribu-

tion on and around the lower half of White Ridge, as shown in Figure

68. These breccias are interpreted to represent a multilithic, Ca-Na

altered breccia pipe that was subsequently intruded and dismembered by

the White Ridge monzogranite porphyry stock (Tpmg). The breccias crop

out around the stock as a crude elliptical annulus with maximum dimen-

sions of approximately 300 x 550 m. This annular breccia body aver-

ages 35 m in thickness, but varies from nil to 80 m. It underlies an

area of approximately 30,000 m2, which is equivalent to the axial area

of a circular pipe 175 m in diameter. This calculation is both con-

servative and approximate, because 1) the distribution of breccia and

exotic blocks on the west side of the monzogranite stock is uncertain,

and 2) the breccias were displaced an unknown amount during intrusion

of the stock. Emplacement of the breccia pipe appears to have been

structurally controlled by the northeast-trending Chucchuco(?) fault

that localized the other White Ridge intrusions.

White Ridge breccias are typically framework-supported by angu-
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Figure 68. Distribution of the White Ridge breccias in the Ataspaca
prospect area.
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lar to subrounded clasts. These clasts vary from less than 0.5 cm to

25 cm in diameter, but sizes of 1 to 8 cm are most common, as illus-

trated in Figure 69. Initial void space in the breccias appears to

have varied from 5 to 20 percent. The clasts are composed of sedimen-

tary and metasedimentary rock-types of the Pelado Formation, numerous

varieties of diorite, and lesser amounts of White Ridge granodiorite

and Caplina-Ataspaca monzogranite.

Exotic blocks up to 40 m in diameter are compositionally similar

to, and partially enclosed by, the breccias. Bulk composition of the

breccia clasts varies crudely with proximity to wall rocks or these

exotic blocks. For example, breccias adjacent to the Pelado Formation

at 11,402 N - 14,475 E are composed predominantly of siltstone,

quartzite, and hornfels, whereas those adjacent to exotic gabbro/

diorite blocks near 11,010 N - 14,480 E are composed mostly of dior-

itic clasts. Overall, clasts of sedimentary rock are approximately

twice as abundant as those of plutonic rock.

The breccias have undergone various intensities of hydrothermal

alteration. Igneous clasts have been altered to endoskarn and Ca-Na

assemblages, whereas calcareous sedimentary clasts have been altered

to exoskarn and skarnoid. These are cemented by finely crystalline

aggregates of subhedral to anhedral quartz, orthoclase, tremolite-

actinolite, diopsode, epidote, apatite, magnetite, pyrite/chalcopy-

rite, zeolite and sphene, as shown in Figure 70. In general, this

cement varies compositionally with the bulk composition of the breccia

clasts. Diopside, tremolite, epidote, orthoclase, zeolite, and apa-

tite are associated with metasedimentary and granitic clasts, whereas

actinolite, magnetite, and sulfides are predominantly found with dio-
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Figure 69. Outcrop of White Ridge breccia; the pale clasts are silt-
stone, quartzite, hornfels, and skarnoid/exoskarn; the dark clasts are
diorite and endoskarn; note the dearth of rock flour; 11,213 N -
14,551 E.

Figure 70. White Ridge breccia; clasts are angular and
sandy siltstone, hornfels, diorite, and exoskarn; note
porphyroblast in clast of skarn on right, and euhedral
within cemented void space on left; (AT 32); 11,373 N -

consist of
embayed garnet
actinolite
14,493 E.
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ritic clasts. Quartz is ubiquitous, but difficult to distinguish from

clasts of fine-grained quartzite. Chalcopyrite, pyrite, and magnetite

comprise less than 1 percent of the cement overall, but may range up

to 4 percent in cement near the Old Mine on the southeast side of

White Ridge. Weathering of chalcopyrite has produced copper oxides in

sheared White Ridge breccia near the Old Mine.

Rock flour breccias are heterogeneously distributed and consti-

tute approximately 20 percent of the White Ridge breccias. They brec-

cias are both framework and matrix supported, and, as shown in Figure

71, are characterized by 5 to 50 percent rock flour matrix. The rock

flour in hand specimen appears white and massive, and may contain

angular clasts up to 1 cm in diameter. It consists of sand- and silt-

sized granules, crystal fragments, and chips and flakes derived by

comminution of the breccia clasts, as illustrated by the photomicro-

graph in Figure 72. The heterogeneous distribution of rock flour in

the White Ridge breccias indicates that it was winnowed and concen-

trated in specific locations by streaming fluids. However, sorting is

not discernable.

The borders of the breccia annulus are generally obscured by

exotic blocks and colluvium, and appear to have been deformed or modi-

fied during the emplacement of the monzogranite porphyry stock. How-

ever, an undeformed breccia contact on the north side of the annulus

is transitional over a distance of less than 5 m from unfractured

siltstone in the wall rock to rotated, framework-supported clasts.

Neither vertical joints nor sheeting are evident in wall rock adjacent

to the breccias.

Effects of hydrothermal alteration have penetrated less than
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Figure 71. Sample of White Ridge breccia; clasts of quartzite are
supported in a matrix of rock flour, and are rimmed by unidentified
mineral, possibly sphene or diopside; 11,364 N 14,504 E.

Figure 72. Photomicrograph of rock flour; note fractured crystals of
plagioclase feldspar and granules and flakes of quartzite and silt-
stone; (AT 44a); width of view 5 mm; 11,178 N 14,599 E.
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10 m into wall rocks adjacent to the White Ridge breccias. For

example, endoskarn alteration extends only about 5 m into an exotic

block of propylitically altered White Ridge granodiorite porphyry near

11,179 N - 14,600 E. Similar limited effects of alteration are pres-

ent in an exotic block of Caplina-Ataspaca monzogranite near 11,005 N

- 14,511 E, where Ca-Na alteration grades into the unaltered block

over a distance of 5 m.

Age and Significance

The White Ridge breccias were emplaced after the intrusion of the

White Ridge granodiorite and the Caplina-Ataspaca monzogranite, but

prior to emplacement of the White Ridge monzogranite porphyry. This

interpretation is derived from 1) the presence of granodiorite por-

phyry and seriate monzogranite blocks within the breccia; 2) the annu-

lar distribution of the breccias around the monzogranite porphyry; and

3) fresh monzogranite porphyry in sharp intrusive contact with altered

breccias.

The absence of slabs of wall rock and shingle breccias precludes

formation of the White Ridge breccia by collapse into a void. Fur-

thermore, the absence of intrusive apophyses within the breccia argues

against brecciation by magmatic surges and withdrawal. Instead, the

common admixture of various types of breccia clasts, their subangular

to subrounded form, and the local abundance of rock flour suggest that

the breccias were tumbled and milled during an explosive release and

upward streaming of hydrothermal fluids. The power of this hydrother-

mal eruption was sufficient to detach large blocks of monzogranite

from the main body of the Caplina-Ataspaca pluton and incorporate them
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into the breccia mass. These monzogranite blocks may have been dis-

placed (upward?) more than 100 m.

The source of volatiles that formed the breccias is speculated

to have been the Caplina-Ataspaca pluton. Aplitic dikes south of

Ataspaca and the cryptic zonation of the pluton inward from the edge

indicate that the volatiles were probably concentrated toward the

interior of the pluton. The internal pressure from accumulated vola-

tiles may have exceded the structural strength of the pluton and re-

sulted in the explosive release of fluids. The Chucchuco fault system

conceivably may have presented a zone of weakness that penetrated into

the pluton and served to localize the release of volatiles. Alterna-

tively, the fluids may have been derived from an unknown intrusive

body at depth that vented into this fault system.

Mineralized breccia pipes are uncommonly abundant in southern

Peru and northern Chile (Clark et al., 1976). They have been subdivi-

ded by Hollister (1978) into two categories: 1) tourmaline-bearing

breccia pipes emplaced independently of structural control; and 2)

tourmaline-deficient breccia pipes associated with structurally con-

trolled stockwork-type porphyry copper deposits. Examples of these

are the tourmaline breccias at Toquepala, Peru and the tourmaline-free

breccias of the Chuntacala ore body at Cuajone, Peru. The White Ridge

breccias fall into the latter category of breccias. According to the

classification system of Sillitoe (1985), these are hydrothermal-mag-

matic breccias related to porphyry-type deposits.

Ca-Na hydrothermal alteration of the White Ridge breccias differs

from phyllic-argillic alteration of most breccia pipes in the western

cordillera of North and South America (Sillitoe, 1985). This Ca-Na
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alteration is similar to that of the Victoria Mine in Elko County,

Nevada (Atkinson et al., 1982), where garnet and pyroxene cement calc-

silicate breccias. However, the presence of orthoclase cement distin-

guishes the White Ridge breccias of Ataspaca from those of the Vic-

toria Mine. This orthoclase is analogous to the sericitic alteration

of typical breccia pipe systems. Further discussion of the geochemis-

try of this alteration is presented in later sections.

White Ridge Monzogranite Porphyry (Tpmg)

The White Ridge monzogranite porphyry constitutes the lower part

of White Ridge in the northern one-half of the prospect area, as de-

picted in Figures 73 and 74. This intrusion is crudely rhombohedral

in plan, is 200 by 450 m in size, and has an average diameter of ap-

proximately 220 m. Isolated contacts and areal distribution of the

monzogranite porphyry indicate that the intrusion is a stock having

vertical sides. Its shape appears to have been structurally influenc-

ed by faults, older intrusions, and exotic blocks.

The White Ridge monzogranite porphyry is similar in appearance to

that of the Caplina-Ataspaca seriate monzogranite, as shown in Fig-

ure 75. The porphyritic texture of the monzogranite porphyry is dif-

ficult to recognize in many samples, because the phenocrysts have a

seriate size distribution. However, it is well-expressed locally

where the phenocrysts have been preferentially weathered to produce

pitted outcrop surfaces. The phenocrysts are readily identifiable on

fresh surfaces as quartz, orthoclase, plagioclase feldspar, biotite,

and hornblende. The groundmass is pinkish-gray, leucocratic, and
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Figure 73. Distribution of the White Ridge monzogranite porphyry in
the Ataspaca prospect.
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Figure 74. View of White Ridge; monzogranite porphyry crops out below
the pair of prominent paths on the ridge; subhorizontal bedding in
exotic blocks of calcareous siltstone is visible in lower right; view
to east-northeast from Cerro Sino.

finely crystalline. The color index of the monzogranite porphyry is

approximately 10. The texture, phenocryst assemblage, and color index

distinguishes the monzogranite porphyry in the field.

The northwest and southeast sides of the monzogranite stock trend

sub-parallel to the axis of White Ridge (Plate 1). Monzogranite along

these sides is unaltered where in sharp contact with sheared White

Ridge breccia (Tbx-1), but is moderately altered to endoskarn or pro-

pylitic assemblages where in contact with exotic blocks(?) of calcar-

eous siltstone. These observations indicate that the breccias acted

as an impermeable barrier to metasomatic constituents from the country

rocks, and therefore were cemented prior to intrusion of the monzo-

granite porphyry.

An apophysis of monzogranite porphyry more than 100 m in length
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Figure 75. Fresh White Ridge monzogranite porphyry; note cleavage
flashes from phenocrysts of plagioclase feldspar; (AT 42); hand lens
for scale.

and approximately 20 m in width extends northeast from the main body

of the stock. This apophysis intruded along the contact of the White

Ridge breccias and the White Ridge granodiorite porphyry (Tpgd), and

in places appears to have engulfed the breccias (e.g. 11,300 N

14,490 E). Intense alteration in the granodiorite contrasts markedly

with the fresh monzogranite porphyry and facilitates location of the

contact between these two intrusions. This contact dips vertically or

steeply outward from the monzogranite along the northwest side of

White Ridge, but is sub-horizontal at the crest of the ridge. This

shallow dip indicates that the monzogranite porphyry has displaced

upward, or partly engulfed, the granodiorite.

Emplacement of the monzogranite porphyry stock resulted in the

juxtaposition of several different rock units on the southeast slope
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of White Ridge (Plate 1). The monzogranite porphyry is separated from

an exotic block of highly fractured,
propylitically altered granodior-

ite porphyry by sheared White Ridge breccia. Imbricated blocks of

highly fractured meta-argillite and sandstone, up to 4 m in thickness,

are sheared together with the breccia and block of granodiorite along

the upper slope. These are intruded by a syn- or post-monzogranite

porphyry dike of biotite-rich granodiorite approximately 2 m in thick-

ness (11,213 N - 14,553 E). The breccia and granodiorite are in un-

deformed contact along the lower slope of the ridge, because the

shears pass into a large exotic block of intensely altered microdio-

rite. The magnitude of vertical displacement across this septum is

unknown, but is estimated to be in excess of 100 m adjacent to the

monzogranite porphyry.

A small body of White Ridge diorite (Tde) is directly up-slope

from, and may have been displaced upward with, the block of altered

granodiorite porphyry. These complexities indicate that unmapped,

poorly-expressed, high-angle faults may extend to at least the crest

of White Ridge. Additional evidence for these faults is indicated by

a topographic bench that has eroded preferentially from less-resistant

White Ridge granodiorite. The easternmost of these faults bounds the

east side of the altered granodiorite block. This fault is concordant

with nearby strata and appears to have controlled the subsequent em-

placement of the breccia sill (Tbx-2). All White Ridge granodiorite

porphyry between these extrapolated faults and the monzogranite por-

phyry is probably allochthonous.

Xenoliths up to 90 cm in diameter are most abundant along the

margin of the monzogranite stock (e.g. 11,188 N - 14,554 E). The
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larger xenoliths are composed of porphyritic and equigranular diorite

and quartz monzodiorite, and probably represent blocks of older intru-

sions stoped by the monzogranite magma during its ascent and emplace-

ment. Smaller xenoliths composed of melanocratic diorite are distri-

buted sparingly throughout the monzogranite, and are interpreted to

represent restite material similar to that observed in the Caplina-

Ataspaca monzogranite.

The White Ridge monzogranite porphyry stock is zoned texturally

inward toward the core from seriate and equigranular to strongly por-

phyritic. This zonation is irregular, appears to be transitional over

a distance of approximately 20 m, and is opposite that which would be

expected for a thermally quenched crystal-rich magma. This textural

variation indicates that the magma crystallized inward from the margin

with a seriate texture until it was quenched by a loss of volatiles.

This loss may have been caused by a drop in confining pressure on the

magma column, possibly by the eruption of the magma from a reservoir

located higher in the crust. The absence of mineral alignments,

shears, or fractured crystals suggests that the magma did not surge

upward, but was in lithostatic equilibrium at the time of this erup-

tion; if it took place. The possibility that the equigranular phases

of the monzogranite porphyry are actually unrecognized exotic blocks

of Caplina-Ataspaca monzogranite is precluded by the presence of abun-

dant diorite xenoliths enveloped by equigranular monzogranite within a

distance of less than one meter of the intrusive contact at 11,188 N -

14,554 E.
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Petrography

The White Ridge monzogranite porphyry is predominantly charac-

terized by a porphyritic texture, in which medium to finely crystal-

line phenocrysts are supported in a microgranitic (0.3 to 0.05 mm)

groundmass. The phenocrysts are composed of quartz, orthoclase, plag-

ioclase feldspar, biotite, and hornblende. The groundmass is composed

of the same in addition to accessory minerals, but quartz and ortho-

clase are most abundant. Modal, chemical, and normative analyses of

the granodiorite are provided in Table 8, and the modal data are plot-

ted on the IUGS Q-A-P ternary diagram Figure 76.

Phenocrysts of quartz vary from 3.0 to 0.5 mm in diameter and, as

shown in Figure 77, form glomerocrysts up to 4.0 mm across. The

phenocrysts are andedral to subhedral and are typically embayed.

Abundant glomerocrysts of quartz are characteristic of the monzogran-

ite porphyry. Inclusions of plagioclase feldspar, orthoclase, biotite

and rare muscovite are contained within some phenocrysts. Muscovite,

as in the White Ridge granodiorite porphyry, is not found with the

other inclusions, but instead is the only phase included in some

phenocrysts. This muscovite-bearing quartz may represent annealed

xenocrysts of quartz derived from the Arequipa Massif, which is known

to underlie the region.

Orthoclase forms subhedral tabular phenocrysts that are typically

less than 3 mm in size, but may range up to 12 mm in length. These

phenocrysts contain traces of wispy microperthite and inclusions of

quartz, plagioclase feldspar, Fe-Ti oxides, and biotite along the

rims, as shown in Figure 78. Abundant orthoclase in the groundmass is

intergrown with subequal amounts of quartz and lesser plagioclase
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Table 9: Modal, Chemical, and Normative Analyses of the
White Ridge Monzogranite Porphyry, Tpmg

Modal Mineralogy, vol Z *

AT 37-1 AT 42-1 AT 147-2
Specimen AT 361

Q 4.7 (23.9) 28.6 6.8 (17.1) 23.9 7.4 (22.2) 29.6 4.1 (20.4) 24.5Or 1.0 (25.4) 26.4 5.4 (20.4) 25.8 2.3 (23.3) 25.6 0.7 (27.3) 30.0Pf 29.2 ( 9.3) 38.5 32.7 ( 7.0) 39.7 33.3 ( 2.1) 35.4 29.5 ( 5.4) 34.9Bi 3.3 ( 1.4) 4.7 5.6 ( 1.7) 7.3 4.1 ( 1.0) 5.1 3.6 ( 1.1) 4.7Bb 0.9 ( 0.2) 1.1 0.0 2.8 ( 0.5) 3.3 5.1 ( 0.0) 5.1Fe-Ti oxide 0.2 0.1 0.3 0.2Sph/Leu tr 0.3 0.1 1.2Epi/Czo tr 0.1 0.0 0.1Chl 0.2 1.4 0.4 1.0Wh Mica 0.2 0.0 0.1 trAp 0.1 0.1 0.1 0.2Zr/Allan tr tr tr 0.1Py /Lim 0.0 1.1 0.0 0.0Unknown 0.0 0.2 0.0 0.0

Total 100.0 100.0 100.0 100.0Points 1261 1682 1560 995s.g.
2.644 2.591C.I. 6.5 10.6 9.4 12.6

Chemistry, wt Z

SiO2 70.66 72.27TiO2 -
0.40 0.46Al2O3

14.50 14.59FeO
2.88 1.46MnO -
0.04 0.01MgO -
1.19 1.52CaO
3.05 3.32Na2O
3.24 3.30K2O

- 4.09 3.87-205
0.11 0.13

Total
100.16 100.93

Trace Metals, ppm

Cu
65 30Mo
<1 <1

Pb
20 16Zn
50 50Ag

<0.3 <0.3

CIPW Normative Mineralogy, wt Z

27.60 29.46
q
or

24.17 22.87ab
27.42 27.92

an
12.94 13.57

di
1.20 1.62by
4.30 3.54mt
1.62 0.83

it
0.76 0.87

ap
0.25 0.30

*- Minerals listed as phenocrysts, (groundmass) total
1- fresh

2- weak propylitic alteration

Oxide analyses by Peter R. Hooper, Washington State University
Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
Norms calculated assuming Fe203/Fe0 = 0.60
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Figure 77. Photomicrograph of monzogranite porphyry; quartz glomero-
cryst on left, biotite on right; (AT 147); width of view 5 mm; crossedpolars.

Figure 78. Photomicrograph of the White Ridge monzogranite porphyry;
quartz glomerocryst is in lower right, orthoclase phenocryst is in
upper right, and plagioclase feldspar glomerocryst is on left; (AT
37); width of view 5 mm; crossed polars.
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feldspar in an equigranular mosaic.

Plagioclase feldspar constitutes the most abundant phenocryst

phase of the monzogranite porphyry, but is relatively uncommon in the

groundmass. These phenocrysts are euhedral to subhedral, vary in size

from 4.5 to 0.5 mm, and have oscillatory compositional zones. The

phenocrysts have broad cores of zoned andesine (An 48-33) that grade

transitionally but sharply to edges of sodic oligoclase (An 18).

Groundmass plagioclase feldspar is simply zoned and compositionally

similar to the outer rims of the phenocrysts. Included within the

phenocrysts are hornblende, biotite, Fe-Ti oxides, quartz, and apa-

tite.

Phenocrysts of brown euhedral hornblende vary up to 5.5 mm in

length and are deeply pitted. They contain inclusions of plagioclase

feldspar, Fe-Ti oxides, apatite, and sphene. Late magmatic biotite

commonly replaces much of the hornblende, as illustrated in Figure

79. Groundmass hornblende is rare and forms extremely pitted

euhedra. Hornblende is preferentially chloritized both where trace

disseminated pyrite/chalcopyrite is present (AT 37), or along the

northwest side of the stock where weak propylitic alteration grades(?)

into endoskarn/Ca-Na alteration.

Biotite forms euhedral to subhedral "books" up to 2.5 mm in dia

meter and columnar aggregates up to 4.5 mm across. These phenocrysts

contain interleaved chlorite and inclusions of plagioclase feldspar,

apatite, Fe-Ti oxides, and zircon. Sparse groundmass biotite is an-

hedral and shred-like. Optically continuous, late magmatic biotite

replaces the hornblende phenocrysts along cleavage traces. This mor-

phologic habit distinguishes late magmatic biotite from finely crys-



Figure 79. Photomicrograph of the White Ridge monzogranite porphyry;
the hornblende phenocrysts on left are partly replaced by late mag-
matic biotite; plagioclase feldspar phenocrysts are on top and bottom,
and biotite phenocryst is on right; (AT 36); width of view 5 mm;
crossed polars.

talline, randomly intergrown subhedral plates of biotite of hydrother-

mal origin. Biotite is weakly altered to chlorite and epidote on the

northwest side of the monzogranite porphyry stock.

Fe-Ti oxides, apatite, zircon, allanite, sphene, chlorite, white

mica, epidote, and trace pyrite/chalcopyrite/limonite are distributed

as accessory minerals throughout the groundmass and as inclusions or

alteration products in phenocrysts. The sulfide is restricted to only

one sample (AT 37), is rounded, and poikilitically encloses groundmass

silicates. This texture indicates that the sulfide formed immiscible

blebs in the monzogranite magma. Associated with oxidized sulfide and

chloritized hornblende is an unknown, equant, pale gray to colorless

mineral characterized by moderate relief, low birefringence, ill-de-

fined cleavage, and a possible uniaxial negative interference figure.
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This mineral is presumed to be of secondary origin and produced during

the chloritization of hornblende, but it could not be identified.

Fe-Ti oxide, zircon, and apatite are associated with aggregates of

biotite, and together may represent restite material.

The sequence of crystallization of the White Ridge monzogranite

porphyry has been determined from textures and inclusions observed

petrographically. These observations indicate that plagioclase feld-

spar, apatite, zircon, allanite, and Fe-Ti oxides were the initial

crystalline phases, and that these were accompanied and/or superseded

sequentially by hornblende, biotite, quartz, and orthoclase.

Modal analyses of the monzogranite porphyry plot closely together

in the monzogranite field of the IUGS Q-A-P ternary diagram (Fig.

76). These intrusive rocks are slightly richer in orthoclase, but

generally identical to those of the Interior Suite of the Caplina-

Ataspaca monzogranite. This compositional similarity, plus similari-

ties in xenoliths and seriate textures, indicate that the two intru-

sions are different phases of the same magma.

Chemistry

Chemical analyses of two samples of the monzogranite porphyry are

provided in Table 8. The monzogranite porphyry, compared to the

chemical composition of the Interior Suite of the Caplina-Ataspaca

monzogranite, is slightly enriched in Si02 (70.66 vs. 70.43 %) and K20

(4.09 vs. 3.75 %), but is depleted in the other oxides. This differ-

ence is explained by more abundant orthoclase and less abundant mafic

minerals and plagioclase feldspar. Trace metal abundances of the

monzogranite porphyry are similar to the Caplina-Ataspaca monzogranite
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and are not anomalous, but sample AT 37, which contains sulfide dis-

seminations, was not analyzed.

Age and Significance

The monzogranite porphyry is the youngest of all intrusions of

White Ridge and perhaps of the Ataspaca area. This relative age is

based on cross-cutting field relationships discussed above and in

previous sections. The monzogranite porphyry is moderately altered on

its northwest side, which suggests that potential mineralization may

be found west of the map area.

The monzogranite porphyry and the fluids that formed the White

Ridge breccias may have had similar origins. The compositional sim-

ilarity between the Interior Suite of the Caplina-Ataspaca monzogran-

ite and the monzogranite porphyry suggest that the latter intrusion is

derived from the former. Crystallization of the Caplina-Ataspaca

pluton inward from the margin caused plagioclase feldspar to be frac-

tionated and orthoclase and quartz to be enriched toward the interior

of the intrusion. This fractionation process also may have concen-

trated volatiles toward the interior of the pluton. As discussed in

the previous section, the increase in volatile pressure eventually may

have overcome the structural strength of the plutonic carapace so that

volatiles could escape explosively into the Chucchuco fault system.

Monzogranite magma may have escaped from the interior of the pluton

along with this eruption of hydrothermal fluids. This magma eventual-

ly may have risen up and along the fault system and passed through the

White Ridge breccias to attain higher levels in the crust. However,

the probable lengthy duration of these events renders this interpreta-
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Lion unlikely, because a considerable amount of time must have elapsed

prior to the intrusion of the monzogranite porphyry for the hydrother-

mal system in the breccias to have evolved and entirely cement the

clasts. However, if the escape of volatiles from the core of the

pluton quenched much of the interior magma, then it is unlikely that

the residual magma would have been rapidly intruded. This mechanism

might account for the delayed emplacement in the arrival of the monzo-

granite porphyry into the breccias. Alternatively, the breccias and

the monzogranite porphyry may be genetically unrelated and may have

been generated at depth by processes that operated independently of

each other.

Breccia Sill (Tbx-2)

The breccia sill crops out in the northwest part of the Ataspaca

prospect on either side of White Ridge, as depicted in Figure 80.

This sill has been preferentially eroded to form the pass between

Ataspaca and Caplina at the northwest corner of the prospect map area

(Plate 1). The sill is largely obscured by colluvium beyond this

pass, but appears on the basis of soil coloration to continue down the

northeast side of Cerro Sino an unknown distance. The south end of

the sill abuts and partly incorporates the north end of the Taracahua

dike (Tsmg-2) in the west-central part of the prospect.

The breccia sill is more than 800 m in length, varies from 5 to

60 m in thickness, is poorly exposed, and weathers with little or no

relief. It strikes N15°E, dips 30°SE, and is in concordant contact

with strata of the Pelado Formation. The hangingwall of the sill is

rubbly and irregular but concordant overall, whereas the footwall is
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Figure 80. Distribution of the breccia sill in the Ataspaca prospect.
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planar and sheared, as shown in Figure 81. The sill is predominantly

white, but locally is stained brown by limonite.

The main stock of White Ridge granodiorite porphyry resisted

intrusion by the breccias, and thus segmented the breccia body into a

southern and northern sill. The southern sill, approximately 400 m in

length, intruded both the Pelado Formation and the intrusive complex

of White Ridge. The concordant orientation of this sill is maintained

within the intrusive complex nearly to the crest of the ridge. White

Ridge diorite (Tde) forms the hangingwall of the sill within this

complex, whereas an exotic block of propylitically altered granodio-

rite (Tpgd) forms the footwall. This granodiorite block was dragged

upward beneath the diorite during intrusion of the nearby stock of

White Ridge monzogranite porphyry (Tpmg) prior to emplacement of the

breccias. Contact relationships of the southern sill with the stock

of White Ridge granodiorite porphyry are difficult to determine, be-

cause the breccias are composed predominantly of granodiorite at this

location.

The northern sill is at least 300 m in length, and it is easily

mapped on the hillslope north of White Ridge by a white soil colora-

tion (see Fig. 46). This sill was intruded between the Pelado Forma-

tion and exotic blocks of diorite that surround the smaller stock of

White Ridge granodiorite porphyry (p.108). Faults adjacent to the

footwall of the sill strike N10°E, dip 40°SE, are structurally concor-

dant with strata of the Pelado Formation, and are presumed to repre-

sent the average orientation of the northern sill.

The breccias are unsorted, heterolithic, and rich in rock flour.

The clasts vary in diameter from more than 5 m to less than 1 cm.
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Figure 81. The lower contact of the southern breccia sill; the foot-
wall dips eastward approximately 30°; rock hammer for scale; view to
north; 11,056 N - 14,593 E.

Smaller clasts are angular to subangular, but the angularity of larger

clasts could not be determined because of poor exposures. The clasts

are composed of gabbro-diorite, Taracahua seriate monzogranite (Tsmg-

2), White Ridge granodiorite (Tpmg), White Ridge breccia (Tbx-1), and

their endoskarn equivalents, as shown in Figure 82. The rock flour

matrix is composed of angular sand- and silt-sized fragments that were

derived by comminution of the above clasts. Shattered quartz, frac-

tured and crushed feldspar, and bent and frayed biotite typify the

rock flour, as illustrated in Figure 83.

The breccia sill has undergone locally intense potassic, endo-

skarn, and zeolitic alteration. Potassic alteration, characterized by

secondary biotite, orthoclase, rutile, and pyrite, is most intense in

the southern sill. Zones of potassic alteration are stained limonitic
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Figure 82. Samples of the breccia sill; from left to right, the
samples are: 1) potassically altered dioritic and granitic clasts
cemented by K-feldspar, biotite, and paragenetically late zeolite
(AT 67); 2) potassically altered White Ridge granodiorite porphyry
(AT 78); and 3) zeoliticaily altered Taracahua seriate monzogranite
with matrix cemented by carbonate and laumontite? (AT 76).

Figure 83. Photomicrograph of matrix of the breccia sill; bent biotite
is cemented in a columnar aggregate of laumontite; (AT 67); width of
view 5 mm; plane light.
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brown by the weathering of pyrite.

Endoskarn alteration is characterized by a bleached coloration,

and by the presence of secondary tremolite-actinolite and sphene. The

distribution of endoskarn alteration within the breccia sill is poorly

understood, because of an insufficient number of samples and because

many of the breccia clasts were initially composed of endoskarn.

Endoskarn, based on the distribution and intensity of bleaching, ap-

pears to be most intense in the northern sill and in the south end of

the southern sill. Weak endoskarn and potassic alteration are locally

superimposed, but paragenetic relationships are inconclusive.

Zeolitic alteration is characterized by the replacement of plag-

ioclase feldspar by laumontite(?), and by the cementation of potas-

sically altered breccia with vein and vug fillings of laumontite,

heulandite, and carbonate. Zeolitic alteration is common throughout

the northern and southern breccia sills. Additionally, veins of zeo-

lite 1) cut septum blocks near White Knob (e.g. 10,558 N - 14,802 E),

and 2) are common throughout and along the western contact of the

large stock of White Ridge granodiorite. Zeolites along the western

contact of the granodiorite are probably related to fluids from the

breccia sill, whereas those distributed throughout the stock are prob-

ably related to fluids responsible for the pervasive Ca-Na alteration

of the stock.

Hydrothermal alteration appears to have penetrated less than 2 m

into wall rocks adjacent the sill, and it consists of weak biotiti-

zation of siltstone or endoskarn and zeolitic alteration of diorite.

Alteration in the breccia sill is provisionally concluded to be unre-

lated to the endoskarn aureole localized in the Caplina-Ataspaca mon-
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zogranite downslope from the Ricardina level. This conclusion is

based on differences in style and intensity of alteration between the

sill and the aureole.

Age and Significance

The breccia sill was emplaced after the White Ridge monzogranite

porphyry, and is probably the youngest intrusive unit in the Ataspaca

area. This relative age is based on 1) clasts of various older intru-

sions within the breccia, and 2) emplacement of the sill into faults

produced by the monzogranite porphyry.

The breccia sill has features typical of both magmatic-hydrother-

mal and phreatic breccias associated with porphyry-type deposits (Sil-

litoe, 1985). The tabular shape, abundance of rock flour, and posi-

tion late in the intrusive history are characteristic of phreatic

breccias, such as those at Cuajone, Peru (Satchwell, 1983). Phreatic

breccias, however, are weakly altered and usually are associated or

intermingled with dikes of intrusive rock. Heat from these dikes is

thought to cause meteoric waters to boil and thus induce brecciation

(Gustafson and Hunt, 1975). Such intrusive rock is absent from the

breccia sill, which furthermore has undergone various intensities and

types of hydrothermal alteration. These characteristics serve to

distinguish the breccia sill as a magmatic-hydrothermal breccia.

The breccia sill was intruded as a fluidized mass of clasts and

rock flour in response to an explosive eruption of hydrothermal

fluids. These fluids are presumed to have evolved from a water-satur-

ated intrusion that underwent significant decompression during em-

placement into the hypabyssal environment. The location of this in-
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trusion may be centered northeast of the surface expression of the

breccia sill, if it is assumed 1) that the breccia body remained

structurally concordant with the enclosing strata, and 2) that the

breccias were emplaced through this tabular conduit in an up-dip dir-

ection. Alternatively, the postulated intrusion may be centered

directly beneath the prospect area, provided that 1) the White Ridge

intrusions blocked the flow of the fluidized breccias and diverted

them into the country rocks, and that 2) the breccia body is struc-

turally discordant in the subsurface. Regardless, this intrusion may

constitute an exploration target for porphyry copper mineralization.

Additional mapping and sampling of the breccia sill is recommended

beyond the boundaries of the prospect for the purpose of locating this

or genetically related mineralization.

Ricardina Intrusions (Trqd. Trgd. Trmg)

The Ricardina intrusions crop out in and near the Ricardina level

in the east-northeast part of the prospect, as shown in Figure 84.

These intrusions are composed of porphyritic quartz diorite (Trqd),

seriate granodiorite (Trgd), and porphyritic monzogranite (Trmg).

Various types and intensities of hydrothermal alteration make these

intrusions difficult to identify megascopically and microscopically.

Therefore, they are herein named the Ricardina intrusions, modifying

the usage of Bonelli (1983) who referred to them as the Ricardina

granodiorite.

Quartz diorite crops out as a segmented sill north of the

Ricardina level, and as the northern one-half of a bi-lobate intrusive

center south of the Ricardina level. Although contacts of the sill
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Figure 84. Distribution of the Ricardina intrusions in the Ataspaca
prospect.
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have been obscured by the effects of hydrothermal alteration, outcrop

patterns of the intrusion mimic those of adjacent strata, which indi-

cate that the intrusion is in concordant contact with the country

rocks. This intrusion is approximately 300 m in length and 30 m in

thickness. Emplacement of the sill produced negligible deformation in

the surrounding Ataspaca Formation, except for an open fold in silt-

stone and quartzite near the northernmost segment (11,360 N -

15,225 E). This sill appears to be related to the dioritic miscel-

laneous intrusions (Tmi) on the basis of composition and intrusive

style, and is therefore probably one of the oldest intrusions in the

Ataspaca area.

Quartz diorite north of the Ricardina level has undergone per-

vasive medium argillic alteration, whereas south of the Ricardina

level it is fresh or has undergone potassic (orthoclase-flooding) or

Ca-Na alteration. Samples of altered quartz diorite are shown in

Figure 85. Correlation between these fresh and altered outcrops is

tenuous and is based on petrographic textures and proportions of rem-

nant phenocrysts. A narrow fault-controlled apophysis of dark in-

trusive rock, mapped by Centromin geologists in a now-collapsed part

of the Ricardina level (11,030 N x 15,260 E) probably is argillically

altered quartz diorite.

Granodiorite constitutes the southern one-half of the bi-lobate

intrusive center south of the Ricardina level. This intrusion is

approximately 35 m in diameter, appears to form a vertical cylinder,

and is in contact with fractured and brecciated quartzite of the Atas-

paca Formation. Northeast-trending joints in the intrusion and shears

in the adjacent country rocks indicate that the intrusion probably
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Figure 85. Samples of Ricardina quartz diorite; samples in upper photo
are argillically altered; samples in lower photo are 1) potassically
altered and cut by quartz veinlets (AT 121 top, AT 122 right), and 2)
Ca-Na altered (AT 120, left).
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ascended through a northeast-trending (Chucchuco?) fault. Strata of

the Ataspaca Formation deviate in strike from north-northeast to east-

west on both the north and south sides of this intrusion. This devia-

tion indicates that the strata were shouldered aside during emplace-

ment of the intrusion.

The granodiorite has undergone both moderate potassic and intense

Ca-Na alteration. These alteration types overlap, but Ca-Na altera-

tion appears to be most intense with proximity to the southern wall

rocks. The original composition of this intrusion is difficult to

determine, because orthoclase is mobile in both types of alteration.

The seriate texture, however, suggests that the intrusion may be re-

lated to the Taracahua monzogranite.

Narrow dikes of porphyritic monzogranite cut the Erika member in

the workings of the Ricardina level, near 11,060 N 15,200 E. These

dikes are less than 2 m in width, trend approximately N55°E, and ap-

pear on the basis of abundant shears in the wall rocks to have been

emplaced through a northeast-trending fault zone (Plate 4). Intrusive

relationships in blocks on the Ricardina dump indicate that the monzo-

granite magma enveloped blocks of wall rock during intrusion. This

monzogranite, referred to as quartz-feldspar porphyry by Bonelli

(1983, p.30), may be part of the Taracahua monzogranite.

The porphyritic monzogranite has undergone a unique type of Ca-Na

alteration that is characterized by unusual remnant phenocrysts of

chloritized biotite and zeolitized feldspar. This alteration appears

megascopically similar to sericitic alteration, and is accompanied by

traces ( 0.2 percent) of chalcopyrite mineralization, as shown in

Figure 86. This mineralization is fracture-controlled and is related



Figure 86. Ricardina porphyritic monzogranite (AT 161) showing dis-
seminations of fracture-controlled chalcopyrite.

to locally abundant base-metal sulfides in exoskarns of the Ricardina

level.

Petrography

Modal, chemical, and normative analyses of representative samples

of the Ricardina intrusions and their altered equivalents are provided

in Table 10, and the modal analyses are plotted on the IUGS Q-A-P

ternary diagram in Figure 87. Quartz diorite corresponds to samples

AT 119 to 123, granodiorite corresponds to AT 124a and 124b, and mon-

zogranite corresponds to AT 161 and 162. Samples that have undergone

Ca-Na alteration plot in the tonalite field of this diagram, and are

connected by dashed lines to the petrologic trend line for intrusions

of the Ataspaca prospect (see Petrologic Summary). These dashed

lines, based on alteration reactions presented in later chapters,
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Table 10* Modal, Chemical, and Normative Analyses of
the Ricardina Intrusions- Trqd, Trgd, Trmg

quartz diorite (Trqd)

Modal Mineralogy vol Z *
Specimen AT 119-1 AT 120-2 AT 121-3 AT 122-3 AT 1234

Q y 0.7 (14.1) 14.8 y y 0.2 (10.1) 10.3
Or ? 1.3 y y 0.4
Pf y 28.6 (40.4) 69.0 y y 18.7 (40.0) 58.7
Bi y' 0.0 tr' n 1.2 (14.3) 15.5
Hb n 0.0 n n 3.5 (10.5) 14.0
Di n 2.1 (11.1) 13.2 n n tr
Amph 0.0 n n tr
Mt y 0.0 n n 0.0
Sph/Ru y/ 1.3 y/y y/y 0.1
Epi y 0.0 n n 0.0
Chi y 0.0 n n 0.7
Wh Mica y 0.0 n y 0.0
Ap y 0.2 y y 0.1
Zr/Allan y tr y n tr
Clay y 0.0 n n 0.0
Py/Lim _Y__ 0.0 _Y_ n 0.1

Total 100.0 100.0
Points 1175 821
s.g. 2.633 2.658 2.58 2.72
C.I. -25 14.7 '-2 <1 30.5

Chemistry, wt

SiO2 67.30 68.0671.55 59.77
TiO

2 0.41 0.53 0.79 0.85
A1 2O3 17.6623 14.00 16.14 17.89
FeOt 3.42 1.61 0.00 6.72
MnO 0.05 0.00
Mg0 1.01 1.67 0.36 3.37
CaO 3.03 4.87 1.11 5.97
Na2O 4.37 3.29 1,95 2.84
K2O 2.29 1.53 8.22 1.70
-2052-5 0.22 0.05

Total 99.76 99.48 96.68 99.11

Trace Metals, ppm

Cu 20

Mb 2

Pb 30

Zn 95 -

Ag <0.3 _ - -

CIE Normative Mineralogy, wt %

q 24.65 22.48 16.88
Or 13.53 48.58 10.05
ab 36.98 - 16.50 24.03
an 13.59 - 5.18 29.62
c 3.01 2.14 0.52
by 4.91 0.90 15.89
mt 1.93 0.00 3.80
it 0.78 0.00 1.61
ti 0.00 0.79 0.00
ap 0.51 0.12

*- minerals listed as phenocrysts, (groundmass), total
1- medium argillic alteration; 2- diopside Ca-Na alteration;

3- potassic alteration (orthoclase flooding); 4- fresh;
'- hydrothermal biotite; "- actinolite
Oxide analyses by Peter R. Hooper, Washington State University

Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
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Table 10: Modal, Chemical, and Normative
Intrusions- Trqd,

Analyses of
Trgd, Trmg
monzogranite (Trmg)

the Ricardina
granodiorite (Trgd)

Modal Mineralogy vol Z *
Specimen AT 124al 2AT 124b- 3AT 161- 3AT 162-

Q 5.4 (29.2) 34.6 7.9 (14.9) 22.8 10.9 (26.6) 37.5 10.6 (25.2) 35.8
Or 6.1 0.0 . 0.0 0.0
Pf 25.7 (21.7) 47.4 26.8 (36.1) 62.9 30.3 (23.8) 54.1 32.0 (18.6) 50.6
Bi 4.2 ( 5.2) 9.4 0.0 . 2.9 ( 1.1) 4.0 0.0
Hb 0.0 0.0 . 0.0 0.0
Di 0.0 0.0 . 0.0 0.0
Amph 1.6 3.5 ( 7.8) 11.3 . 0.0 0.0
Mt 0.0 0.0 tr 0.0
Sph/Ru/Leu 0.2 1.9

. 0.5 0.5
Bpi 0.0 0.0 . tr 0.0
Chl 0.4 0.0 . 1.5 9.0
Ap 0.1 0.3 . tr tr
Zr/Allan 0.2 0.1 . tr tr
Zeo 0.0 0.7 1.1 2.8
Carbonate 0.0 0.0

. 1.3 1.2
Py/Lim tr 0.0

. 0.0 0.1

Total 100.0 100.0 100.0 100.0
Points 938 786 617 951
s.g. 2.70

. 2.60
C.I. 12.0 13.6 . 6.0 9.5

Chemistry, wt

SiO 2 70.27 72.31
TiO2 0.51 0.40
Al 20323 15.57 14.93
Fe0- 1.86 1.40
Mn0 0.01 0.04
Mg0 1.80 1.54
Ca0 4.30 4.19
Na

2
0 3.76 3.20

K 2 0 2.56 0.37
P 0 0.14 0.1225

Total 100.78 98.50

Trace Metals, PM]

Cu 450 380
Mo <1 <1
Pb 25 13
Zn 45 - 40
Ag <0.3 <0.3

CIPW Normative Mineralogy, wt

41.06q 27.25
or 15.13 2.19
ab 31.82 27.08
an 18.05 20.00
c 0.00 1.93
di 1.88 0.00
by 4.39 4.47
mt 1.06 0.80
it 0.97 0.76
ap 0.32 0.28

*- minerals listed as phenocrysts, (groundmass), total.

1- combined potassic and amphibole endoskarn alteration; veined by q-or-cpy(?)
2- amphibole Ca-Na alteration;

3- Ca-Na alteration; biotite chloritized, plagioclase feldspar zeolitized
Oxide analyses by Peter R. Hooper, Washington State University
Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
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Figure 87. QAP diagram of the Ricardina intrusions; diamonds are the
porphyritic quartz diorite, squares the granodiorite, and circles the
porphyritic monzogranite; dashed lines correct for Ca-Na alteration;
solid line is petrologic trend for intrusions of the prospect area;
see text for details.
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represent mineralogical changes imposed on the orthoclase-bearing

intrusions that underwent Ca-Na alteration to give modal compositions

similar to those measured. The intersections of the trend and dashed

lines provides an approximation of the original compositions of these

intrusions.

Fresh quartz diorite (AT 123) has a porphyritic texture in which

medium sized phenocrysts are supported in a finely crystalline allo-

triomorphic groundmass. The phenocrysts consist of plagioclase feld-

spar and lesser amounts of green hornblende, biotite, and traces of

quartz. The groundmass contains these same minerals, as well as ac-

cessory clinopyroxene, apatite, chlorite, sphene, and limonite.

Phenocrysts of plagioclase feldspar may be either euhedral or variably

corroded; as was previously noted for those of the Hybrid Porphyry

(Thp). These textural features suggest that porphyritic quartz dio-

rite may also have been derived from a mixed magma. Clinopyroxene in

the groundmass may have been introduced by this magma-mixing, but it

does not exhibit disequilibrium textures. Minor quartz-amphibole

veinlets cut the quartz diorite and may be related to nearby skarn

mineralization.

Porphyritic quartz diorite (AT 123) has undergone medium argillic

(AT 119), potassic (AT 121 and 122), and Ca-Na (AT 120) alteration.

Samples AT 120 and AT 123 plot closely in the quartz diorite field of

the Q-A-P diagram (Fig. 87). Although these two samples are tenta-

tively inferred to be altered equivalents, the color index of AT 120

is 14.7, approximately one-half of that for AT 123 (C.I.= 30.5).

Color indices of endoskarn and Ca-Na altered rock elsewhere in the

prospect are equal to those of corresponding protoliths. This differ-
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ence therefore suggests that AT 120 is not the altered equivalent of

AT 123. Further work is required to determine whether or not these

samples represent the same intrusion, different intrusions, or exotic

blocks.

Granodiorite (AT 124a) is texturally and mineralogically similar

to the Caplina-Ataspaca and Taracahua seriate monzogranites, as shown

in Figure 88. This intrusion is composed of quartz, orthoclase, plag-

ioclase feldspar, biotite, hornblende(?), and accessory minerals.

However, orthoclase and hornblende are notably scarce as compared to

silicic intrusions elsewhere in the prospect. This scarcity may be

the result of the initial magma composition or of the combined effects

of subsequent potassic and Ca-Na alteration. Additional samples and

petrographic analysis are necessary to determine whether or not horn-

blende and orthoclase were significantly abundant in this intrusion

prior to alteration.

Quartz, orthoclase, and biotite cement crushed zones adjacent to

quartz-orthoclase-pyrite veinlets in the granodiorite. These zones of

cataclasis are manifest by mortar textures in which these minerals en-

velop fragments of magmatic plagioclase feldspar. The vein minerals,

but not the cementing minerals, were deducted from the modal analysis

of AT 124a. Because the cataclastic deformation post-dates solidi-

fication of the magma, it may related to subsequent movement along the

fault through which the granodiorite magma ascended.

Modal analyses of the granodiorite plot in both the tonalite and

granodiorite fields of the Q-A-P diagram (Fig. 87). These two widely

separated compositional points serve to highlight effects of hydro-

thermal alteration previously mentioned. After correction for endo-



Figure 88. Photomicrographs of the Ricardina granodiorite; note seri-
ate texture, secondary biotite on right, and secondary amphibole in
upper left and on right that replaces biotite; (AT 124a); width of
view 5 mm; upper photo plane light, lower photo crossed polars.
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skarn alteration, the initial composition of this intrusion plots

along the granodiorite and quartz monzodiorite boundary. The color

index of this intrusion (-13) is similar to that of the White Ridge

granodiorite porphyry (C.I.=13.2), but is less than that of the quartz

monzodiorite porphyry (C.I.=16.3). Therefore, the intrusion is desig-

nated as granodiorite rather than quartz monzodiorite.

Porphyritic monzogranite in the Ricardina level, as shown in

Figure 89, is texturally similar to the White Ridge monzogranite por-

phyry, but contains almost twice as much phenocrystic quartz. Pheno-

crysts of glomerocrystic quartz, plagioclase feldspar, and chloritized

biotite are supported in an allotriomorphic groundmass of finely crys-

talline quartz, plagioclase feldspar, green chlorite, zeolite, carbon-

ate, leucoxene, apatite, and traces of chalcopyrite. Plagioclase

feldspar is locally veined and replaced by zeolite. Phenocrysts of

orthoclase have been replaced by secondary plagioclase feldspar,

quartz, and zeolite. Phenocrysts of hornblende, if they were origin-

ally present, may have been replaced by secondary biotite that was

subsequently chloritized. However, the absence of pseudomorphic re-

placement textures in the chlorite masses suggests that hornblende was

never a major phase in this intrusion.

Modal compositions porphyritic monzogranite plot in the tonalite

field of the Q-A-P diagram (Fig. 87). However, after correcting for

endoskarn alteration, this intrusion plots on the boundary between

granodiorite and monzogranite. Petrographic similarities, such as

glomerocrystic quartz, suggest that this intrusion was originally

monzogranite. In addition, the color index of this porphyritic monzo-

granite (-7.8) is similar to that of the White Ridge monzogranite
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Figure 89. Photomicrograph of Ricardina porphyritic monzogranite;
quartz glomerocryst in lower left is characteristic of monzogranite;
chloritized biotite is on right, and plagioclase feldspar cut by car-
bonate is in upper center; (AT 161); field of view 5 mm; crossed
polars.

porphyry (C.I. 9.8).

Chemistry

Several chemical analyses for the Ricardina intrusions are listed

in Table 10. Fresh quartz diorite, AT 123, is compositionally similar

to the average diorite of Le Maitre (1976), but is unusually enriched

in A1203 (17.89 % vs. 16.67 %). This high alumina value is related to

the relatively high normative anorthite content (29.62 %) of the

quartz diorite. Variations in chemical compositions of the altered

quartz diorites are consistent with their respective styles of hydro-

thermal alteration. Potassically altered quartz diorite (AT 122),

characterized by bleaching and flooding by orthoclase, is enriched in
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K20 and Si02 and depleted in FeOt, MgO, Na20, and CaO. Argillically

altered quartz diorite (AT 119), is enriched in Si02 and K20, but

depleted in the other oxides except A1203. This relatively large

abundance of alumina is caused by the selective leaching of other

cations during argillic alteration of the feldspars, and is reflected

in the normative mineralogy by the presence of corundum. The trace

metal content of argillically altered quartz diorite is not anomalous,

although the Zn content (95 ppm) may be near the threshold value.

The major oxide chemistry of granodiorite, although relatively

depleted in K20 (2.56 % vs. 3.35 %) and FeOt (1.86 % vs. 3.48 %) and

enriched Ca0 (4.30 % vs. 3.29 %), is generally similar to that of the

White Ridge granodiorite. These chemical differences are caused by

low modal abundances of orthoclase and by Ca-Na alteration in which

the ferromagnesian minerals are replaced by calc-silicates.

The porphyrytic monzogranite is chemically similar to the White

Ridge monzogranite, although highly depleted in K20 (0.37 % vs. 4.09

%) and enriched in Ca0 (4.19 % vs. 3.05 %). These chemical variations

are caused by the replacement of orthoclase by plagioclase feldspar

and quartz.

Copper is enriched in both the granodiorite (450 ppm) and the

monzogranite (380 ppm). This enrichment is caused by veinlets of

orthoclase-quartz-(chalcopyrite?) in the granodiorite and dissemina-

tions of chalcopyrite in the monzogranite.

Age and Significance

The relative ages of the Ricardina intrusions are based exclu-

sively on imperfect comparisons with compositionally similar intrusive
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phases elsewhere in the prospect area, because cross-cutting field

relationships were not observed. The quartz diorite is tentatively

correlated with the White Ridge diorite, the Road diorite, and the

miscellaneous intrusions. Therefore, it is presumed to have been

intruded early in the magmatic history of Ataspaca. The granodiorite

and monzogranite may be coeval and correlate with the Taracahua and

other monzogranites. All the Ricardina intrusions, based on the pres-

ence of widespread hydrothermal alteration, are of pre- or syn-min-

eralization age with respect to the exoskarns of the Ricardina level.

Accordingly, the Ricardina monzogranite and granodiorite may have been

the sources of heat and fluids that formed and mineralized the Ricar-

dina exoskarns.

Exotic Blocks (Txb)

Exotic blocks are defined herein as allochthonous masses of

pre-existing rock that were shouldered aside or dragged into position

by the intrusion of a magma body. These exotic blocks represent the

central part of a continuum of deformational products that ranges from

intrusion breccias to negligibly deformed, pre-existing rock. Exotic

blocks discussed in this section are restricted to those composed of

igneous rock and concluded to represent older intrusions. These

blocks are numerous and provide insight into the early plutonic his-

tory of the Ataspaca area, and therefore they are grouped together as

a separate unit.

The exotic blocks are most abundant adjacent to the stocks of

White Ridge porphyry and within the White Ridge breccias (Tbx-1), as

shown in Figure 90. These blocks are distributed peripheral to the
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Figure 90. Distribution of exotic blocks in the Ataspaca prospect.
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intrusions, have diameters that vary from 2 to 40 m, are variably

deformed, and are in sharp contact with adjacent intrusions and

blocks. Abrupt changes in rock type composition over short distances

serves to delineate the exotic blocks where bedrock is poorly exposed

(e.g. 11,420 N - 14,705 E).

Exotic blocks are uniformly more mafic, less silicic, and less

potassic than the intrusions they border. For example, exotic blocks

of hornblende diorite and quartz diorite border the intrusions of

quartz monzodiorite porphyry (Tpqmd). Similarly, exotic blocks of

microdiorite, quartz monzodiorite, granodiorite, and seriate monzo-

granite border the intrusion of White Ridge monzogranite porphyry

(Tpmg). These relationships further document the mafic-to-felsic

compositional trend of the Ataspaca magmatic system.

The smaller igneous bodies have apparently been most susceptible

to dismemberment by later magmatic intrusions. This susceptibility is

illustrated by a monolithic assemblage of dioritic blocks in the

northwest part of the prospect area. They are intensely fractured and

are intruded by massive, moderately jointed granodiorite. The blocks

are interpreted to have been derived from a single dioritic intrusion

that is in a stage of incipient dismemberment by the granodiorite. In

contrast, the relatively large body of White Ridge diorite (Tde),

although intensely fractured in part, appears to have resisted dismem-

berment by the later White Ridge granodiorite porphyry (Tpgd).

The exotic blocks have undergone various types of hydrothermal

alteration that range from weak chloritic to intense Ca-Na alteration.

Ca-Na alteration is by far the most abundant alteration type to affect

the blocks. This alteration was facilitated by proximity to hydro-
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thermal channelways, by deformation within the blocks, and by proxim-

ity to calcareous country rocks. The White Ridge breccias (Tbx-1)

host the most intensely altered exotic blocks, as illustrated in Fig-

ure 91.

Petrography

The petrography of the exotic blocks is highly variable, because

the blocks represent a large number of compositionally different in-

trusions. For convenience, the petrographic descriptions that follow

summarize blocks of similar composition in the order: 1) equigranular

diorite; 2) porphyritic diorite and quartz diorite; and 3) porphyr-

itic quartz monzodiorite and granodiorite. Modal, chemical, and nor-

mative analyses of the blocks are provided in Table 11, and the modal

data are plotted on the TUGS Q-A-P ternary diagram in Figure 92.

Equigranular diorite, represented by samples AT 45, 56, and 58,

exhibits holocrytalline, hypidiomorphic equigranular textures in which

the crystals vary in size from 0.05 to 0.35 mm in microdiorite and 0.4

to 1.4 mm in other diorites. Quartz and orthoclase constitute less

than 5 percent of these rocks, and they are interstitial to abundant

plagioclase feldspar and secondary calc-silicate or primary ferromag-

nesian minerals. Most plagioclase feldspar is subhedral, lath-shaped,

and moderately to weakly aligned. It exhibits simple compositional

zonations characterized by cores of sodic bytownite to calcic labra-

dorite (An 72 to An 66) that grade transitionally to edges of oligo-

clase (An 34 to An 38). However, plagioclase feldspar of the micro-

diorite (AT 45 and AT 56) is unzoned and is composed of labradorite

(An 64). These compositional ranges are similar to that of plagio-
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Figure 91. Microdiorite that has undergone several generations of Ca-
Na alteration in the White Ridge breccias; pale green is diopsidic,
moderate green is actinolitic, and dark green contains an early
amphibole-pyrite assemblage; (AT 49); 11,149 N 14,580 E.
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Table 11 : Modal, Chemical, and Normative Analyses of
the Exotic Blocks, Txb

Modal Mineralogy vol % *

AT 9-3 AT 10-
4

AT 405
Specimen AT 6- AT 7-2

Q 1.3 ( 9.4)
Or

10.7 4.7 0.0 0.0 11.3
7.3 7.1 0.1 0.0 17.4

Pt 12.8 (39.3) 52.1 5.3 (50.0) 55.3 4.3 (52.7) 57.0 5.7 (43.6) 49.3 16.5 (29.1) 45.6
Bi 0.0 0.1 0.0 0.0 0.3 ( 1.0) 1.3
Hb 3.5 (18.6) 22.1 0.0 0.0 0.0 2.4 (15.4) 17.8
Di 0.0 0.0 2.0 (16.6) 18.6 4.8 (38.7) 43.5 0.0
Amph 0.0 7.1 (20.6) 27.7 3.5 (16.8) 20.3 0.0 0.0
Mt 1.7 0.0 0.0 0.0 2.9
Sph 1.1 2.6 2.4 3.5 1.6
Epi 1.8 0.2 0.8 0.3 0.1
Chi_ 2.7 0.0 0.0 0.0 1.6
Ap 0.4 0.8 0.4 0.4 0.3
Zr tr tr 0.1 tr 0.1
Zeo 0.1 0.4 0.0 0.1 0.0
Carbonate 0.0 0.0 0.1 0.3 0.0
Py/Lim 0.0 1.1 0.2 2.6 0.0

Total 100.0 100.0 100.0 100.0 100.0
Points 838 901 736 932 863
s.g. 2.69 2.64 2.75 2.86
C.I. 29.8 32.5 42.8 50.3 25.7

Chemistry, wt

SiO2 60.27 60.85 56.22 54.64
TiO

2 0.79 0.89 0.89 0.78
A1203 18.14 18.26 18.94 17.01
Fe0- 5.45 2.33 3.66 5.45
Mn0 0.08 0.04 0.10 0.14
Mg0 3.46 4.29 4.84 4.50
Ca0 6.83 7.08 10.59 13.80
Na 2 0 3.73 4.06 3.97 4.40
K 2 0 2.57 2.28 1.50 0.26
-205-2-5 0.20 0.22 0.22 0.22

Total 101.52 100.30 100.93 101.20

Trace Metals, ppm

Cu
210

Mo - _
7

Pb
25

Zn
60

Ag <0.3

CIPW Normative Mineralogy, wt %

q 8.73 8.86 1.41 0.48
or 15.19 13.47 8.86 1.54
ab 31.56 34.35 33.59 37.23
an 25.17 24.87 29.43 25.90
wo 0.00 0.00 0.00 2.68
di 6.04 6.97 17.26 27.44
by 10.91 8.75 6.84 0.00
mt 2.13 0.91 1.44 3.94
il 1.50 1.69 1.69 1.48
ap 0.46 0.51 0.51 0.51

*- modes reported as phenocrysts (groundmass) total 1- chloritized hornblende quartz diorite
2- amphibole endoskarn after quartz diorite 3- amphibole/diopside Ca-Na altered diorite
4- diopside Ca-Na altered diorite 5- chloritized porphyritic quartz monzodiorite

Oxide analyses by Peter R. Hooper, Washington State University

Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
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Table 11 : (continued)

Modal Mineralogy, vol 2*
Specimen AT 45- 2AT 52- AT 56-3 2AT 58- AT 62-3 AT 143-

4
AT 146-5 AT 1606

Q 0.0 3.9 0.8 2.5 14.2 tr ( 4.0) 4.0 15.9 3.9 (18.6) 22.5
Or 2.1 4.4 0.0 18.0 7.0 0.9 0.8 0.0
Pf 55.0 63.3 80.3 42.5 49.6 10.2 (45.0) 55.2 57.1 35.9 (23.5) 59.4
Si 0.0 0.3 1.0 0.0 10.9 4.3 ( 2.9) 7.2 0.0 0.0
Ho 0.0 0.0 0.0 0.0 14.8 11.8 ( 9.7) 21.5 0.0 0.0
Di 4.9 tr 0.0 10.5 0.0 0.0 0.0 8.2 ( 3.0) 11.2
Amph 24.7 22.3 15.8 16.5 0.0 uralite 3.0 18.4 0.0
Mt 3.9 tr 0.0 1.6 2.1 1.0 0.0 0.0
Sph 2.3 2.3 2.1 1.2 0.0 0.9 2.1 1.9
Epi 1.6 0.8 0.0 2.0 0.2 0.9 0.6 tr
Chl 0.0 tr 0.0 0.3 0.4 1.1 0.3 0.0
Ap 2.5 0.4 tr 1.2 0.6 0.3 0.1 0.3
Zr 0.0 tr 0.0 0.1 0.2 tr 0.0 tr
Zeo 2.0 0.0 0.0 0.2 0.0 0.0 1.9 2.8
Carbonate 0.0 1.1 0.0 0.3 0.0 0.0 0.8 0.5
Py/Cpy/Lim 1.0 1.2 0.0 3.1 0.0 4.0 0.0 1.0

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Points 943 653 530 est. 472 est. 1279 1210
s.g. 2.69 2.70 2.60 2.67
C.I. 40.9 27.3 18.9 36.5 29.2 39.9 21.5 14.4

Chemistry, wt

Si02 55.25 59.02 56.65 62.04 67.58
TiO

2 0.980 0.87 0.95 0.94 0.56
A1203 0 17.23 17,52 16.89 17.80 16.06
Pe° 5.56 6.65 7.79 3.64 1.92
Mn0 0.06 0.10 0.07
Mg0 3.56 3,69 4.75 4.00 2.40
Ca0 8.95 6.60 6.84 8.98 7.88
Na 20 3.09 3.34 2.58 3.55 3.28
K20 2.89 2.40 1.64 0.37 0.34
-2052-5 0.43 0.20 0.23

Total 98.00 100.39 98.38 101.32 100.01

Trace Metals, ppm

Cu 300 880 85 1160 2130
Mb 2 40 4 8 1
Pb 14 30 80 20 20
Zn 30 50 100 55 30
Ag <0.3 0.3 <0.3 <0.3 <0.3

CIPW Normative Mineralogy. wt

Q 3.98 - 9.17 10.91 16.11 28.39
Or 17.08 14.18 9.69 2.19 2.01
Ab 26.15 28.26 21.83 30.04 27.75
An 24.61 25.73 29.66 31.54 28.10
Di 13.86 4.69 2.27 10.42 8.77
Hy 7.87 14.33 19.43 8.18 3.39
Mt 1.59 1.91 2.26 1.04 0.55
Il 1.86 1.65 1.80 1.79 1.06
Ap 1.00 0.46 0.53

*- modes reported as phenocrysts (groundmass) total 1- amphibole endoskarn after microdiorite
2- amphibole-plagioclase endoskarn after microdiorite 3- fresh porphyritic quartz monzodiorite
4- quartz diorite porphyry with chalcopyrite dissems. 5- amphibole endoskarn after quartz diorite
6- diopside-plagioclase endoskarn after White Ridge granodiorite porphyry

Oxide analyses by Peter R. Hooper, Washington State Univ., and T. Horning, Oregon State Univ.
Trace metal analyses by Chemical and Mineralogical Services, Salt Lake City, Utah
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Figure 92: QAP diagram of the Exotic Blocks; blocks adjacent to
quartz monzodiorite are small circles, adjacent to granodiorite are
diamonds, and adjacent to monzogranite are squares; the large circle
is the suite average; filled symbols indicate that feldspar and quartz
have been appreciably modified by alteration; half-filled symbols are
for blocks in which quartz and feldspar are unaffected by alteration,
open symbols are for unaltered blocks.



211

clase feldspar in the White Ridge diorite. Anhedral pale green

clinopyroxene, actinolitic amphibole, epidote, sphene, and variable

but small amounts of magnetite and pyrite, all of metasomatic origin,

constitute most of the other minerals. These metasomatic minerals

pseudomorphically replace primary ferromagnesian minerals that are

presumed to have been hornblende, biotite, and possibly augite on the

basis of textural relationships, remnant minerals, and similarities

with the White Ridge diorite. They impose color indices on the host

rocks that vary from 19 to 41. Acicular apatite of magmatic origin is

abundant in the microdiorite (up to 2.5 percent). It does not exhibit

any textural evidence of dissolution or replacement by hydrothermal

solutions, and thus is inferred to be of magmatic origin.

Porphyritic diorite and quartz diorite, represented by samples AT

6, 7, 9, 10, 143, 146, are characterized by holocrystalline, hypidio-

morphic granular textures in which fine to medium sized phenocrysts

are supported in finely crystalline groundmasses (0.2 to 0.6 mm). The

phenocrysts consist of traces of quartz, abundant plagioclase feldspar

and hornblende, minor biotite, and locally abundant uralitized pyro-

xene. The groundmasses are composed predominantly of plagioclase

feldspar, hornblende, and lesser amounts of quartz, orthoclase, bio-

tite, and accessory minerals. Textures observed for these minerals

are similar to those previously noted in the quartz monzodiorite por-

phyry (Tpqmd).

Quartz diorite porphyry from the northwest corner of the prospect

area is propylitically altered and contains anomalous concentrations

of disseminated chalcopyrite and pyrite. Alteration minerals include

chlorite, epidote, sulfide, and uralite. The uralite forms equant
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pseudomorphs presumably after pyroxene, and is characterized by broad

cores of tremolitic amphibole surrounded by rims of chlorite or ser-

pentine. These secondary minerals are rich in magnesium, which indi-

cates that the pyroxene may have been hypersthene. Alternatively,

this pyroxene may have been augite, because the uralitization is simi-

lar to the tremolite-bastite alteration of augite observed in the

Hybrid Porphyry. Hypersthene or augite in the presence of hornblende

and biotite suggests that the quartz diorite porphyry may be a product

of magma mixing on the basis of analogy with the Hybrid Porphyry.

Blocks of porphyritic quartz monzodiorite and porphyritic grano-

diorite, (AT 40, 62, 160) are petrographically similar to composition-

ally similar intrusions discussed in earlier sections. These blocks

contain medium sized phenocrysts of quartz, plagioclase feldspar,

hornblende, and biotite. Hornblende and biotite, in blocks that have

been altered to endoskarn, are replaced pseudomorphically by colorless

diopsidic(?) clinopyroxene, tremolite-actinolite, and sphene. The

andesine cores of plagioclase feldspar phenocrysts are variably al-

tered to oligoclase. Orthoclase, common in the groundmass, has been

replaced by plagioclase feldspar and quartz. Sparse vugs contained in

the groundmass, which were produced during the replacement of ortho-

clase, are filled by several kinds of zeolite that include laumontite,

analcime, and heulandite(?). Minor carbonate and paragenetically late

subhedral chalcopyrite are associated with the vug-filling zeolites in

Ca-Na altered granodiorite porphyry (AT 160). This chalcopyrite, on

the basis of texture, is concluded to have been directly precipitated

from hydrothermal solutions into open drusy vugs created by the disso-

lution of biotite or the alteration of orthoclase. Chalcopyrite is
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most abundant in Ca-Na altered samples that contain carbonate.

Modal analyses of the exotic blocks plot predominantly in the

diorite, quartz diorite, and quartz monzodiorite fields of the IUGS

Q-A-P ternary diagram (Fig. 92). The average modal composition of the

exotic blocks, which excludes analyses in which quartz and feldspar

have been modified by Ca-Na alteration, is contained in the quartz

diorite field. It plots between the averages for analyses of the

White Ridge diorite and the quartz monzodiorite porphyry.

Chemistry

Several chemical analyses of the exotic blocks are provided in

Table 11. These analyses are similar to those previously discussed

for dioritic and granodioritic intrusions. Among these blocks Si02

varies from approximately 55 to 68 percent and A1203 varies from 18.2

to 16.1 percent. These variations reflect the wide range of modal

quartz and plagioclase feldspar in the diorites and granodiorites.

Endoskarn alteration increases Ca0 in diorite from 6.8 to 13.8 per-

cent, based on samples AT 6 and AT 10. Anomalous concentrations of

copper and molybdenum (up to 2130 and 40 ppm, respectively) are the

product of hydrothermal addition rather than of primary metal con-

centrations in the magmas. Unaltered blocks contain normal background

concentrations of metals.

Age and Significance

The exotic blocks of Ataspaca are, without exception, both older

and petrologically more primitive (more mafic, less silicic, and less

potassic) than the intrusions they border. This conclusion is sup-



214

ported by the generally consistent relationships between the intru-

sions and their nearby bordering exotic blocks such that quartz monzo-

diorite porphyry is bordered by diorite and quartz diorite; grano-

diorite porphyry by diorite, quartz diorite, and quartz monzodiorite;

and monzogranite porphyry by microdiorite, diorite, quartz monzodio-

rite, granodiorite, and seriate monzogranite. This petrologic behav-

ior indicates that the Ataspaca magmatic system evolved through time

from intermediate to felsic compositions. By extrapolation, the ex-

otic blocks of diorite are inferred to be older than those of granite,

and therefore the equigranular diorites represent probable remnants of

the oldest intrusions in the Ataspaca area.
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Petrologic Summary

Intrusions of the Ataspaca area were emplaced into the epizonal

environment as defined by Buddington (1959). They exhibit the charac-

teristic features of shallow-level epizonal emplacement such as 1)

sharp, variably-deformed, discordant contacts; 2) porphyritic tex-

tures; 3) isotropic intrusive fabrics; 4) contact metamorphosed vol-

canic and sedimentary country rocks; and 5) numerous intrusive phases

in the form of plugs, stocks, and laccoliths. However, reasons for

the scarcity of chilled margins, especially in the Caplina-Ataspaca

pluton, are less certain. Their near-absence perhaps may be the re-

sult of 1) pre-heating of the country rocks by earlier dioritic intru-

sions; 2) erosion of the chilled margin by the flow of viscous magma

during its emplacement; and (or) 3) deeper levels of emplacement that

were transitional between the epizone and mesozone.

Intrusions and exotic blocks with known cross-cutting field rela-

tionships are tabulated by inferred order of emplacement in Table 12.

The average major oxide analysis for each intrusion has been normal-

ized to facilitate comparison with other intrusions. The analyses

represent the least-altered sample of each intrusion, and the modal

analyses represent averages for each intrusion.

Petrochemistry

The Ataspaca intrusions are classed as I-type and I-(Cordill-

eran)-type granites, according to the parameters of Chappell and White

(1974) and Pitcher (1982), respectively. These intrusions exhibit

I-type petrographic characteristics such as 1) abundant horn-
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Table 12: Chemical and petrographic summary of the
arranged by order of emplacement

Ataspaca
intrusions

EARLY LATE
INTRUSION Tde Tdr Txb Txb Thp Tpcond Tpgd Tsmg-1 Tsmg-2 Trm

SAMPLE AT 35 AT 142- 1 AT 62 AT 6-1 AP 032 AT 13- AT 83a- 3 AT 98 AT 1401 AT 42

SiO
2 54.38 57.86 58.80 59.36 61.07 65.80 68.48 69.90 72.54 70.17

TiO
2 1.12 0.96 0.87 0.78 0.83 0.69 0.49 0.42 0.38 0.40

Al2t30 18.21 18.55 17.45 17.87 17.25 16.69 15.70 15.27 14.45 14.70
Fe() 8.72 5.59 6.62 5.37 5.56 4.38 3.35 2.38 1.13 2.81
Mn0 0.14 0.07 0.10 0.08 0.08 0.04 0.02 0.03 0.01 0.04
Mg0 4.26 3.46 3.67 3.41 3.19 2.35 1.68 1.40 1.01 1.24
Ca0 7.92 8.36 6.57 6.73 6.59 4.68 3.26 3.14 2.94 3.09
Na 2 0 3.34 3.43 3.33 3.67 2.77 2.50 3.56 3.51 3.47 3.29
K
20 1.69 1.49 2.39 2.53 2.44 2.68 3.32 3.82 3.97 4.13

P 2 05 0.26 0.23 0.20 0.20 0.22 0.17 0.14 0.13 0.10 0.12

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

MODAL MINERALOGY
Totals

Q 3.9 2.7 14.2 10.7 6.6 17.9 20.7 27.3 24.7 26.7
Or tr 4.6 7.0 7.3 15.0 12.3 21.0 23.1 29.3 26.9
Pf 57.5 55.9 49.6 52.1 52.4 51.9 45.0 36.7 36.7 37.1
Bi 15.9 14.3 10.9 2.7 10.6 6.9 8.1 8.6 7.4 5.5
Hb 15.1 11.0 14.8 22.1 10.5 6.6 4.1 2.4 2.9 2.7
Pyx 1.9 tr 0.0 0.0 2.9 0.0 0.0 0.0 0.0 0.0
Mt 2.3 4.2 2.1 1.7 0.7 1.0 0.7 0.8 0.5 0.2

Phenocrysts

Q 0.0 0.0 nd 1.3 2.1 0.2 3.4 5.7
Or 0.0 0.0 nd 0.0 0.0 0.0 0.0 2.3
Pf tr tr nd 12.8 14.9 23.9 31.1 31.2
Bi 0.0 0.0 nd 0.0 1.6 1.6 4.7 4.1
Hb tr 0.0 nd 3.5 4.5 3.0 2.8 2.5
Pyx tr 0.0 nd 0.0 1.4 0.0 0.0 0.0

Groundmass

Q 3.9 2.7 nd 9.4 4.5 17.7 17.3 - 21.0
Or tr 4.6 nd 7.3 15.0 12.3 21.0 24.6
Pf 57.5 55.9 nd 39.3 38.8 28.0 13.9 5.9
Bi 15.9 14.3 nd 0.0 9.0 5.3 3.4 1.4
Hb 15.1 11.0 nd 18.6 6.0 3.6 1.3 0.2
Pyx 1.9 0.0 nd 0.0 1.5 0.0 0.0 0.0
Mt 2.3 0.0 nd 1.7 0.7 1.0 0.7 0.2

C.I. 36.1 32.2 29.2 29.8 24.7 16.3 13.2 12.9 10.9 9.8
2.82 2.73 2.70 2.69 2.70 2.63 2.70 2.65 2.59 2.62

Mode An 73-38 88-34 48-27 48-20 73-35 46-15 49-15 46-20 46-20 48-18
Norm An 51 52 46 42 54 51 36 37 33 32
Zoning- sn sn on on on/or on on on on on

Chemical analyses are normalized and represent the freshest sample of each unit.
Modal analyses are averaged for each unit, but are not normalized.

tweak Ca-Na alteration

2moderate propylitic (chlorite-epidote) alteration
3
weak propylitic (chlorite-epidote) alteration

sn = simple normal zoning; on = oscillatory normal zoning; or = oscillatory reversed zoning
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blende and biotite; 2) apatite inclusions in biotite; and 3) xenoliths

of hornblende-rich diorite (restite?). However, magmatic sphene,

which is common in I-type granites, is absent from these intrusions.

Additionally, these intrusions are classified in the magnetite grani-

toid series of Ishihara (1981) on the basis of abundant and highly

magnetic Fe-Ti oxides.

The Ataspaca intrusions exhibit geochemical characteristics of

I-type granites, as illustrated in Figure 93, which include 1) norma-

tive diopside or less than one percent normative corundum; 2) metalum-

inous compositions indicated by A1203/(Na20 + K20 + Ca0) molecular

proportions that are less than 1.1; and 3) relatively high Na20 values

compared to those of S-type granites. Additionally, these intrusions

exhibit a broad compositional range in Si02 that is characteristic of

I-type granites. This compositional range is illustrated on the Har-

ker variation diagram in Figure 94. A single sample of propylitically

altered quartz monzodiorite, as compared to unaltered intrusions,

plots erratically on these diagrams. This behavior is caused by anom-

alously low Na20 (2.50 %) and may be the the result of either pertur-

bations in magma chemistry from mixing and surging prior to crystalli-

zation or leaching of Na20 during propylitic alteration.

Major oxide analyses of the Ataspaca intrusions plotted on the

Harker variation diagram (Fig. 94) show 1) an increase in Si02 and K20

with decreasing age of emplacement; 2) a concomitant decrease in FeOt,

A1203, MnO, Ti02, MgO, CaO, and P205; and 3) little change in Na20.

These temporal changes in chemistry may represent the effects of frac-

tional crystallization of the parent magma that produced the Ataspaca

intrusions. Details of this fractionation are discussed later in this
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Figure 93. I-type/S-type granite discrimination diagrams for plutonic
samples from the Ataspaca area; criteria based on Chappell and White
(1974).
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section.

The intrusive series exhibits an alkali-lime index of approxi-

mately 60.5, based on the intersection of the trend lines for Ca0 and

(Na20 + K20), and thus the Ataspaca intrusions plot within the calc-

alkalic interval of the Peacock diagram in Figure 95. These trend

lines are visually estimated and attempt to ignore the effects of weak

Ca-Na and propylitic alteration in three of the samples. The high

alkali-lime index therefore does not appear to be caused by calcium

metasomatism. The possiblity that assimilation of calcareous rocks

accounts for the high index is discounted by petrographic and field

observations. Thus, the alkali-lime index, as determined from a lim-

ited number of samples, is believed to be representative of the Atas-

paca magmatic system.

The intrusive sequence closely follows the caic- alkali differen-

tiation trend of Nockolds and Allen (1953). Chemical data for the

intrusions are plotted on AFM and NKC diagrams in Figures 96 and 97,

respectively. In addition to following the trend line on the AFM

diagram for numerous magmatic systems in Scotland and western North

America, the data plot within or adjacent to the caic- alkalic composi-

tional field for the Coastal Batholith of Peru (Atherton et al.,

1979). The Ataspaca sequence, however, is slightly deficient in FeOt

as compared to the field for the batholith. This Fe-deficiency is

caused in part by weak Ca-Na alteration of some samples, but it also

reflects a primary compositional characteristic of the Ataspaca mag-

mas. This primary Fe-deficiency may be have been caused by the frac-

tionation of Fe-Ti oxides at deeper levels in the crust or in the

source region of the magmas. Fractionation of these oxides would have
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paca area; compositional fields for segments of the Coastal Batholith
of Peru are from Atherton and others (1979); calc-alkali trend line is
from Nockolds and Allen (1953); N Na20; K = K20; C = CaO.
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undersaturated the magmas with respect to Ti, which presumably would

have precluded the crystallization of sphene.

The analysis of the White Ridge diorite plots at the primitive

end of the calc-alkalic trend line and at the edge of the gabbro field

on the AFM diagram (Fig. 96). Samples that plot in this location are

considered by Nockolds and Allen (1953, p.106) to represent parental

magmas composed of basaltic andesite from which the granitic members

of the calc-alkalic series differentiated. The more Fe- and Mg-

enriched parts of the gabbroic fields are considered by these authors

to represent cumulate phases that separated from the parental magmas.

Several examples, among many, of plutonic rocks that are chemically

similar to the White Ridge diorite include 1) quartz-biotite norite in

the Southern California Batholith (Larsen, 1948); 2) the May Lake

quartz diorite in the Tolumne Intrusive Series of the Sierra Nevada

Batholith (Bateman and Chappell, 1979); and 3) diorite of the Linga

superunit in the Arequipa segment of the Coastal Batholith of Peru

(Pitcher et al., 1985).

The Ataspaca intrusions exhibit geochemical affinitities with the

Arequipa segment of the Coastal Batholith of Peru, but less so with

the Lima segment. These relationships are illustrated in the NKC

diagram (Fig. 97), where data for the Ataspaca intrusions plot within

the compositional field of the Arequipa segment, but to the less-sodic

side and slightly out of the field of the Lima segment. According to

Atherton and others (1979), the Arequipa segment contains more mafic

units and is less sodic and silicic, but more potassic, than the Lima

segment. These authors suggest that the parental magmas of the Are-

quipa segment were initially more potassic and mafic than those of the
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Lima counterpart because of differences in subduction systematics and

source rocks in the lower crust. Moreover, magmas of the Arequipa

segment may not have differentiated to the highly silicic compositions

of the Lima segment, because they were quenched prematurely by the ex-

solution of abundant volatiles during emplacement. The volatiles are

interpreted to have been enriched in the Arequipa magmas by absorption

of meteoric fluids from country rocks, which are comparatively more

permeable in the Arequipa segment than in the Lima (Atherton et al.,

1979).

The correlation of abundant alteration and mineralization with

the Arequipa segment, as opposed to the Lima, is similar to the main-

and sodic-series of the Boulder batholith, Montana. As documented by

Tilling (1973), the main- and sodic-series have distinct compositional

fields on the NKC diagram that are closely similar to those of the

Arequipa and Lima segments, respectively. In addition, this author

has demonstrated with trace element and radiometric data that the

main- and sodic-series were derived from different source regions.

Thus, source regions for the Arequipa and Lima segments may be similar

to those of the main- and sodic-series of the Boulder batholith.

Petrography

The intrusions of the Ataspaca area range from diorite to monzo-

granite in composition. The compositional fields and average modal

analyses for these intrusions are plotted together on the IUGS Q-A-P

ternary diagram in Figure 98. A trend line connects most of the aver-

age analyses, but the Hybrid Porphyry and the Taracahua monzogranite

deviate from it because of presumed magma mixing and segregation ef-



10 35 65 90

226

Figure 98. QAP diagram of the Ataspaca intrusions; the shaded area
represents analyses of samples in which feldspars and quartz are unaf-
fected by hydrothermal alteration; the trend line is empirical and
attempts to connect the average analyses of the intrusions.
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fects, as previously noted. The trend line shows that quartz and

orthoclase are more abundant in the progressively younger intrusions.

The curvature of the "line" indicates that orthoclase increased in

abundance more rapidly than quartz with time.

Differentiation of the Ataspaca magmatic system is illustrated in

Figure 99 by a plot of the average modal analyses of the Ataspaca in-

trusions (Table 12) versus order of emplacement. The White Ridge dio-

rite (Tde) has been chosen to represent all dioritic rocks of the

Ataspaca area, because this intrusion is best studied and least alter-

ed. The Hybrid Porphyry (Thp) is included to show its unusual modal

characteristics as compared to the other intrusions, whereas analyses

of the exotic blocks are not plotted. The modal information reveal

that plagioclase feldspar, biotite, hornblende, augite, and Fe-Ti

oxides decrease with paragenetic order of emplacement as quartz and

orthoclase increase. The anomalous abundance of orthoclase in the

Hybrid Porphyry (Thp) may be the result of error in the visual estima-

tion of its modal abundance. The color index and specific gravity

both decrease with the depletion of the ferromagnesian phases. Anom-

alously low specific gravities of the quartz monzodiorite (Tpqmd) and

Taracahua monzogranite (Tsmg-2) are caused by propylitic and trace

Ca-Na alteration, respectively.

Fractional crystallization of a dioritic parental magma may ac-

count for the differentiation of the Ataspaca intrusive sequence.

Phenocrysts contained in these intrusions constitute the mineral

species that were fractionated, whereas the groundmass minerals repre-

sent the residual magmatic liquid and thus record the liquid line-of-

descent. To reveal the fractionation history of the Ataspaca
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sequence, the phenocrystic and groundmass mineralogy of the porphyr-

itic intrusions of Figure 99 are plotted against intrusive order in

Figure 100. These data show that plagioclase feldspar and clinopyrox-

ene were the initial phases to crystallize in the diorite parental

magma. As the magma differentiated toward monzogranitic compositions,

plagioclase feldspar was accompanied and clinopyroxene superseded, by

hornblende, biotite, quartz, and orthoclase. Biotite exceeded horn-

blende in abundance at about the time that quartz became a crystalliz-

ing phase. This order of crystallization is supported by textures ob-

served petrographically. Precipitation of these phases, which con-

tained inclusions of apatite, Fe-Ti oxide, zircon, and allanite, re-

sulted in the dramatic depletion of plagioclase feldspar and all the

ferromagnesian minerals from the groundmass, and a simultaneous in-

crease in quartz and orthoclase. The modal composition of the ground-

mass of the monzogranite plots in the middle of the syenogranite field

on the IUGS Q-A-P diagram, and is close to the ideal granite of petro-

geny's residual system.

Hybridization of dioritic and granitic magmas appears to have

been one of the mechanisms by which porphyritic quartz diorite and

quartz monzodiorite were formed. Disequilibrium characteristics, as

exemplified by phenocrysts in the Hybrid Porphyry, are common in many

of the exotic blocks of intermediate composition in the White Ridge

intrusive complex. Mixing may have been achieved by convective over-

turn of a stratified magma body at depth, or by the injection of mafic

magma into a reservoir of silicic magma. The latter mechanism is the

most likely to have operated, because mafic dikes are observed to have

intruded semi-consolidated granitic plutons in the Coastal Batholith



Figure 100. Variation diagrams of phenocrystic and groundmass modal mineralogy versus
order of emplacement (relative time) for intrusions of the Ataspaca area; the pheno-
crysts represent mineral phases capable of fractionating, whereas the groundmass rep-
resents the residual liquid.
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of Peru (Pitcher, 1978). These mafic magmas are considered to have

originated from the lower crust and (or) the subduction zone.

Mineralogical changes are associated with the differentiation of

the Ataspaca magmatic system. Plagioclase feldspar has simple normal

zones and bulk labradoritic compositions in diorite, but has oscilla-

tory compositional zonations and bulk sodic andesine compositions in

the more-evolved intrusions. Hornblende, which initially replaced

pyroxene in diorite, is euhedral in quartz monzodiorite, but is deeply

pitted and progressively replaced by magmatic biotite in granodiorite

and monzogranite. Biotite forms small poikilitic plates in diorite,

is anhedral to subhedral in quartz monzodiorite, but forms euhedral

"books" in granodiorite and monzogranite. Quartz is anhedral and

sparse in quartz monzodiorite, is subhedral in granodiorite, but is

larger and glomerocrystic in monzogranite. Orthoclase forms tabular

phenocrysts up to 12 mm in length in monzogranite, but is anhedral and

interstitial in the groundmasses of all other intrusions. Length-to-

width ratios of apatite decrease in more silicic intrusions.

The modal compositional field for the Ataspaca intrusions is

plotted on the TUGS Q-A-P diagram in Figure 101 with the fields for

the Arequipa and Lima segments (Atherton et al. 1979). Although all

three fields are superimposed, that for Ataspaca exhibits a greater

affinity with intrusions of the Arequipa segment as a consequence of

abundant dioritic units. This compositional similarity is substan-

tiated by chemical data provided in the NKC diagram (Fig. 97). Common

magmatic source regions and subduction systematics may account for the

similar characteristics of the Ataspaca sequence and the Arequipa

segment. Common source rocks may be represented by Precambrian meta-
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Figure 101. Modal compositional field of the Ataspaca intrusions com-
pared to those of the Arequipa and Lima segments of the Coastal Batho-
lith of Peru (batholith fields after Atherton et al., 1979).
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morphic basement that underlies both the Ataspaca region and the Are-

quipa segment.

The modal field for the Ataspaca intrusions is compared with

those for intrusive rocks associated with porphyry copper mineraliza-

tion in the Western Hemisphere, in the IUGS Q-A-P diagram given by

Figure 102. The Ataspaca domain is compositionally similar to 1) the

granodiorite trend for intrusions of the northern Caribbean; 2) the

granodioritic trend for the Guichon Batholith of British Columbia,

Canada; and 3) the Cornelia pluton of the southwest U.S.A. These

compositional domains, respectively, are representative of 1) intru-

sions of modern island arc settings (Kesler et al. 1975); 2) an ac-

creted Jurassic island arc system (Field and others, 1974; McMillan,

1976); and 3) a magmatic system emplaced into a cratonic setting (Kes-

ler et al., 1975). The Ataspaca sequence is similar to the Cornelia

pluton on the basis of geologic setting and the presence of orthoclase

phenocrysts, but differs because it is not as potassic nor as composi-

tionally evolved. Although similar compositionally, the Ataspaca

sequence is distinguished from the Caribbean granodioritic intrusions

by the presence of orthoclase phenocrysts. Overall, the Ataspaca

magmatic sequence appears to be transitional between island arc and

cratonic magmatic systems, as deduced from compositional fields,

petrography, and geologic setting.

Discussion

The Ataspaca intrusions record the differentiation history of a

magmatic system that evolved from dioritic to monzogranitic composi-

tions. The majority of these intrusions ascended through northeast-
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Figure 102. Modal compositional trend for the Ataspaca intrusions
compared with trends for intrusions associated with porphyry copper
mineralization in island arcs (Caribbean islands, Kesler al., 1973;
and Guichon Batholith, Northcote, 1969) and cratonic environments
(Cornelia pluton, Gilluly, 1946; and Bingham-Last Chance stocks,
Moore, 1973); syenitic rocks for the Guichon Batholith are not shown;
(modified after Kesler et al., 1975).
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trending zones of weakness that appear to be basement faults reacti-

vated by plutonism. High volatile contents, as indicated by porphyr-

itic quench textures, abundant hornblende and biotite, and negligible

pyroxenes, may have enhanced the mobilities of the magmas and facili-

tated their ascent into the epizone. Fluids that were evolved during

quenching and crystallization of the White Ridge porphyries, the Tara-

cahua monzogranite, and the Ricardina porphyritic monzogranite were

responsible for mineralization in the Ataspaca area.

The volume of the magma body that underwent differentiation and

gave rise to the Ataspaca intrusions is assumed to have been of batho-

lithic proportions. The Caplina-Ataspaca monzogranite (Tsmg-1), which

crops out over an area of approximately 16 km2, is inferred to repre-

sent the differentiated interior liquid of this batholith, which es-

caped and ascended from the mesozone into the epizone. Regional

structural relationships indicate that the Quebrada Chero, Toquela-

Challaviento, and Caplina-Ataspaca intrusions may be interrelated and

perhaps derived from a common batholithic magma.

The Ataspaca magmatic system culminated in the late Eocene, based

on the K-Ar age of 40.8 ± 1.5 Ma for the Caplina-Ataspaca monzogran-

ite. The duration of this magmatic system is unknown, but is inferred

to have been from 2 to 3 m.y., based on analogy to studies of other

Peruvian magmatic systems (Mukasa, 1986). This age is similar to

those reported for intrusions in north-central Chile (Aguirre, 1983).

Based on spatial and temporal relationships, the southern boundary of

the Toquepala segment of the Coastal Batholith of Peru (Cobbing and

Pitcher, 1983) appears to extend beyond Ataspaca and south an unknown

distance into Chile.
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Contact Metamorphism

Contact metamorphism has readily affected calcareous strata of

the Pelado Formation and xenoliths in the Taracahua monzogranite. In

contrast, non-calcareous sedimentary rocks have undergone only incipi-

ent recrystallization. Investigations of contact metamorphism of the

Pelado and Ataspaca Formations are restricted to samples collected in

a single traverse of the stratigrapic succession near 11,550 N -

15,050 E, in the northern part of the study area. Calc-silicate horn-

fels collected along this traverse have been overprinted by skarn-

forming hydrothermal alteration and thus partly altered to skarnoid,

but effects of the earlier metamorphism are locally preserved.

Calc-silicate hornfels

According to maps by Centromin geologists, hornfels crop out as

far as 200 m from the nearest exposed intrusions and constitute ap-

proximately 10 percent of the Pelado Formation. This hornfels is

interbedded with skarn that, in most cases, is probably skarnoid.

Calc-silicate hornfels commonly retains bedding characteristics such

as laminae and concretions. It has a finely crystalline spotted ap-

pearance that is characteristic of hornfels, and it typically is light

green to pale greenish gray, as shown in Figure 103.

Calc-silicate hornfels formed by contact metamorphism of cal-

careous siltstone. It is characterized petrographically by xenoblas-

tic diopside, grossularite, and sphene that congregate along sediment-

ary laminae. Porphyroblastic rosettes of scapolite locally enclose

the laminated calc-silicates, as illustrated in Figure 104. These
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Figure 103. Calc-silicate hornfels from the Pelado Formation; cal-
careous concretion in upper right is replaced by garnet and clinopyr-
oxene; scapolite rims the concretion and forms porphyroblasts; super-
gene limonite stains lower third of sample; (11,560 N 15,090 E).

Figure 104. Photomicrograph of calc-silicate hornfels; banded high-
relief minerals are diopside, garnet, and sphene; banding follows
sedimentary laminae; note moderate-relief scapolite porphyroblast in
left center; from sample in Figure 103; width of view 5 mm.
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suggest that the scapolite is of hydrothermal origin. Calcareous

concretions are replaced by medium-crystalline aggregates of diopside,

birefringent garnet, scapolite, minor carbonate and zeolite, and

traces of sulfide. These minerals, based on their relative coarseness

and the presence of banded birefringent garnet, are inferred to be of

hydrothermal origin.

The effects of contact metamorphism in the Manto member limestone

are dominated by simple marmorization. In addition, however, diop-

side, tremolite, brucite(?), and apatite (idocrase?) are present in

trace quantities. Limited quantities of silica in the limestone ap-

parently were consumed by the metamorphic growth of diopside and

tremolite, and this reaction caused excess magnesia to combine with

water to form irregular mats of felted brucite. The absence of euhed-

ral brucite pseudomorphs indicates that periclase did not form in

these rocks. Apatite formed by recrystallization of trace amounts of

phosphorite in the limestone. This apatite forms banded hexagonal

overgrowths on fecal pellets and (or) ooids of phosphorite, as well as

trace subhedral rods in the marble.

Non-calcareous argillite, siltstone, quartz wacke, and quartzite

exhibit only trace effects of contact metamorphism. Minor amounts of

felted muscovite and phlogopite have grown in argillaceous strata, and

in some cases slightly coarser muscovite rims minute crystals of an-

dalusite(?). Additionally, trace amounts of muscovite and prismatic

rutile have recrystallized from carbonaceous argillite. Sodic oligo-

clase (An 16) occupies intergranular positions in quartzite and is

accompanied by trace sprays of muscovite/phlogopite. It is difficult,

however, to determine whether or not these intergranular minerals are
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contact metamorphic, metasomatic (hydrothermal), or diagenetic in

origin. The radial morphologies of the micas are similar to those of

diagenetic chlorite, and thus may have formed by replacement process-

es.

The metamorphic mineral assemblages observed from this restricted

study indicate that calcareous country rocks of the Ataspaca prospect

have been thermally metamorphosed to the hornblende-hornfels facies.

The absence of wollastonite, grossularite + quartz, forsterite, hyper-

sthene, and (or) periclase in these samples suggest that thermal con-

ditions of the pyroxene facies were not attained, although this may

also be explained by distance from intrusive contacts, based on anal-

ogy with studies of contact metamorphism summarized by Turner (1981).

The preferential metamorphism of calcareous strata to hornfels is

consistent with observations reported by Wilson and Garcia (1962) for

contact metamorphic aureoles elsewhere in the Pachia and Palca quad-

rangles.

Hornfels Xenoliths (Thx)

Xenoliths of hornfels are common in the Taracahua monzogranite

(Tsmg-2). They are easily recognized in the field on the basis of

characteristic dark color, resistance to alteration, and spatial

association with the enclosing monzogranite. In geologically complex

areas, the hornfels xenoliths can be distinguished from diorite by the

presence of porphyroblastic quartz and biotite. Field relationships

of these xenoliths have already been described in the section con-

cerned with the Taracahua monzogranite. Examples of fresh and altered

hornfels xenoliths are shown in Figure 105, and their petrography
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Figure 105. Fresh and altered samples of hornfels xenoliths; clockwise
from lower left: fresh (AT 104a); partly altered (AT 104d); intensely
altered (AT 87).

and chemistry are provided in Table 13.

Blastoporphyritic textures are ubiquitous and indicate that the

xenoliths are of igneous origin. This texture is characterized by

relict medium-sized phenocrysts of plagioclase feldspar, hornblende,

and biotite, as shown in Figure 106. Those of plagioclase feldspar

have oscillatory compositional zonations characterized by cores of

calcic andesine (An 49) that grade transitionally to rims of inter-

mediate andesine (An 38). Inclusions of ferromagnesian minerals in

these phenocrysts have been metamorphosed to red-brown biotite. Rel-

ict phenocrysts of hornblende are recrystallized to pseudomorphic

assemblages of diopside, red-brown biotite, and brown hornblende

(Fig. 106). Those of biotite are typically unaffected, except for

weak poikilitic fringes, as in Figure 107, but some have been recrys-



241

Table 13: Modal, Chemical,
the Hornfels

vol Z

and Normative Analyses of
Xenoliths, Thx

104a AT 104b AT 104c AT 104d1 AT 137 AT 139

Modal Mineralogy,
Specimen AT 100a AT 100b= AT

Q 5.3 12.5 10.3 16.2 15.7 18.9 10.7 14.6
Or 0.2 16.7 4.3 3.0 15.7 29.4 4.2 15.7
Pf 58.2 49.5 60.7 60.1 49.3 38.2 54.9 52.4
Hy 9.1 0.0 3.1 0.0 0.0 0.0 0.0 0.0
Uralite 0.6 0.0* 1.7 6.1 0.0 0.0* 9.1 0.8
Di 4.9 5.1 3.4 0.8 0.9 11.2 0.4 0.5
Bi 18.7 3.1* 11.4 10.3 3.1 0.9 16.8 8.2
hl 1.3 9.9 3.1 6.1 10.8 0.0 2.7 6.5
Fe-Ti oxide 1.0 0.1 0.7 0.2 0.0 0.0 0.6 0.8
Sph 0.0 2.2 0.0 0.0 1.5 1.0 0.0 0.0
Ap 1.0 0.7 0.7 0.1 0.4 0.3 0.6 0.2
Zr tr 0.1 tr tr tr tr tr tr
Chl 0.0 0.1 0.2 0.5 0.2 tr 0.0 0.0
12 0.0 0.0 0,4 0.1 2.4 0.1 000 0.3

Total 100.0
Points 922

s.g. 2.82
C.I. 36.6

100.0 100.0
1010 833

2.70 2.78
21.3 24.7

100.0

1105

2.72

24.2

100.0

1302

2.69

19.3

100.0 100.0 100.0
1093 1039 1044
2.68 _

13.5 30.2 17.3

Chemistry, wt

SiO
2 60.55 61.71 66.74 67.08

TiO 2 0.85 0.85 0.59 0.63
A1203 17.86 17.62 15.97 15.49
FeOt 5.97 5.15 2.41 1.63
Mn0 0.10 0.07 0.03 0.02
Mg0 3.08 2.97 1.72 1.62
Ca0 6.20 5.99 4.88 6.35
Na2O 4.00 3.90 3.69 3.49
K20 2.03 2.10 3.66 3.71
-2052-5 0.24 0.21 0.15 0.17

Total 100.88 100.57 99.84 100.19

Trace Metals, ppm

Cu
Mb
Pb

Zn

Ag

CIPW Normative Mineralogy, wt

q 11.54 13.75 19.68 20.06
or 12.00 12.41 21.63 21.93
ab 33.85 33.00 31.22 29.53
an 24.78 24.37 16.20 15.64
wo 0.00 0.00 0.00 1.17
di 3.57 3.20 5.60 9.39
hy 9.72 8.95 2.73 0.00
mt 3.25 2.67 1.30 0.88
II 1.61 1.61 1.12 1.20
ap 0.56 0.49 0.35 0.39

1- altered to endoskarn

*- metasomatic origin

Oxide analyses by Peter R. Hooper, Washington State University

Norms calculated assuming Fe203/Fe0 = 0.60.



Figure 106. Photomicrograph of blastoporphyritic hornfels; relict
phenocrysts are plagioclase feldspar and hornblende; the hornblende is
partly recrystallized to biotite and diopside (note granular appear-
ance); a quartz oikocryst (white) encloses groundmass plagioclase and
relict hornblende; (AT 100b); width of view 5 mm; crossed polars.

Figure 107. Photomicrograph of blastoporphyritic hornfels; relict
biotite and plagioclase feldspar are poikilitically enclosed by ortho-
clase (note Carlsbad twin); (AT 100b); width of view 5 mm; crossed
polars.
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tallized to vermicular intergrowths of diopside and biotite.

The relict phenocrysts are supported in a finely crystalline

(<0.4 mm) granoblastic mosaic of quartz, orthoclase, andesine, diop-

side, orthopyroxene, hornblende, and biotite; plus accessory Fe-Ti

oxide, apatite, zircon, traces of sphene, and pyrite. The presence

and relative proportions of these minerals vary with respect to both

composition of the protolith and metamorphic grade of the xenolith.

Orthopyroxene indicates that these xenoliths have been metamorphosed

to a hornfels of the pyroxene facies.

Quartz and orthoclase are generally distributed throughout the

granoblastic mosaic, but form oikocrysts in some xenoliths of horn-

blende-facies hornfels (Fig. 106). These oikocrysts, shown in Figure

107, protected chadacrysts of biotite and hornblende from alteration

fluids that diffused into the xenoliths. The diffusion of fluids was

limited additionally by tight crystal boundaries in the granoblastic

mosaic. Hornfels xenoliths thus appear dark and fresh in hydrotherm-

ally altered monzogranite. Quartz forms medium-sized porphyroblasts

that are free of inclusions, in xenoliths of pyroxene-facies hornfels.

Porphyroblastic red-brown biotite is characterized by sieve tex-

tures, as shown in Figure 108. It is sporadically intergrown with

colorless diopside and brown hornblende and typically encloses ande-

sine, apatite, and Fe-Ti oxide. Orthopyroxene tends to be more

idioblastic than the other ferromagnesian minerals (Fig. 108). It has

a faint brown pleochroism and commonly has undergone partial retro-

grade metamorphism or hydration to brown uralite. Optical character-

istics (2V - -50°) indicate that the orthopyroxene is composed of

hypersthene or ferrohypersthene. Orthopyroxene or uralite are con-
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Figure 108. Photomicrographs of granoblastic hornfels; idioblastic
hypersthene is on the right and sieve-textured biotite is in the cen-
ter; smaller anhedral diopside, andesine, quartz, Fe-Ti oxide, and
smokey apatite comprise the remainder; (AT 100a); width of view 1.5
mm; upper photo plane light; lower photo crossed polars.
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stituents in at least one-half of the xenoliths sampled.

Xenoliths of pyroxene-facies hornfels contain unzoned granoblas-

tic andesine (An 38-43), as shown in Figure 108. In contrast, xeno-

liths of hornblende-facies hornfels contain normally zoned andesine

(An 35-24) that is compositionally similar to the rims of associated

relict phenocrysts of plagioclase feldspar (Fig. 106). This similar-

ity suggests that plagioclase feldspar was homogenized at thermal

conditions of pyroxene-facies metamorphism.

Accessory apatite has a smokey coloration that is characteristic

of its occurrence in the xenoliths. This coloration is caused in part

by large numbers of minute voids in the apatite that were apparently

produced during metamorphism. The presence of smokey apatite assists

in the identification of xenoliths that have undergone intense hydro-

thermal alteration.

Accessory pyrite may be distributed in trace amounts in the

granoblastic mosaic, or it may form medium-sized porphyroblasts. The

porphyroblastic variety serves to distinguish hornfels xenoliths from

diorite near the "chaotic zone" of the White Knob septum.

The metamorphic grade of the xenoliths is independent of their

size. This characteristic suggests that the xenoliths were metamor-

phosed prior to entrainment by the monzogranite magma, because small

xenoliths should have been metamorphosed to higher grades than large

xenoliths had the magma been the metamorphic heat source. That the

monzogranite magma did not metamorphose the xenoliths is supported

additionally by the presence of only non-metamorphosed xenoliths in

the compositionally similar Caplina-Ataspaca pluton.

Retrograde alteration of the xenoliths from pyroxene- to horn-
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blende-hornfels facies is indicated by the uralitization of hyper-

sthene. The uralitization is locally pervasive, but in some samples

it is controlled by trace micro-fractures. This retrograde metamor-

phism is inferred to have been caused by heat and(?) volatiles from

the monzogranite magma.

Blastoporphyritic textures indicate that the blocks were composed

of either volcanic or plutonic rock prior to metamorphism. The Juner-

ata Formation, the most likely source of volcanic rock, underlies the

Pelado Formation and the Ataspaca prospect at depths ranging from

approximately 0.5 to 2.0 km. Alternatively, plutonic rock could be

present beneath the prospect at almost any depth.

The xenoliths are chemically similar to the Ataspaca intrusions,

and they fall within the calc-alkali compositional trend of Nockolds

and Allen (1953). Assuming that metamorphism has not appreciably

modified their quartz and feldspar contents, the xenoliths vary in

composition from quartz diorite to quartz monzonite (TUGS). Abundant

disseminations and porphyroblasts of pyrite suggest that some of the

protoliths had been mineralized or altered prior to metamorphism.
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Structural Geology

The Ataspaca prospect is situated within a structural block

bounded on the northeast and southwest by the Challaviento and Bella-

vista faults, respectively (Fig. 4). This block is referred to herein

as the Ataspaca structural block. The faults trend to the northwest

and dip vertically. They are delineated locally by complex drag folds

(Wilson and Garcia, 1962), and by major stream drainages such as Que-

brada Ataspaca (Fig. 9). The Incapuquio fault trends parallel to

these faults and bisects the Ataspaca structural block northwest of

the Caplina-Ataspaca pluton. The Incapuquio and Challaviento faults

merge approximately 20 km to the northwest of the Ataspaca area.

Sedimentary units strike slightly west of north and constitute an

east-dipping homocline throughout most of the Ataspaca structural

block. The easterly dip of these strata appears to have been caused

by the diapiric emplacement of the Quebrada Chero and Lluta intru-

sions, which are located to the northwest and southwest of the Atas-

paca area. Sedimentary rocks east of Ataspaca were folded into the

Chulluncane syncline by the laccolithic emplacement of the Caplina-

Ataspaca pluton. The north-northeast trend of the axis of the Chu-

lluncane syncline reflects the stratigraphic strike of the country

rocks prior to emplacement of the pluton.

Chucchuco fault system

Poorly expressed northeast-trending high-angle faults cut the

Ataspaca structural block in the vicinity of the study area. Skarn

bodies at the Manto Verde workings are truncated by one of these
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faults (Sologuren, 1977), and the White Ridge intrusions ascended

through another. Both the White Ridge and Manto Verde faults acted as

structural discontinuities along which roof rocks above the Caplina-

Ataspaca pluton were raised.

At least eight northeast-trending faults, including the White

Ridge and Manto Verde faults, are inferred from contacts and stream

drainages in Figure 109. Together these structures define a north-

east-trending fault zone that is at least 5 km in width and superim-

posed on the northwest side of the Caplina-Ataspaca pluton. One of

these faults appears to have controlled the emplacement of the To-

quela-Challaviento intrusion due north of Caplina. Vertical displace-

ment along these faults may account for the anomalous thickness (3000

m) of the Junerata volcanics northwest of the Caplina-Ataspaca pluton

(Fig. 6), as compared to the measured thickness (1500 m) in the

regional stratigraphic column (Fig. 5).

The White Ridge-Manto Verde fault zone is precisely along trend

with the northeast-trending Chucchuco fault system, which is located

at Pampa San Francisco, 30 km southwest of Ataspaca. Based on this

structural coincidence, these two fault zones are inferred to be parts

of the same structure. In the intervening area, the Chucchuco fault

system, if it was ever present, appears to have been both obliterated

by emplacement of the Lluta intrusion and obscured by the Huaylillas

Formation. Northeast of the Ataspaca area, the Chucchuco fault system

has served to localize volcanoes of the Cordillera del Barroso. Thus,

the aggregate length of the Chucchuco fault system is estimated to be

in excess of 70 km and interpreted to be a basement structure reacti-

vated by plutonism. Moreover, magmatism has migrated to the northeast



Overlay



Figure 109. Geologic map of the Ataspaca region and an overlay of interpretive faults.
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along this structure since the Lluta pluton was emplaced in early

Tertiary time (61 Ma), which is consistent with the regional arc-mag-

matic activity of Chile (Aguirre, 1983). The precise alignment of

these structurally controlled features indicates that there has not

been any transcurrent displacement along the Incapuquio fault zone

during the Tertiary.

Caplina fault

A small northwest-trending fault, herein termed the Caplina

fault, is inferred from drainages to extend from Caplina to approxi-

mately the northeast corner of the prospect area (Fig. 109). The

drainages are visible in Landsat images (Fig. 8). A splay of the

Caplina fault, represented by a small drainage, crosses the northern

boundary of the Ataspaca prospect at 14,850 E on the map grid (Plate

1), and extends approximately 300 m into the prospect area. The fault

splay is characterized by small normal displacements and downdrop to

the southwest in outcrops of the Manto member limestone (Fig. 12).

The Caplina fault appears to belong to the Incapuquio fault system.

The Caplina, the White Ridge, and an unnamed northeast-trending

fault are interpreted to bound a structural block that constitutes the

eastern one-half of Cerro Sino, due west of the Ataspaca prospect

(Fig. 109). The block appears to have been displaced upward with re-

spect to country rocks northeast of the Caplina fault. This structur-

al interpretation attempts to reconcile inconsistencies between the

distribution of the Pelado Formation in the prospect area and that

depicted on the geologic map of Wilson and Garcia (1962).
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Prospect Structures

Sedimentary rock units within, and east of, the Ataspaca prospect

strike to the northeast and dip moderately to the southwest (Plate

1). This strike is approximately 30° to the east of average strike

for strata in the Ataspaca block, and indicates that the country rocks

were pushed aside as the Caplina-Ataspaca pluton inflated.

A few of the intrusions at Ataspaca have intruded forcefully and

pushed aside adjacent sedimentary rocks during emplacement, but most

have not. Strata south and east of the Ricardina glory hole deviate

in strike by as much as 45° near the Ricardina granodiorite (Trgd).

Similarly, country rocks that are beneath the Taracahua monzogranite

dike/sill (Tsmg-2) appear to have been folded and sheared, and the

deformation is widely masked by skarn alteration. The Manto member

limestone locally exhibits intense intra-bed folding near this in-

trusion (see discussion of Tsmg-2).

Structural data for joints, shears, and faults at the surface and

in the four exploration adits of the Ataspaca prospect are plotted as

Rose diagrams in Figure 110. The surface data show two pronounced

structural sets that strike to the northeast and the northwest. These

structural sets are obscured within the broader northeasterly and

northwesterly trends that are separated by a pronounced structural

minimum. Minor north-northeast and north-northwest structural sets

bound this minimum. Although the surface data were collected from

throughout the prospect area, they are biased toward intrusive units

and deformed septa.
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Surface. Data collected by the author
and Centromin geologists (n 263)

4 li.
Ricardina level. Data collected Erika level. Data collected by
by Centromin geologists (n 72) Centromin geologists (n = 20)

I 4e
Judith level. Data collected Taracahua level. Data collected

by the author (n = 60) by Centromin geologists (n 57)

Figure 110. Rose diagrams of faults, fractures, and joints mapped at
the surface and along the four subsurface levels of the Ataspaca pros-
pect (10° increments).
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Northeast structural trends

Structures that strike northeast on the Rose diagram (Fig. 110)

correlate with faults of the Chucchuco fault system. Strata of the

Pelado and Ataspaca Formations are displaced across several of these

faults in the northern one-half of the prospect area (Plate 1), and

several small drainages are localized by these faults north of the

Ricardina adit. According to Bonelli (1983), the faults are charac-

terized by gouge zones up to 15 cm in width that dip steeply to the

northwest. Horizontal and vertical slickensides are present along

many of the faults. Maximum potential strike-slip and dip-slip dis-

placements were determined by Bonelli (1983) to be 24 m and 12 m,

respectively. Alteration selvages bound the faults and adjacent frac-

tures, and are characterized by bleaching from hydrothermal solutions

that migrated along the structures.

Chucchuco faults have served to localize Quebrada Taracahua and

the drainage downslope from the Ricardina level, based on northeast

trends in rose diagrams for the Ricardina, Erika, and Taracahua adits

(Fig. 110). Pi-diagrams for structures in these adits, shown in Fig-

ures 111 through 113, indicate that these faults dip approximately 70°

to the northwest. This structural orientation is consistent with that

described by Bonelli (1983) for the faults north of the Ricardina

adit. Moreover, these faults have localized fissure veins of base

metal sulfides in skarns of the Ricardina level, and an aureole of

potassic alteration that is centered south of the adit. Similar fis-

sure veins cut the Caplina-Ataspaca monzogranite downslope from the

Ricardina level, and are composed of actinolite, quartz, and sulfides.
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Figure 111. Pi-diagram of fractures and faults in the Ricardina level;
mapped by Centromin geologists (n 50; contours at 2, 6, 10, and 14%
per 1% area; lower hemisphere projections of poles to structures).
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Figure 112. Pi-diagram of faults and fractures in the Erika level;
mapped by Centromin geologists (n = 15; contours at 5 and 10% per 1%
area; lower hemisphere projection of poles to structures).
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Figure 113. Pi-diagram of faults and fractures in the Taracahua level:
mapped by Centromin geologists (n = 39; contours at 2, 5, and 9% per
1% area; lower hemisphere projections of poles to structures).
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Northwest structural trends

Structures that strike to the northwest on the Rose diagram

(Fig. 110) are restricted almost entirely to shears and faults within,

and adjacent to, the White Ridge intrusions. These structures are

transverse to the Chucchuco fault system, and most appear to have been

produced by the emplacement of the monzogranite porphyry stock

(Tpmg). The absence of northeast-trending shears within the White

Ridge intrusive complex suggests that the magmas were emplaced into a

rift along the Chucchuco fault system, and that the rift formed in

response to the diapiric emplacement of the Caplina-Ataspaca pluton.

A northwest-trending fault offsets the Manto member limestone 110

m north of the Taracahua adit. This fault dips moderately to the

northeast, and was mapped by Bonelli (1983) on the basis of offset

stratigraphy, folded beds, and fractures in an exploration trench

downslope from the road to the Judith adit. The fault is approxi-

mately concordant with the upward-flaring southwest side of the Tara-

cahua stock, and probably formed when the Taracahua dike/sill was

emplaced adjacent to the stock. Additional northwest-trending shears

cut the septum between the Caplina-Ataspaca pluton and the Taracahua

dike/sill on and north of White Knob.

North-northeast and north-northwest structural trends

Structures that strike to the north-northeast and north-northwest

on the Rose diagram (Fig. 110) represent shears and joints parallel to

the contact of the Caplina-Ataspaca pluton. These structures cut both

the pluton and its country rocks, and they were produced during em-

placement of the Taracahua dike/sill. Deformation extends more than
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100 m from the dike/sill into the country rocks northeast of White

Knob, and the intensity of this deformation diminishes with increasing

distance from the contact. This deformation is characterized by cha-

otically admixed and sheared country rocks within 20 m of the intru-

sion. Ductile limestone of the Manto member has infolded fragments of

fractured and sheared quartzite and diorite at distances ranging from

10 to 70 m outward from the dike/sill contact. At greater distances,

deformation appears to be present chiefly as shears and closely spaced

joints that trend to the northwest and northeast. These contrasting

styles of deformation may be intermingled, but precise relationships

are commonly obscured by skarn alteration and the absence of expo-

sures.

Bonelli (1983) mapped a northeast-trending high-angle fault in

these complexly deformed rocks, based on fractures in road cuts and in

subsurface exposures of the Erika level (Plate 4). The throw of this

fault was estimated to be approximately 30 m down to the west. Al-

though this fault is an over-simplification of the local structure,

especially because it ignors nearby northwest-trending faults that

truncate bodies of Road diorite, it is retained, but querried, in

Plate 1.

A north-northeast-trending fault of small displacement was mapped

near 10,500 N - 14,990 E by Bonelli (1983). This fault locally dis-

rupts the Manto member limestone and controls a small drainage. Frac-

tures related to the fault appear to penetrate, but not offset, the

Taracahua dike/sill. Skarn alteration is common near the fault. This

skarn hosts supergene copper oxides, small quantities of marmatite,

and lesser chalcopyrite at the intersection of northeast- and north-



259

west-trending structures, that was exploited by early prospectors.

Structures of the Judith level

The structural geology of the Judith level is significantly dif-

ferent from that observed at the other subsurface workings in the

Ataspaca area, as is indicated by the structural trends portrayed by

the rose diagram (Fig. 110). Accordingly, these structures are dis-

cussed separately.

The portal to the Judith level is located in the sill that pro-

trudes into the country rocks from the southwest side of the Taracahua

stock. The base of this sill is separated from the Taracahua dike/

sill by a tabular septum of Erika member (?) siltstone that is concor-

dant with stratification in the prospect area (see discussion of the

Taracahua monzogranite). The Judith tunnel passes through the sill

and septum, and terminates in the dike/sill (Plate 3).

Monzogranite of the Taracahua stock is intensely fractured and

sheared within the Judith level, and thus requires extensive timber

support to prevent caving. In addition to the shears, a major low-

angle fault cuts the stock and separates weakly altered monzogranite

in the hangingwall from intensely altered and brecciated monzogranite

in the footwall (Figs. 60 and 64). This fault is characterized by a

seam of white gouge that is approximately 30 cm in thickness. The

fault surface is curved and concave-up, as deduced from exposures at

10,275 N and 10,300 N in the Judith level (Plate 3).

Shears in the Judith level vary in strike from N35°W to N80°E

(Fig. 110) and dip 10° to 90° to the west. Poles to these steeply

dipping structures define a broad field on the east side of the pi-
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diagram in Figure 114, whereas poles to less steeply dipping beds of

the concordant septum define a narrow field in the northwest quad-

rant. As represented by the geometric centers of their respective

fields, the average shear of the Judith level strikes N22°E and dips

50°NW, and the average bed of the septum strikes N22°E and dips

32°SE. These orientations indicate that, on the average, the shear

planes strike parallel and dip perpendicular to the septum.

The structures of the Judith level may be interpreted as repre-

senting a cone of shattered rock that is oriented perpendicular to the

concordant septum. The listric morphology of the major fault observed

in the Judith level indicates that the cone opens upward. The apical

angle of the cone ranges from 80° to 100°. Because it is inclined,

the cone appears to be weakly elliptical and elongated parallel to the

strike of the septum. Densely-spaced fractures in the Judith level

indicate that the shears may have horse-tailed during propagation, or

that multiple cones were superimposed within the Taracahua stock. An

idealized geologic cross section of these cones is provided in Figure

115.

The axes of the "shatter cones" are almost perpendicular to the

concordant septum. This orientation implies that a large compressive

stress, oriented approximately S68°E and 50-58° above the horizontal,

was directed against the Taracahua stock through the septum. Compres-

sion was caused by the Taracahua dike/sill, which inflated to a thick-

ness of more than 30 m in a position structurally beneath and concor-

dant to the septum (Fig. 115). Displacement along the listric fault

suggests that the septum was probably broken into blocks with infla-

tion of the dike/sill.
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Figure 114. Pi-diagram of faults and fractures in the Judith level;
the geometric center of the eastern field is indicated by "x"; mapped
by the author (n = 59; contours at 2, 5, 8, 12, and 16% per 1% area;
lower hemisphere projection of poles to structures).
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Figure 115. Idealized structural cross section of the Judith frac-
tures, viewed parallel to strike of the septum; the "shatter cones"
formed in response to compression by the inflating dike/sill.

Major north-northeast trending sub-horizontal shears cut monzo-

granite in the drainage on the east side of the Taracahua stock. They

indicate that the shatter cones propagated at least 100 m into the

stock. This locally intense brittle deformation enhanced the struc-

tural permeability of the Taracahua stock and surrounding country

rocks, and facilitated the flow of hydrothermal fluids that formed the

mineralized skarns in the Taracahua level. The shattered stock was

altered by these fluids, and it may have been the source of thermal

energy necessary to drive the hydrothermal system.



263

Hydrothermal Mineralization

Intrusive activity at the Ataspaca prospect has resulted In the

hydrothermal alteration and mineralization of both country rock and

plutons. Skarn-type alteration predominates in carbonates of the

Pelado Formation, whereas alteration of the plutonic units is mineral-

ogically diverse and characteristic of both porphyry copper and skarn

assemblages. Base metal sulfides and molybdenite are the principle

minerals of economic interest. They are hosted by skarn, fissure

veins, and hydrothermal breccias. Descriptions of the mineral depos-

its are presented below. They are followed by discussions of the

alteration of carbonate and plutonic rocks, a summary of the hydro-

thermal activity, and exploration recommendations.

Mineral Deposits

Mineralization of exploration interest and of potentially econom-

ic grade is present at several locations within the Ataspaca pros-

pect. It consists of 1) replacement lodes of Zn-(Cu) sulfides hosted

by skarn in the Taracahua level; 2) fissure veins and replacement

lodes of Zn-Cu-Pb-(Mo) sulfides hosted by skarn in the Ricardina

level; 3) fissure veins of quartz-sulfide in altered Caplina-Ataspaca

monzogranite downslope from the Ricardina level; and 4) disseminated

Cu-(Mo) sulfides in the White Ridge breccias and associated exotic

blocks. These sites of mineralization have all been the focus of

small scale mining or exploration activity, as indicated by the pres-

ence of short tunnels or test pits. The workings appear to be older
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than the Hoschschild adit, which was constructed in 1955 upslope from

the present Ricardina tunnel.

The Taracahua skarn deposit

Base metal sulfides in the Taracahua level are hosted by sili-

cated Manto member limestone. A northeast-trending Chucchuco fault

crosscuts the Manto member and has localized silication and minerali-

zation in a zone up to 10 m in width and 125 m in length (Plate 4).

According to Bonelli (1983), mineralization is intense where two

northwest-trending high-angle faults cut this structure. These

faults, in addition to associated folds in the Manto member, are in-

ferred to have formed during emplacement of the Taracahua stock.

Structural deformation is intense in siliciclastic strata, but appar-

ently has been obscured by skarn alteration in the calcareous strata.

Sulfide mineralization in the Taracahua level consists of marma-

tite (Fe-rich sphalerite), arsenopyrite, pyrrhotite, and trace amounts

of chalcopyrite, pyrite, and galena. These sulfides are hosted by

finely crystalline (<1.0 mm) idocrase-garnet skarn, in which the ratio

of idocrase to garnet varies widely. Detailed description of this

skarn is provided in later sections. The sulfides range from trace

amounts to massive bodies more than 2 m in width. Primary laminations

of the Manto member are locally replaced by alternating bands of gar-

net and sulfides, as illustrated in Figure 116. This banded minerali-

zation forms limonite-stained outcrops in Quebrada Taracahua at

10,181 N - 15,138 E. The sulfides are interstitial to the calc-sili-

cates, as shown in Figure 117, and locally they fill veinlets. Such

textures clearly indicate that the calc-silicates formed prior to



Figure 116. Banded marmatite-arsenopyrite mineralization in garnet
skarn of the Taracahua level.

Figure 117. Photomicrograph of mineralized garnet skarn from the Tara-
cahua level; marmatite (dark red-brown) and arsenopyrite (opaque) are
interstitial to garnet; width of view 5 mm; plane light.
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sulfide deposition.

Sulfide mineralization appears to be zoned across the Taracahua

level, with the exception of marmatite that is ubiquitous throughout

(Bonelli, 1983). Arsenopyrite diminishes in abundance across the

workings from south to north, in contrast to pyrrhotite, pyrite, chal-

copyrite, and galena which increase. Chalcopyrite appears to be asso-

ciated with brecciated skarn that has undergone retrograde alteration,

but it is also common in marmatite as exsolved blebs.

Trace amounts of marmatite mineralization are also hosted by

idocrase-garnet skarn in exploration trenches on the southwest side of

the Taracahua stock, in the Erika level, and at structural intersec-

tions near the Taracahua dike/sill. Copper oxides in road cuts near

10,460 N - 15,005 E are inferred to have been leached from chalcopyr-

ite-rich marmatite by supergene processes. Additional reserves of

base metal mineralization most likely would be found hosted by the

Manto member limestone where the unit is both in close proximity to

the monzogranite and crossed by intersecting pre- and syn-intrusive

faults.

The Ricardina fissure deposits

Structurally-controlled base metal mineralization is hosted by

silicated Manto member limestone in the Ricardina level, 75 m beneath

the Hoschschild glory hole (Plates 3 and 4). Chalcopyrite, sphaler-

ite, galena, pyrite, and small quantities of molybdenite are control-

led by steeply dipping faults and shears of the northeast-trending

Chucchuco fault system. Lodes of high-grade mineralization fill

fault-bounded fissures in the Manto member, whereas disseminated min-
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eralization is hosted by skarn in the Ricardina level and at the sur-

face. The high-grade fissure deposits appear to be downward contin-

uations of mineralization that was mined from beneath the glory hole.

This pipe-like body presumably extends an unknown distance below the

Ricardina level.

Fissure deposits, referred to as porphyroblastic skarn by Bonelli

(1983), are present as northeast-trending tabular bodies and pockets

within finely crystalline (<0.4 mm) diopside and diopside-garnet

skarn. They are concentrated in two zones each approximately 5 m in

thickness, according to maps by Centromin geologists (Plate 4).

Sphalerite, chalcopyrite, galena, and minor pyrite constitute from 10

to 50 percent of the fissure deposits. Gangue minerals are composed

of diopside, orthoclase, quartz, sphene, carbonate, and chlorite.

Pale green diopside, the most abundant gangue mineral, characteris-

tically forms radial aggregates up to 2.5 cm in diameter, as shown in

Figure 118. Paragenetic relationships indicate that orthoclase and

sphene precipitated concurrently with, and slightly later than, diop-

side, and that quartz precipitated after orthoclase, but prior to

sulfides, carbonate, and chlorite. The sulfides filled void spaces

around earlier minerals, as illustrated in Figure 119, and locally

form irregular crystals up to 10 cm in length. The absence of breccia

textures suggests that the fissures were dilated by high pressure

fluids within the Chucchuco fault system.

Molybdenite mineralization is exposed over an area of approxi-

mately 40 m2 on the walls and back of the Ricardina level, near 11,070

N - 15,175 E (Bonelli, 1983). This mineralization fills veins, frac-

tures, and void space in skarn. The skarn is composed of granoblastic



Figure 118. Fissure-filling mineralization from the Ricardina level;
chalcopyrite, sphalerite, and galena with gangue minerals of radial
diopside, quartz, carbonate, and chlorite.
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Figure 119. Photomicrographs of fissure-filling mineralization; brown
sphalerite is interstitial to radial diopside and subhedral equant
orthoclase; width of view 5 mm; upper photo plane light, lower photo
crossed polars.
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Figure 120. Skarn-hosted molybdenite-quartz mineralization from the
Ricardina level.
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diopside, sphene, and lesser amounts of slightly coarser apatite.

Fracture-fillings of quartz and molybdenite in skarn are present as

irregular patches of finely crystalline molybdenite and "eyes" of

quartz, as shown in Figure 120, that vary from 1 to 8 cm in length.

Minor tiny veinlets of chalcopyrite, sphalerite, and galena cut the

pyroxene skarn and molybdenite-quartz mineralization.

Molybdenite also is hosted by bedding-plane veins that are less

than 3 m in length and up to 6 cm in thickness (Bonelli, 1983). The

veins are composed primarily of orthoclase, molybdenite, and quartz,

as shown in Figure 121. Accessory amounts of sphene, apatite, car-

bonate, epidote, chlorite, muscovite, and zeolite are distributed

irregularly among and within the major mineral phases. Paragenetic

and textural relationships indicate that the earliest minerals to

precipitate were orthoclase, apatite, sphene, and molybdenite, whereas

quartz, epidote, zeolite, and carbonate were later. Orthoclase is

replaced incipiently by trace amounts of muscovite.

Pipes of base metal sulfide mineralization, in addition to the

fissure veins in the Ricardina level, are present in the northern

one-half of the Ataspaca prospect area. These pipes are located at

11,425 N - 15,300 E and 10,940 N 15,250 E on the map grid. The

northernmost pipe crops out in quartzite of the Ataspaca Formation,

but was misinterpreted by Bonelli (1983) as silicated Manto member

limestone. Bonelli (1983, p.70) noted the presence of chalcopyrite,

galena, sphalerite, pyrite, garnet, and radial diopside in these out-

crops. This pipe appears to be localized at a structural intersection

of faults of the Caplina and Chucchuco fault systems. The southern-

most pipe crops out over an area of approximately 250 m2 and is adja-



Figure 121. Photomicrographs of molybdenite-orthoclase mineralization
of the Ricardina level; euhedral and anhedral orthoclase support
molybdenite (opaque) and sphene, whereas quartz and carbonate are
interstitial; width of view 5 mm; crossed polars.
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cent to the west side of the Ricardina granodiorite (Plate 1). These

outcrops contain radial diopside, orthoclase(?), carbonate, and mas-

sive replacements and veins of quartz. Alteration in the adjacent

intrusion is characterized by pervasive orthoclase-flooding and veins

of quartz-orthoclase-sulfide. Nearby test pits contain coatings of

supergene Cu oxides. This pipe is localized by northeast-trending

faults that have been preferentially eroded to form drainages west of

the granodiorite. Massive quartz float provides a useful guide for

locating these pipes in areas of deep colluvium.

Quartz-sulfide fissure veins

Veins of quartz-sulfide cut the aureole of Ca-Na alteration in

the Caplina-Ataspaca monzogranite downslope from the Ricardina level

(Plate 1). These veins fill northeast-trending fissures, joints, and

sheeted hydrofractures in the altered monzogranite, and are inferred

to represent a pipe of mineralization related to those in and near the

Ricardina level. Diopside and tremolite in the alteration aureole

have undergone retrograde alteration to actinolite in wall rocks adja-

cent to these veins. Supergene copper oxides have been exploited from

both the fissure and joint veins. This supergene mineralization

locally contains up to 4.7 percent copper.

The fissure veins of quartz and weathered sulfide crop out in a

northeast-trending zone that is 60 m in length and less than 15 m in

width. The individual veins strike N 50° E, dip approximately 75° NW,

vary from 0.2 to 3.0 m in thickness, and are less than 20 m in

length. Sinuous outcrop distributions indicate that some of these

veins have filled en echelon fissures. Orientation of the fissures
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indicate that they are related to the Chucchuco fault system, and the

absence of breccias suggests that they formed by dilation imposed by

high-pressure fluids.

Chalcopyrite and pyrite are inferred to have been present in the

weathered fissure veins, based on the presence of abundant copper

oxides and limonite in the workings. Gangue minerals consist of

quartz, tremolite, actinolite, zeolite, and trace quantities of

sphene, zircon, epidote(?), and magnetite(?). These gangue minerals

are distributed heterogenously in the veins. Quartz forms euhedral

prisms up to 1 cm in diameter and 7 cm in length, as shown in Figure

122. Tremolite forms bladed and radial aggregates from 0.5 to 3 cm in

length. Zeolite (heulandite?) is interstitial to columnar and acicu-

lar forms of actinolite that host sphene and zircon. Although para-

genetic relationships are poorly defined, the earliest minerals appear

to be quartz, tremolite, and actinolite, whereas zeolite appears to

have been deposited later. The sulfides are inferred to have been

deposited after quartz, as deduced from textures of limonite pseudo-

morphs.

Sheeted veinlets of quartz-(sulfide) crop out over an area of

approximately 400 m2 to the south of the fissure veins (Plate 1).

These outcrops are massive, and the veinlets impart a foliated appear-

ance to the monzogranite, as shown in Figure 123. The veinlets are

sub-parallel and weakly anastomozing. They vary from 0.5 to 3.0 mm in

thickness, are spaced 1 to 5 mm apart, and constitute approximately 50

percent of the host rock, as shown in Figure 124

The sheeted veinlets form a broad continuous arch that is similar

to an inclined plunging fold. The greatest width of this arch is



Figure 122. Quartz gangue from the fissure veins in the Caplina-Atas-
paca monzogranite; scale is 15 cm in length; (10,720 N - 14,625 E).



276

Figure 123. Sheeted quartz-(sulfide) veinlets in altered monzogranite;
the veinlets trend parallel to the pencil; (10,670 N 14,625 E).

Figure 124. Sheeted quartz-(sulfide) veinlets in altered monzogranite;
note addition of magnetite to monzogranite and disseminations of chal-
copyrite in some of the veinlets.
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approximately 20 m, the interlimb angle is 60°, and the axial plane

dips 70°NEE. Assuming the body of the pluton to be a structural butt-

ress, the veinlets dilated the monzogranite by as much as 10 m upward

and to the east, and away from the alteration aureole. The veinlets

are inferred to fill hydrofractures in the monzogranite that were

produced by the high-pressure fluids that dilated the fissure veins,

as depicted in Figure 125. The sheeted veinlets appear to be struc-

tural analogues of bedding veins in the Ricardina level.

The sheeted veinlets are composed of finely crystalline anhedral

quartz and traces of chalcopyrite, pyrite, magnetite, actinolite, and

biotite. Wall rocks of monzogranite have undergone actinolitic Ca-Na

alteration, but magmatic and traces of hydrothermal(?) biotite are

locally unreplaced. Samples of the sheeted veins contain up to 8600

ppm copper and may have been partly enriched by supergene processes.

Unusually large concentrations of magnetite are present at the

crest of the arch of sheeted veins, but it is absent from the limbs

(Fig. 125). This magnetite replaces up to 40 percent of the plagio-

clase feldspar, biotite, and amphibole in the monzogranite wall rocks

(Fig. 124). The deposition of magnetite is inferred to have been

caused by an aberration in fluid chemistry at the crest of the arch,

where gas and vapor bubbles in boiling fluids accumulated after rising

upward through the sheeted hydro-fractures. The interpretation of

hydrothermal boiling is supported by the presence of 1) fluid inclu-

sions in the wall rocks that contain both large and small vapor bub-

bles; and 2) finely crystalline vein minerals.

Small amounts of chalcopyrite are disseminated in altered monzo-

granite adjacent to a sulfide-bearing vein, near 10,860 N 14,670 E.
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Figure 125. Three-dimensional depiction of the sheeted veins; the
veins represent hydrofractures produced in monzogranite by high-pres-
sure fluids from an inferred vein; the "fold" volume is provided to

text for details.

This vein fills a Chucchuco fault that bounds the northwest side of

the Ca-Na alteration aureole. The vein minerals consist of plagio-

clase feldspar, zeolite, rutile/sphene, epidote, quartz, chalcopyrite

and carbonate. The selvage of chalcopyrite mineralization varies from

0.5 to 2 m in thickness and contains up to 980 ppm Cu. Similar veins

and selvages may underlie colluvium in a major drainage that crosses

the center of the alteration aureole.

The fissure veins, on the basis of structural and compositional

similarities, are inferred to constitute a pipe of mineralization

analagous to those in and near the Ricardina level. These veins fill

the same Chucchuco fault that localized the pipe adjacent to the

Ricardina granodiorite. Mineralization in the Ricardina (4000 m)
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level and the other pipes is inferred to extend downward to at least

the altitude of the fissure veins (3780 m), assuming a common depth of

mineralization in all of the pipes.

Breccia-hosted disseminated sulfides

Disseminated chalcopyrite and traces of molybdenite are hosted by

exotic blocks in the White Ridge breccias (Tbx-1). These sulfides

were introduced during hydrothermal activity related to Ca-Na altera-

tion and cementation of the breccias. The largest concentrations of

sulfides are present in blocks of altered microdiorite and monzogran-

ite in the vicinity of the Old Mine (11,100 N - 14,550 E), although

traces of sulfide are also present throughout the breccia.

Samples of mineralized diorite and monzogranite contain from 300

to 2130 ppm Cu and up to 40 ppm Mo. The sulfides fill vug space in

the monzogranite, but replace Fe-Ti oxides and(?) ferromagnesian sili-

cates or fill veinlets in the diorite. Generally higher grades of

mineralization are found in altered diorite, because the more abundant

primary ferromagnesian minerals provided more sites of nucleation for

the secondary sulfides. In addition, these ferromagnesian minerals

appear to have enriched the local hydrothermal environment in Fe,

which favored the precipitation of Cu-Fe sulfides. This apparent

enrichment in Fe is supported by the presence of abundant secondary

pyrite, chalcopyrite, magnetite, epidote, actinolite, and green clino-

pyroxene (hedenbergite?) in the altered diorite. In contrast, only

chalcopyrite, diopside, and tremolite are present in altered monzo-

granite.

This disseminated mineralization constitutes a low-grade Cu-(Mo)
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deposit of small size. A first-order approximation of the mineral

reserves suggests that the southeast side of White Ridge contains a

minimum of 1.1 x 106 mt of 0.1 percent Cu. This calculation assumes

an outcrop area of 4000 m2 and a depth of 100 m for mineralized exotic

blocks of diorite, monzogranite, and Pelado Formation skarnoid. These

reserves probably extend to depths greater than 100 m, and additional

reserves may be located in dioritic blocks outside the prospect area,

to the west and northwest of the monzogranite porphyry stock. Addi-

tional mapping and geochemical sampling are required to better define

the distribution and grade of mineralization in the White Ridge brec-

cias and exotic blocks.

Miscellaneous mineralization

Disseminated sulfides are hosted by skarn and skarnoid strati-

graphically beneath the Manto member in the northern one-half of the

prospect area. These sulfides consist of molybdenite, chalcopyrite,

pyrite, and arsenopyrite. Collectively, they rarely total more than 2

percent of the host rock. This mineralization appears to be below

economic grade, based on reconnaissance observations. Future detailed

studies may delineate larger tonnages of low-grade mineralization

amenable to bulk mining techniques.

Supergene copper oxides have been exploited from several adits

beneath the cliffs of skarn near the top of White Ridge (11,500 N

14,580 E). These oxides indicate that potential reserves of chalcopy-

rite may be associated with the skarns. The adits have been excavated

in sheared skarnoid and argillite near a northeast-trending stream

drainage, which suggests that mineralization may be structurally con-
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trolled by the Chucchuco fault system. Intersections of this struc-

ture with subsidiary faults may host additional sulfide lodes.

Alteration of Carbonates

High temperature fluids related to the emplacement and crystalli-

zation of granitic magmas in the Ataspaca prospect have locally alter-

ed carbonate beds in the Pelado Formation to skarn. Generally defin-

ed, "skarn" is composed of secondary coarsely crystalline calc-sili-

cates that have replaced carbonate-rich rocks during contact or re-

gional metamorphism (Einaudi, 1982). The term "skarn" was originally

used by Swedish miners for calc-silicate gangue associated with iron

ore (Einaudi et al., 1981). The term was introduced to geologic lit-

erature by Goldschmidt (1911) in his reports of contact metamorphism

and mineralization in the vicinity of Kristiana (Oslo), Norway. The

term "tactite", proposed by Hess (1919), is synonymous with skarn, but

its use is less widespread and generally restricted to tungsten

skarns.

Skarn is formed by the metasomatic introduction of exotic ele-

ments such as Si, Al, Fe, Mg, and Mn to a host carbonate, which re-

sults in the growth of the calc-silicates (silication) and the libera-

tion of Ca and CO2 The exotic elements either diffuse into the car-

bonate from nearby units via static pore fluids (diffusional metasoma-

tism), or are introduced by hydrothermal fluids that circulate through

permeable zones such as faults and breccias (infiltrational metasoma-

tism).

Reciprocal metasomatism commonly produces calc-silicate altera-
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tion in both carbonate and intrusive rock. To distinguish the host

rock in such cases, the altered carbonate is termed "exoskarn", and

the altered intrusive is termed "endoskarn" (Einaudi, 1982). The term

"contact skarn" refers to exoskarn that has formed by diffusional

metasomatism across a plutonic-sedimentary interface. In contrast,

the term "vein skarn" refers to exoskarn that has formed by infiltra-

tional metasomatism in areas cut by faults, veins, or other hydrother-

mal channelways (Kerrick, 1977). In the discussions that follow,

"skarn" is used synonymously for "exoskarn".

Skarn can be distinguished from calc-silicate hornfels on the

basis of coarser texture, geologic setting, morphology, and metasom-

atic zonations (Einaudi and Burt, 1982). However, these criteria are

difficult to apply to compositionally-variable sequences such as in-

terbedded limestone, chert, argillite, marl, and sandstone. During

metamorphism, diffusion of elements between interbedded limestone and

argillite can produce pervasive garnet-rich "reaction skarn" that is

similar in appearance to metasomatic exoskarn. Additionally, where

hornfels is overprinted by skarn processes, the effects of metamor-

phism and metasomatism are sometimes difficult to distinguish, and the

resultant calc-silicate rock is referred to as "skarnoid" (Einaudi and

Burt, 1982). Reaction skarn, skarnoid, and hornfels are common at the

Ataspaca prospect, because the Pelado Formation is composed predom-

inantly of interbedded argillite and impure carbonate.

The Manto member limestone has been replaced by a mineralogically

complex body of vein skarn in and north of the Ricardina level. Sev-

eral Chucchuco faults crosscut the Manto member in this area and ap-

pear to have served as channelways for hydrothermal solutions that
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silicated the limestone. The skarn at this location is zoned lateral-

ly and becomes more complex mineralogically with increasing proximity

to the Ricardina level and the structurally controlled pipes of min-

eralization in and near these workings (Plate 1). Scapolite and woll-

astonite are most abundant at the northern (distal) end of the skarn

body, whereas diopside is most abundant at the southern (proximal)

end. Although garnet is ubiquitous throughout this skarn, it appears

to be compositionally more varied at the southern end.

Contact and vein skarn that replaces Manto member limestone near

the Taracahua monzogranite is believed to be unrelated to skarn in and

near the Ricardina level. The Taracahua skarns contain abundant ido-

crase and will be discussed briefly in a section that follows after

the Ricardina skarns. A red garnet (andradite?) contact skarn has

replaced Manto member(?) limestone on White Knob, but this occurrence

was not studied in detail because it has been largely obliterated by

structural activity associated with the emplacement of the Taracahua

dike/sill. Massive cliffs of garnet skarn at the upper end of White

Ridge also were not studied, because their relationship with the Manto

member limestone could not be determined (Bonelli, personal communi-

cation).

Skarnoid

Reconnaissance observations and petrographic study of samples

collected in limited traverses across and along the Pelado Formation

indicate that skarnoid is common in the northern one-half of the Atas-

paca prospect. The skarnoid is composed predominantly of calc-sili-

cate hornfels cut by microveinlets of scapolite and garnet. It is
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light greenish gray, exhibits remnant primary laminations, and is

locally overprinted by scapolite skarn, as shown in Figure 126. The

remnant laminations are preserved by finely crystalline anhedral diop-

side, sphene, and garnet. Weakly birefringent domains within the

silty matrix are locally in optical continuity with the scapolite

veinlets, as depicted in Figure 127, which suggests that the silts

have been recrystallized to scapolite. Trace amounts of sulfides,

including pyrite, pyrrhotite, and chalcopyrite, are distributed

throughout the skarnoid. Halos of moderately birefringent scapolite

encircle some of the sulfides (Fig. 127). This increase in birefrin-

gence indicates that the scapolite has been altered from marialitic

(3 NaAlSi3O8.NaC1) to meionitic (3 CaAl2O8.CaSO4 or .CaCO3) composi-

tions by the diffusion and exchange of calcium sulfate for sodium

chloride under oxidizing conditions. The sulfides are interpreted to

be of epigenetic origin, based on their association with veinlets of

garnet and scapolite, and their absence from compositionally similar

calc-silicate hornfels.

Scapolite skarn

Scapolite skarn is interbedded with and locally fringes Manto

member limestone near 11,500 N on the map grid. It is pale greenish

white and typically massive, as shown in Figure 128. It is inferred

to have replaced horizons of calc-silicate hornfels in the Manto mem-

ber, based on the presence of laminated diopside, garnet, and sphene

within poikiloblasts of scapolite. Paragenetically late diopside,

yellow-green garnet, talc(?), molybdenite, and pyrite fill spaces

interstitial to these poikiloblasts. The scapolite is compositionally
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Figure 126. Sample of scapolite-garnet skarnoid after calc-silicate
hornfels; primary laminations are preserved throughout most of the
sample, but they are replaced by porphyroblastic scapolite in lower
right; (near 11,550 N - 15,000 E).

Figure 127. Photomicrograph of scapolite-garnet skarnoid after calc-
silicate hornfels; laminations of diopside, garnet, and sphene are
oriented vertically; note halos of birefringent scapolite around opa-
que sulfides; veinlet of scapolite crosscuts the laminations; width of
view 5 mm; crossed polars.



Figure 128. Sample of scapolite skarn; note the blue-gray streak of
molybdenite and limonite-stained surfaces; collected from base of
Manto member limestone at 11,530 N 15,085 E.

zoned from early meionite (Ca + CaCO3-rich) to late marialite (Na +

NaCl-rich), as inferred from zoned birefringence in the porphyro-

blasts, as depicted in Figure 129. This zonation is caused by a de-

crease in CaCO3 and an increase in NaC1 toward the edges of crystals,

and is interpreted to record the influx of saline hydrothermal fluids

into the country rocks during the growth of the mineral. Subsequent

to this growth, the fluids deposited garnet, diopside, talc, and sul-

fides in the interstitial spaces.

Wollastonite skarn

Wollastonite-bearing skarn replaces Manto member limestone at

approximately 11,300 N on the prospect map. This skarn is composed of

subequal amounts of wollastonite, isotropic garnet, idocrase, and



Figure 129. Photomicrograph of scapolite skarn; note zoned interfer-
ence colors of the scapolite porphyroblasts; inclusions of equant
metamorphic diopside exhibit upper second order interference colors;
width of view 5 mm, crossed polars.

diopside, as shown in Figure 130, in addition to trace amounts of

carbonate, quartz, pyrite, and sphalerite. The idocrase is weakly

birefringent, but lacks the anomalous blue interference colors of

idocrase in skarn adjacent to the Taracahua monzogranite. The calc-

silicates appear to have formed contemporaneously, whereas the acces-

sory minerals are paragenetically late.

According to maps by Bonelli (1983), the wollastonite skarn ap-

pears to separate fresh limestone from garnet skarn that formed ad-

jacent to a northeast-trending fault. The position of this skarn-type

near the marble front is consistent with that observed for composi-

tionally similar skarns adjacent to porphyry copper intrusions (Einau-

di, 1982, p.189).
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Figure 130. Photomicrograph of wollastonite skarn that also contains
diopside, garnet, and idocrase; wollastonite is tabular, weakly twin-
ned, and exhibits first order interference colors; diopside exhibits
second order interference colors; garnet is isotropic (dark); idocrase
exhibits low first order interference colors in upper right; (AP 393);
near 11,352 N - 15,046 E; width of view 5 mm; crossed polars.

Garnet skarn

Garnet skarn replaces Manto member limestone intermittently from

approximately 11,180 N to 11,450 N on the map grid (Plate 1). Bonelli

(1983, p.46) shows this skarn to form selvages up to 15 m in thickness

adjacent to northeast-trending Chucchuco faults. These selvages ap-

pear to merge in outrops at the southern end of the garnet skarn. The

mineralogy of this occurrence consists of isotropic and birefringent

brown-green garnet, accessory quartz, carbonate, chlorite, chalce-

dony(?), and traces of diopside, apatite, zeolite(?), epidote, pyrite

and sphalerite. Quartz locally replaces what are inferred to be com-

positional bands within the garnet, as illustrated in Figure 131.

Birefringent and isotropic varieties of garnet apparently do not coex-



Figure 131. Photomicrographs of garnet-quartz skarn; interiors of
garnet are replaced by quartz or chalcedony; chlorite fills inter-
stitial voids; (AP 392-A); collected near 11,404 N - 15,045 E; width
of view 5 mm; upper photo plane light, lower photo crossed polars.
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ist in the same sample. Paragenetic relationships indicate that gar-

net and diopside predate all other minerals. The assemblage garnet-

quartz-chalcedony is similar to that of cristobalite skarn in the

silicated Commercial limestone at the Bingham porphyry copper deposit,

Utah (Reid, 1978).

Garnet-diopside skarn

Garnet-diopside skarn crops out from the Ricardina level to ap-

proximately 11,180 N on the prospect map (Plate 1). This skarn is

resistant to weathering and forms prominent brown-green cliffs up to 6

m in height, as shown in Figure 132. It is composed primarily of

garnet and colorless clinopyroxene ((+), 2V-50-60°) assumed to be

diopside, but it also contains major quantities of orthoclase, apa-

tite, quartz, carbonate, and sphene and accessory amounts of epidote,

chlorite, allanite, sericite, molybdenite, and base metal sulfides.

Cores of the garnet are green-brown, isotropic, and anhedral, and are

overlain or replaced by rims of either yellow isotropic or banded

birefringent garnet. These two distinct varieties of garnet are shown

in Figure 133. Diopside appears to have nucleated on corroded sur-

faces of the isotropic anhedral garnet, and it is locally surrounded

or replaced(?) by the banded birefringent garnet. Only rarely is

garnet absent, in which case the skarn is composed principally of

diopside, sphene, and apatite. Orthoclase and apatite constitute up

to 60 percent of some skarn samples from the Ricardina level, as shown

in Figure 134, and they appear to have precipitated contemporaneously

with isotropic anhedral garnet. In places, this orthoclase is in-

tensely corroded and embayed by banded birefringent garnet, which in



Figure 132. Small cliffs of resistant garnet-diopside skarn; near
11,150 N - 15,042 E; Doug Bonelli for scale.



Figure 133. Photomicrographs of garnet-diopside skarn; upper photo
shows anhedral isotropic garnet rimmed by yellow garnet with trace
diopside in interstitial quartz; (AP R-17); from Ricardina level near
11,052 N - 15,157 E; lower photo shows anhedral isotropic garnet rim-
med by banded birefringent garnet, and colorless diopside locally
overgrown by banded garnet and surrounded by interstitial carbonate;
(AP 399); near 11,078 N - 15,058 E; widths of view 5 mm; both photos
plane light.
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Figure 134. Photomicrographs of garnet-diopside skarn that is rich in
apatite and orthoclase; composed of anhedral isotropic garnet, apatite
(colorless and moderate relief), orthoclase (gray interference color),
diopside (stained brown by montmorillonite?), quartz, and hematite
(red-brown); (AP R-11); from Ricardina level, unknown location; widths
of view 5 mm; upper photo plane light, lower photo crossed polars.
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turn is overlain or replaced by allanite and sphene. Carbonate, epi-

dote, quartz, chlorite, and sulfides are interstitial to garnet, apa-

tite, diopside, and orthoclase. Epidote is always enclosed by quartz,

diopside is locally altered to an unidentified brown mineraloid or

clay (montmorillonite?), and orthoclase is replaced by small amounts

of sericite. Late carbonate veinlets are sparingly present and cross-

cut all other minerals.

Textural relationships observed in the garnet-diopside skarn

indicate the paragenetic order of mineral deposition to be 1) iso-

tropic garnet; 2) orthoclase, diopside, sphene, and apatite contempor-

aneous with or shortly after isotropic garnet; 3) yellow isotropic

garnet and banded birefringent garnet followed by sphene and allanite;

and lastly 4) quartz, carbonate, epidote, sulfides, and chlorite. The

alteration of pyroxene to clay(?) and orthoclase to sericite are as-

sumed to have taken place during the late period of quartz-carbonate

deposition.

As previously described, the paragenetic order of mineral deposi-

tion in fissure deposits of the Ricardina level was diopside, ortho-

clase, sphene, quartz, sulfide, carbonate, and chlorite, and thus

similar to that noted above for the garnet-diopside skarn. On the

basis of this similarity, the fissure deposits and skarns are inferred

to have formed simulataneously from fluids that passed upward through

the Chucchuco faults in and near the Ricardina level. The absence of

garnet from the fissure deposits may indicate that 1) alumina in the

form of detrital clay and silt was required for the nucleation and

growth of garnet, or 2) the fissures did not dilate until after early

garnet deposition. Assuming the latter to be correct, aluminum meta-
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somatism resulted in the precipitation of early isotropic garnet,

followed by orthoclase, banded birefringent garnet, and finally mont-

morillonite(?).

The Ricardina skarns exhibit characteristics similar to those of

other porphyry-related skarn systems, as summarized by Einaudi and

others (1981). These characteristics include 1) finely crystalline

minerals; 2) high structural permeability; 3) close proximity to

potassically altered intrusions; and 4) retrograde alteration of the

skarn to quartz-calcite-hematite-chlorite-pyrite.
However, the Ricar-

dina skarns differ from porphyry-related skarns by the absence of

abundant quartz-sulfide veinlets with selvages of actinolite. Negli-

gible iron-magnesium metasomatism, as indicated by the absence of

biotite alteration of the Ricardina intrusions south of the glory hole

may account for the absence of actinolite alteration of diopside. On

the basis of only minor retrograde alteration, skarn formation is

interpreted to have taken place at depths below the influence of oxy-

genated meteoric ground water. Further discussions relating these

skarns to porphyry systems and to the chemical environment and depth

of hydrothermal alteraton are presented later in this chapter.

Idocrase-garnet skarn

A relatively simple idocrase-garnet-wollastonite skarn replaces

the Manto member where it is in contact with, or in close proximity

to, the Taracahua monzogranite stock and dike/sill (Plate 1). This

skarn hosts potentially economic quantitites of marmatite mineraliza-

tion in the Taracahua level, discussed previously in the section con-

cerned with mineral deposits. The skarn minerals consist of idocrase,
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garnet, carbonate, chlorite(?), wollastonite, quartz, and traces of

zeolite(?), Garnet is isotropic, and its green color indicates that

it is probably granditic in composition. Idocrase is tan, and it

forms elongate anhedra that are similar in shape and size to grains of

wheat. It exhibits anomalous interference colors that are characteris-

tically zoned blue and grey-green, as shown in Figure 135. Calc-sili-

cate hornfels appears to have been replaced locally the skarn, based

on laminations of pyroxene that are sometimes enclosed by idocrase.

Subsequent to sulfide deposition, retrograde alteration of the

idocrase-garnet skarn resulted in 1) the pseudomorphic replacement of

the calc-silicates by carbonate, and 2) the deposition of wollaston-

ite, quartz, and traces of zeolite(?), as shown in Figure 136. A

green microcrystalline phyllosilicate (chlorite?, serpentine?) coats

fractures, and is interstitial to idocrase and sulfide (Fig. 135).

This phyllosilicate replaces an unknown equant mineral (pyrox-

ene?) along the rims of idocrase, and is inferred from its textural

occurrence to be a retrograde mineral.

The mineral assemblage idocrase-garnet-wollastonite-marmatite is

characteristic of exoskarn associated with the Taracahua stock and

dike/sill. In addition to the Taracahua level, this assemblage re-

places limestone 1) along the west side of the stock, 2) in the Erika

level, 3) near the White Knob septum, and 4) up to 400 m north-north-

east of White Knob, near 10,775 N 14,940 E. Throughout this area,

wollastonite replaces idocrase in selvages adjacent to veinlets of

carbonate. This paragenetic relationship is similar to that observed

in skarn in the Taracahua level. Bonelli (1983) mapped outcrops hav-

ing these selvages as wollastonite skarn.



Figure 135. Photomicrograph of idocrase skarn from the Taracahua
level; sulfides (opaque) and biotite/chlorite? are interstitial to
idocrase (anomalous blue/gray); (AP T-2); width of view 5 mm; crossed
polars.
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Figure 136. Retrograde alteration of garnet-idocrase skarn from the
Taracahua level; equant outlines of calc-silicates are preserved in
carbonate in upper photo (width of view 5 mm); wollastonite and car-
bonate are shown in lower photo (width of view 1.5 mm); (AP T-11);
crossed polars.
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The widespread correlation of idocrase-garnet-wollastonite-marma-

tite with the Taracahua monzogranite indicates that the thermo-chemi-

cal conditions of skarn formation were controlled by this intrusion.

This skarn, on the basis of its distribution, mineralogy, and petro-

graphic characteristics, is interpreted to be unrelated to the complex

Ricardina skarns.

Metasomatism

Bulk chemical changes related to silication of the Manto member

limestone in and north of the Ricardina level are tabulated on Table

13a and illustrated in Figure 136a. These data are from Bonelli

(1983), who first evaluated the geochemistry of the skarns in the

Ataspaca prospect. The analyses are plotted versus distance from the

Ricardina level according to where they were collected in the field,

except for sample AP 230 (recrystallized limestone), that was col-

lected from Quebrada Taracahua, but which is arbitrarily placed near

the marble front for comparative purposes.

The analyses indicate that Ca0 and CO2 have been depleted from

the limestone near the marble front, whereas Si02, FeOt, A1203, and

Mg0 have been enriched. These bulk changes correspond to the replace-

ment of calcite by wollastonite, idocrase, clinopyroxene, and garnet

in sample AP 393. Farther from the marble front, abundant FeOt

(Fe203/Fe0 19.6) and diminished Mg0 in sample AP 394 (garnet skarn)

may be explained by the predominance of andraditic garnet and negli-

gible diopsidic clinopyroxene. Sample AP 399 (garnet-clinopyroxene

skarn), which is yet farther from the marble front, is characterized

by increased Mg0 and A1203, but decreased FeOt, Si02, and CaO, as
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Table 13a: Chemical analyses of several samples
the Ricardina skarnsfrom

Sample AP 2301 AP 3932 AP 3942 AP 3994 AP R-131

Si02 23.7 42.7 38.7 33.7 46.6
A1203 5.9 7.2 7.4 10.2 5.1
Fe203 0.86 3.90 15.30 7.20 6.10
Fe0 1.30 0.35 0.78 2.09 -

Mg0 1.70 2.30 0.65 2.30 6.80
Ca0 42.0 37.8 29.2 26.6 15.1
Na20 0.02 0.01 0.01 0.01 0.23
K20 0.03 0.01 0.03 0.01 3.90
CO2 19.5 1.5 <1 <1 3.9

Total 95.01 95.77 92.01 82.51 87.73
s.g. 3.019 3.082 3.309 3.325 3.016

1- calcite marble with minor pyrite
2- wollastonite skarn
3- garnet skarn
4- garnet-diopside skarn
5- diopside-K-feldspar-quartz-carbonate vein

Analyses from Bonelli (1983, Table 6, p. 62)
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compared to AP 394. These geochemical differences correlate with an

increase in diopsidic clinopyroxene and a decrease in garnet. Addi-

tionally, this garnet exhibits numerous petrographic variations and

zonations, which suggest that it is more grossularitic than the garnet

of sample AP 394. Distal from the marble front and within the fissure

veins of the Ricardina level, sample AP R-13 is characterized by more

MgO, K20, Na20, Si02, and CO2, but less CaO, A1203, and FeOt than

sample AP 399. These differences correlate with the presence of diop-

side, K-feldspar, and paragenetically late quartz and carbonate in the

veins.

The geochemical profile of the Ricardina skarns is assumed to

have been produced by variations in the physico-chemical environment

of silication, and these would include parameters such as temperature,

fluid salinity, the fugacity of CO2, and time-dependent geochemical

gradients. However, because numerous faults cut the skarns and could

have served as hydrothermal conduits during silication of the lime-

stone, it cannot be discounted that this zoned skarn may actually be a

composite body that formed as the result of several superimposed

alteration events. Detailed mapping, sampling, and analytical work

must be undertaken in order to evaluate the role of these variables in

the genesis of the skarns.

Idocrase-garnet skarn has replaced both limestone and calcareous

metasiltstone (skarnoid?) in and near the Taracahua level. Lamina-

tions of metamorphic diopside are preserved in the silicated metasilt-

stone, which distinguishes it from silicated limestone. Analyses for

unaltered(?) and intensely silicated metasiltstone (from Bonelli,

1983, Table 6) are listed in Table 13b and plotted for comparison in
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Table 13b. Chemical analyses of unaltered and silicated
calcareous metasiltstone from the Taracahua level

Sample AP T-261 AP T-252

Si02 56.4 38.4
A1203 16.1 12.9
Fe203 5.00 3.90
Fe0 0.96
MgO 1.90 1.60
Ca0 10.3 33.9
Na20 2.80 0.04
K20 3.20 0.09
CO2 <1.0 2.6

Total 95.70 94.39
s.g. 2.785 3.335

1- calcareous metasiltstone
2- idocrase-garnet skarn

Analyses from Bonelli (1983,
Table 6, p. 62)
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Figure 136b. Changes in major oxide concentrations related to replace-
ment of calcareous siltstone by idocrase-garnet skarn.
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Figure 136b. Elemental gains and losses per 100 cm3 of rock during

this alteration include an influx of 84.7 g Ca0 and approximately 8.0

g CO2, and an efflux of 29.1 g Si02, 1.8 g A1203, 1.53 g FeOt, 6.95 g

Na20, and 8.60 g K20. Magnesium metasomatism is nil, and the deple-

tion of aluminum is less than 4 percent. These changes correspond to

the replacement of detrital silt-sized grains of quartz and feldspar

by porphryoblastic idocrase and grossularitic garnet.

The replacement of siltstone by skarn is assumed to have been

widespread in the prospect area (i.e. scapolite skarn near 11,500 N -

15,060 E). Moreover, it is interpreted to have been a source for the

large amounts of Si02 and possibly A1203 that have been added to the

limestone during silication. The origin of the other metasomatic con-

stituents that have been contributed to the exoskarns is discussed in

later sections.
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Alteration of Plutons

The Ataspaca intrusions have undergone various types of locally

pervasive hydrothermal alteration similar to that associated with

known occurrences of skarn and porphyry copper mineralization. Endo-

skarn and calcic-sodic alteration are characterized by calcium meta-

somatism and are volumetrically the dominant types of alteration.

Potassic, argillic, and propylitic alteration (Lowell and Guilbert,

1970) are less widespread by comparison, but are locally important.

Country rock composition and the proximity to hydrothermal channelways

such as breccias, faults, or hydrofractures appear to have influenced

the type and intensity of alteration. On the basis of at least eight

distinct areas of alteration, several hydrothermal systems are in-

ferred to have been active in the prospect area. This hydrothermal

activity appears to have been spatially and temporally related to the

granitic intrusions and breccia units, as illustrated on Plate 1.

Endoskarn

Endoskarn typically is present along the margins of intrusions

that have been emplaced into calcareous country rocks. It varies from

less than one to dozens of meters in thickness, and the intensity of

alteration usually diminishes with distance from the contact. The

largest body of endoskarn is approximately 350 m in length, more than

100 m in thickness, and is hosted by the Caplina-Ataspaca monzogran-

ite, as shown in Figure 137. White Knob is named for the character-

istic bleached color of this body of endoskarn (Figs. 54 and 55;

Fig. 56, sample AT 88). Red-brown garnet (andradite?) exoskarn is in
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Figure 137. Distribution of endoskarn in the Caplina-Ataspaca monzo-
granite at the Ataspaca prospect.
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contact with the endoskarn at 10,450 N - 14,750 E, and is interpreted

to be the remains of silicated Manto member limestone that was sheared

out and dismembered during injection of the Taracahua monzogranite

dike/sill.

Endoskarn is characterized by the preferential replacement of

ferromagnesian minerals by calc-silicates. Pseudomorphic replacement

textures indicate that alteration took place after the intrusion had

crystallized. Biotite and Fe-Ti oxide are highly susceptible to al-

teration, and their replacement serves as a diagnostic indicator of

calcium metasomatism. Distal to the limestone-monzogranite contact,

1) biotite has been preferentially replaced by actinolite, feldspar,

sphene, and trace chlorite, as shown in Figure 138; 2) Fe-Ti oxide has

been rimmed and replaced by anhedral sphene, as shown in Figure 139;

and 3) hornblende has changed in color from brown to green and is pre-

sumably altered to actinolite. Proximal to the limestone-monzogranite

contact, hornblende and biotite have been pseudomorphically replaced

by tremolite or diopside, plus sphene and feldspar as shown in Figure

140, and Fe-Ti oxide has been entirely converted to anhedral sphene

that is cored by small clots of equant rutile. The actinolitic endo-

skarn contains small amounts of disseminated pyrite, the oxidation of

which has produced weak limonite stains in the road cuts on White

Knob. Sulfidation of the endoskarn is interpreted to have been caused

by de-gassing of the adjacent sulfide-rich Taracahua monzogranite.

Elemental gains and losses by the monzogranite during endoskarn

alteration are illustrated in Figure 141, and correspond to an influx

of 5.38 g Ca0 and an efflux of 7.88 g FeOt per 100 cm3 of monzogran-

ite. Because this mass exchange probably took place by cationic dif-
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Figure 138. Photomicrograph of biotite partly altered to actinolite,
sphene, feldspar, and trace chlorite; (WK 1); field of view 1.8 mm;
crossed polars.

Figure 139. Photomicrograph of Fe-Ti oxide rimmed and partly replaced
by sphene; (WK 1); width of view 1.8 mm; plane light.
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Figure 140. Photomicrographs of hornblende pseudomorphically replaced
by tremolite-diopside and sphene; diopside is at extinction in lower
twin of the pseudomorph; (AT 88); widths of view 5 mm; top photo plane
light; lower photo crossed polars.
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fusion in an aqueous(?) medium, the gains and losses can be expressed

as an influx of 0.134 moles of Ca2+ and and efflux of 0.134 moles of

Fe2+ per 100 cm3. Magmatic variations between the Interior and Mar-

ginal Suites of the monzogranite obscure any potential depletions or

enrichments in the other major oxides.

The observed changes in mineralogy associated with endoskarn

formation can be expressed as balanced chemical reactions:

FeTiO3 + Ca2+ + Si02 = CaTiSi05 + Fe2+ (1)
ilmenite sphene

3 K2(Fe3Mg2)Ti(Si5A13020)(OH)4 + 81/2 Ca2+ + 25 Si02 + 02 =
biotite

2 Ca2(Fe2Mg3)Si8022(OH)2 + 6 KA1Si308 + 11/2 CaAl2Si208 +
actinolite orthoclase anorthite

3 CaTiSi05 + Fe3+ + 4 Fe2+ + 6 HI- + H2O (2)
sphene

Ca2Fe2Mg3Si8022(OH)2 + 2 Mg2+ = Ca2Mg5S1.8022(OH)2 + 2 Fe2+ (3)
actinolite tremolite

Ca2Mg5Si8022(OH)2 + 2 Ca2+ 4 CaMgSi206 + Mg2+ + 2 H+ (4)
tremolite diopside

In almost all reactions, the introduction of calcium results in the

liberation of iron and the alteration of the ferromagnesian minerals

to calc-silicates. Additionally, according to the above reactions,

the conversion of actinolite to tremolite requires magnesium metasoma-

tism. However, because magnesium metasomatism is not supported by the

geochemical data, it appears that the assumed amphibole compositions

used in the above chemical equations may be in error. To rectify this

inconsistency, chemical and microprobe analyses of the ferromagnesian

and calc-silicate minerals are recommended.
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Aluminum appears to have been released from the hornblende crys-

tal lattice and deposited as feldspar during alteration of the amphi-

bole to actinolite-tremolite and diopside. Although these secondary

feldspars are difficult to distinguish petrographically from those of

magmatic origin in pitted hornblende of the monzogranite (Fig. 140),

they are discernable within diopside that has pseudomorphically re-

placed unpitted euhedral hornblende in the Hybrid Porphyry (sample AT

2). Some aluminum is probably retained within the secondary amphi-

boles and diopside, based on observations of Harris and Einaudi (1982)

that diopside pseudomorphs in endoskarn at Yerington, Nevada, contain

up to one percent omphacite (CaNaMgA1Si4012). Aluminum probably is

accomodated as pargasite
(Na2Ca2Mg4A1Si6A12022(OH)2) within the sec-

ondary tremolite-actinolite.

Iron that was liberated during the replacement of the ferromag-

nesian minerals by calc-silicates is interpreted to have diffused from

the monzogranite into the limestone to form the andradite exoskarn.

Reciprocal diffusional metasomatism of Ca and Fe, such as inferred for

Ataspaca, has been described by Kerrick (1977) for zoned skarns in

roof pendants of the Sierra Nevada Batholith. Similarly, zoned endo-

skarn replaces quartz monzonite at Carr Fork in the Bingham mining

district, Utah (Atkinson and Einaudi, 1978), and quartz monzonite and

diorite at the Pine Creek tungsten skarns in California (Newberry,

1982). Endoskarn at the Manto Verde prospect, 2.5 km west-northwest

of White Knob, is similar to that at Ataspaca, but contains anomalous

amounts of garnet (Sologuren, 1977).
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Calcic-sodic alteration

Calcic-sodic (Ca-Na) alteration is the dominant type of hydro-

thermal alteration in the Ataspaca prospect area, and it has affected

almost all of the intrusive units to some extent, as shown in Figure

142. This type of alteration is characterized by the conversion of 1)

orthoclase to plagioclase feldspar, and (or) 2) magmatic plagioclase

feldspar (andesine) to oligoclase. Associated with this feldspar

alteration is the replacement of magmatic hornblende, biotite, and

Fe-Ti oxide typically by tremolite, actinolite, or diopside, plus

sphene. Thus, the bleached coloration of Ca-Na altered rock is simi-

lar to that of endoskarn (Fig. 56).

Both endoskarn and Ca-Na altered rock erode with minor positive

relief as compared to their unaltered counterparts. This slight re-

sistance to weathering is caused by the replacement of biotite by

calc-silcates in the altered rocks. Without the excellent basal

cleavage of biotite on which ice crystals can grow and exert strongly

focused expansional stresses, the altered rock is not as effectively

disaggregated by freeze-thaw weathering cycles as is unaltered rock.

Hydrothermal channelways such as faults, breccias, and fractures

appear to have localized Ca-Na alteration. Examples of this struc-

tural control are: 1) the fissure veins and sheeted hydrofractures

(Fig. 124) in the Caplina-Ataspaca monzogranite; 2) the abundant

faults and shears in the Taracahua monzogranite stock (Fig. 60); 3)

the White Ridge breccias (Figs. 69 to 71); 4) the fractures and veins

in the White Ridge granodiorite porphyry (Fig. 48); and 5) the Chuc-

chuco faults in the Ricardina level (Plate 2). The enhanced permea-

bility of these structures apparently permitted saline hydrothermal
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Figure 142. Distribution of Ca-Na alteration at the Ataspaca prospect.
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fluids to infiltrate and alter the plutonic host to Ca-Na mineral

assemblages. In contrast, the absence of Ca-Na alteration within the

endoskarn of White Knob indicates that the structural permeability of

the monzogranite at this location was negligible prior to intrusion of

the Taracahua dike/sill.

Ca-Na alteration and endoskarn form zoned selvages to hydrother-

mal channelways, as displayed in wall rocks toa vein of plagioclase-

quartz-rutile-chlorite-zeolite-chalcopyrite near 10,860 N - 14,670 E.

Alteration is zoned outward from the vein through an inner selvage of

Ca-Na alteration, approximately 1 m in thickness, and an outer selvage

of endoskarn that grades into unaltered monzogranite over a distance

of several meters. The transition from Ca-Na to endoskarn alteration

is sharp and represents the front of orthoclase replacement, but the

style and intensity of calc-silicate alteration does not change across

this front. The narrow selvage of Ca-Na alteration suggests that the

orthoclase was replaced by plagioclase at a slower rate than ferromag-

nesian minerals were replaced by calc-silicates. Larger ionic radii

for Na+ and 10" (0.97 A and 1.33 A) as compared to those for Ca2+ and

Fe2+ (0.99 A and 0.74 A) would have hindered the diffusion rate for

the alkali ions and thus may have restricted the front of orthoclase

replacement. Alternatively, the front may have been limited by dimin-

ished permeability in the wall rocks, compositional and thermal equil-

ibration between wall rock and fluids, or the high stability of K-

feldspar. These fronts are interpreted to have coalesced in perva-

sively altered rock. Structurally controlled endoskarn has been map-

ped as Ca-Na alteration on Plate 1, because these two types of altera-

tion are difficult to differentiate in the field.
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Feldspar alteration

The pseudomorphic replacement of orthoclase by plagioclase feld-

spar and quartz is best illustrated in the Caplina-Ataspaca monzogran-

ite, because the orthoclase is up to 5 mm in diameter and easy to

study microscopically. The secondary plagioclase is characterized by

wavy, poorly organized twins, as depicted in Figure 143, that resemble

chessboard twins common to sodic feldspar of metasomatic origin

(Gilluly, 1933; Carten, 1986). The absence of well-formed albite

twins precludes the compositional determination of the secondary feld-

spar by standard optical techniques. However, based on its modal

abundance (Table 6), the conservation of alumina (Table 6), and on

theoretical reactions summarized and presented graphically in Appendix

1, the secondary feldspar is estimated to be composed of intermediate

labradorite (An 57-58). Numerical calculations in Appendix 2, which

utilize normative analyses of fresh and Ca-Na altered monzogranite

(Table 6), also indicate that the secondary feldspar is composed of

intermediate labradorite (An 62). Thus, the replacement of orthoclase

may be expressed by the chemical equation:

KAlSi308 +
orthoclase

0.63 Na0

0.37 Ca2+ + 0.26 Nal-

.42Ca0.58A11.58Si2.4208 + 1.47 Si02 +
plagioclase (An 58) quartz

(5)

Differences in specific gravity between orthoclase (2.57) and

secondary labradorite (2.72) have resulted in the production of up to

1.1 percent vug space during Ca-Na alteration of the monzogranite.

This secondary porosity is consistent with the constant volume,

pseudomorphic replacement of orthoclase. The vugs are bounded by the



Figure 143. Photomicrograph of secondary plagioclase feldspar in Ca-Na
altered monzogranite; the secondary feldspar is characterized by ir-
regular twinning in the central part of the photo; euhedral faces of
feldspar extend into the small vug in the bottom center; note the
abundant fractures in the magmatic plagioclase feldspar in the top;
(AT 67); width of view 5 mm; crossed polars.

euhedral faces of feldspar and quartz, and are filled by paragenetic-

ally late zeolite (Fig. 143). Changes in volume associated with the

replacement of orthoclase also appear to have produced abundant micro-

fractures in the magmatic plagioclase feldspar (Fig. 143). Microfrac-

tures that are present in quartz have rehealed and trapped numerous

fluid inclusions, some of which are hypersaline and contain daughter

minerals of halite and sylvite. Similar inclusions in the White Ridge

breccias contain carbonate in addition to the halides. Homogenization

and freezing studies of these fluid inclusions might, if undertaken,

reveal both the temperature and salinity conditions under which the

orthoclase was replaced.

Magmatic plagioclase feldspar (andesine) appears to be unaffected
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by Ca-Na alteration in the Caplina-Ataspaca monzogranite. This resis-

tance to alteration is inferred to have been caused by compositional

similarities between the magmatic (An 48) and hydrothermal (An 58)

species of the mineral. However, phenocrysts of plagioclase feldspar

in the White Ridge granodiorite have been partly to totally converted

to oligoclase (An 15-20), as determined by optical techniques. The

oligoclase forms anastomozing selvages that cross the cores of pheno-

crysts, as shown in Figure 144. The selvages are always in optical

continuity with, and thus compositionally similar to, the rims of the

phenocrysts. This replacement of magmatic andesine by hydrothermal

oligoclase may be expressed by the chemical equation:

Na.6Ca.4A11.4Si2.608 +
andesine (An 40)

.2 Na+ + .2 Si02 + .8 HA-

Na8Ca2A112Si2.808 + .2 Al3+ + .2 Ca2+ + .4 H2O (6)
oligoclase (An 20)

Aluminum liberated during the alteration of andesine appears to have

been taken up by vug-filling feldspars, zeolites, and epidote, and

locally has resulted in the replacement of diopside by oligoclase. In

addition to the White Ridge granodiorite, secondary oligoclase charac-

terizes Ca-Na alteration in the Taracahua monzogranite and the White

Ridge breccias.

Orthoclase has been replaced sparingly by plagioclase feldspar

and quartz in the White Ridge granodiorite. This replacement appears

to correlate with 1) extreme bleaching of the rock; 2) the conversion

of ferromagnesian minerals to diopside exclusively; and 3) proximity

to zones of high vein and fracture density. The secondary feldspar is

composed of oligoclase (An 25), based on calculations of normative
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Figure 144. Photomicrograph of Ca-Na altered White Ridge granodiorite
porphyry; a swarm of oligoclase selvages crosses phenocrysts of ande-
sine; vug-filling tremolite is in the lower left corner; (AT 18);
field of view 1.5 mm; crossed polars.

data for fresh and altered samples (AT 83a and 26, respectively; Table

5). Thus, the alteration of orthoclase may be expressed by the reac-

tion:

KA1Si308 + .17 Ca2+ + .66 Na+
orthoclase

.83 Na8Ca2A112Si2808 + .67 Si02 + K+
oligoclase (An 20) quartz

(7)

Orthoclase forms veinlets in the Ca-Na altered White Ridge grano-

diorite and cements Ca-Na altered clasts in the White Ridge breccias.

The veinlets vary up to 1.5 cm in width, crosscut both the granodio-

rite and the White Ridge diorite (Fig. 26), and are composed of ortho-

clase, quartz, epidote, diopside, sphene, and monticellite that appear

to have been precipitated concurrently. Similarly, orthoclase cement
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in the breccias appears to have been deposited concurrently with

quartz, diopside, tremolite, actinolite, epidote, sulfides, magnetite,

apatite, and sphene. Neither the breccia clasts nor the wall rocks to

the veinlets appear to have been potassically altered. The orthoclase

clearly is paragenetically later than the Ca-Na alteration, and it is

interpreted to have formed from potassium and aluminum that were

liberated from granitic host rocks at the time of this alteration.

The replacement of orthoclase by plagioclase feldspar is the

result of alkali exchange between the feldspar and the hydrothermal

fluids. Orville (1963) has demonstrated that reciprocal diffusion of

alkalies will take place across a thermal gradient via static chlor-

ide-rich fluids and will cause potassium and sodium metasomatism in

feldspars held at lower and higher temperatures, respectively. Sim-

ilar metasomatism takes place if the fluids flow up or down a thermal

gradient, such that sodium and potassium metasomatism will result

where the fluids have been heated and cooled, respectively (Carten,

1986). Disequilibrium conditions between the fluid and feldspar at

the new temperatures promotes this exchange of alkalies. Carten

(1986) has indicated with alkali activity diagrams (ae/ae vs

aNa + /aH +) constructed from thermodynamic data of Montoya and Hemley

(1975), that disequilibrium may take place at higher temperatures

because the stability fields of albite and K-feldspar expand and

shrink, respectively, as shown in Figure 145. Therefore, the replace-

ment of orthoclase during Ca-Na alteration is interpreted to have been

caused by the heating of fluids that migrated into the high tempera-

ture intrusions from lower temperature surroundings. Similar but

opposite reactions will take place and promote potassic alteration as
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Figure 145. Activity diagram for a portion of the system K20-A1203-
Si02-H20 constructed from data of Montoya and Hemley (1975) at 1 kb
total pressure and quartz present, for temperatures of 400 and 600 °C
(after Carten, 1986); note that the albite field expands at higher
temperatures and that the K-feldspar field shrinks; the dot represents
a fluid in equilibrium with both plagioclase and K-feldspar at 400 °C,
but which will be in equilibrium only with albite at 600 °C.
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the fluids exit the intrusions and cool, as will be discussed in

a forthcoming chapter.

The pervasive plagioclase alteration of magmatic orthoclase in

the Caplina-Ataspaca monzogranite indicates, on the basis of the pre-

vious discussions, that fluids had flowed across a thermal gradient

and into the intrusion at the present level of exposure. In contrast,

the meager replacement of orthoclase in the White Ridge granodiorite

indicates that the fluids were in compositional equilibrium with the

alkali feldspar and therefore had not passed through a thermal gradi-

ent at the present level of exposure. Instead, the fluids are inter-

preted to have flowed upward through the fractured granodiorite stock

and parallel to its isotherms, which most likely formed nested cylin-

drical shells coincident with the vertical walls of the intrusion.

However, minor quantities of fluid appear to have infiltrated the

granodiorite through zones of high strutural permeability, based on

the distribution of orthoclase replacement in zones of intense defor-

mation. Similarly, the distribution of orthoclase replacement in the

stock of Taracahua monzogranite
suggests that fluids migrated into the

intrusion along major shears.

Compositional differences between secondary plagioclase feldspar

in the Caplina-Ataspaca monzogranite (labradorite- An 58) and the

White Ridge granodiorite (oligoclase- An 20) suggest that hydrothermal

fluids associated with the former intrusion were more calcic than

those of the latter. Moreover, the higher activity of calcium in

fluids of the monzogranite appears to have stablized magmatic ande-

sine, whereas lower activities of calcium in the granodiorite may have

permitted the leaching of calcium from the plagioclase feldspar.
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These conclusions are consistent with experimental studies by Orville

(1972) that showed the anorthite content of secondary plagioclase

feldspar to be proportional to the ratio of Ca/(Ca + Na) in the asso-

ciated fluids. The high postulated calcium activity of fluids in the

monzogranite is also consistent with the inference that these fluids

may have been channeled into the intrusion from the calcareous Pelado

Formation along fissures related to the Chucchuco fault system.

The partial replacement of andesine by oligoclase in the White

Ridge granodiorite is also supported by the investigations of Orville

(1972) who demonstrated that the conversion of plagioclase feldspar to

more sodic varieties is slow and commonly incomplete. The speed (and

extent) of this reaction is probably controlled by the slow rates of

diffusion for Si02 and A1203, which must be exchanged in the feldspar

lattice to maintain charge balance with the cations. The consumption

of Si02 by this reaction (Eq. 6) is possibly supported by the apparent

loss of 2 percent groundmass quartz in orthoclase-stable Ca-Na altered

granodiorite as compared to unaltered samples (Table 5). Similar

reactions may have reduced the abundance of quartz from 7 percent to

nil in altered samples of White Ridge diorite (Table 1).

Calc-silicates

Ferromagnesian minerals typically have been replaced by calc-

silicates during Ca-Na alteration, but these secondary minerals vary

in texture and composition between the different centers of alteration

within the prospect area. Hornblende, biotite, and Fe-Ti oxide have

been pseudomorphically replaced by diopside, tremolite, and sphene in

the Caplina-Ataspaca monzogranite. These calc-silicates are morpho-
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logically similar to those of the endoskarn on White Knob, but they

have been replaced by actinolite in selvages up to 8 m in thickness

adjacent to the quartz-sulfide fissure veins, as depicted in Figure

145. This zonation indicates that the activity of iron in the hydro-

thermal fluids increased with time, and is interpreted as retrograde

alteration that was temporally coincident with late-stage hydrolitic

alteration in the Ricardina skarns. Magnetite mineralization in the

sheeted veins nearby probably is genetically related with this retro-

grade alteration.

Although hornblende has been pseudomorphically replaced by tremo-

lite, actinolite, or diopside in Ca-Na altered White Ridge granodio-

rite, biotite has been largely dissolved and removed, as shown in

Figure 146. A variety of residual and secondary minerals sparingly

fill the resultant vugs, as illustrated in Figures 147 and 148. These

vug-filling minerals include oligoclase, orthoclase, sphene, tremo-

lite, diopside, paragenetically late epidote and zeolite, and small

prisms of apatite that formerly were inclusions in the biotite.

Alumina necessary for the growth of the metasomatic feldspars and zeo-

lite is interpreted to have been supplied by the biotite and the con-

version of andesine to oligoclase, based on the absence of aluminum

metasomatism between fresh (wt % A1203 15.82) and intensely altered

(wt % A1203 15.82) granodiorite (Table 5, AT 83a and 26).

Diopside pseudomorphs appear to have been partly replaced by

oligoclase in intensely altered White Ridge granodiorite (AT 26). Few

amphibole outlines have been preserved, and most diopside is acicular

and forms an optically-continuous herring-bone pattern within irregu-

lar masses of oligoclase. Moreover, the total amount of diopside is
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Figure 145. Photomicrograph of diopside replaced by actinolite in
Ca-Na altered monzogranite; note the euhedral terminations of actino-
lite; (AT 67); width of view 5 mm; crossed polars.

Figure 146. Photomicrograph of Ca-Na altered White Ridge granodiorite
porphyry; the hexagonal void in the upper right of the photo has been
produced by the dissolution of "book" biotite; the void contains small
amounts of sphene, feldspar, tremolite, and apatite; phenocrysts of
plagioclase feldspar are partially altered to oligoclase and zeolite;
(AT 25); width of view 5 mm; crossed polars.



Figure 147. Photomicrograph of vug-filling minerals in Ca-Na altered
White Ridge granodiorite porphyry; paragenetically late zeolite is
interstitial to sphene, orthoclase, and oligoclase; (AT 18); width of
view 1.5 mm; crossed polars.

Figure 148. Photomicrograph of vug-filling minerals in Ca-Na altered
White Ridge granodiorite porphyry; note euhedral orthoclase on right
and lower left, high relief sphene, straw-colored tremolite, and encl-
osing birefringent epidote; (AT 18); width of view 1.5 mm; crossed
polars.
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approximately 60 percent of the amount typical for altered granodio-

rite. Givpn that aluminum is evolved during the alteration of ande-

sine to oligoclase, the replacement of diopside by oligoclase is

interpreted to be a by-product of intense Ca-Na alteration, as indi-

cated in the following equation:

CaMgSi206 + .8 Na + + 1.2 Al3+ + .8 Si02 + .4 H2O =
diopside

Na8Ca.2A112Si2808 + .8 Ca2+ + Mg2+ + .8 HI" (8)
oligoclase (An 20)

Calcium and magnesium that are liberated by this reaction may have

been deposited as diopside and monticellite along with orthoclase in

the veins that cut the intrusion, according to the reactions:

Ca2+ + Mg2+ + 3 Si02 + 4 e" - CaMgSi306 (9)
diopside

Ca2+ + Mg2+ + Si02 + 2 H2O - CaMgSiO4 + 4 1.0" (10)
monticellite

Secondary calc- silicates of the White Ridge breccias and the

Taracahua monzogranite are similar to those of the Caplina-Ataspaca

monzogranite. However, the breccias are distinguished by locally

abundant carbonate and actinolite, whereas the Taracahua monzogranite

is characterized by pleochroic epidote that has partially replaced

plagioclase feldspar. Iron and excess carbonate were probably sup-

plied to the White Ridge breccias by abundant clasts of diorite and

calcareous country rock, whereas ferric iron required for epidote

alteration of the Taracahua monzogranite may have been supplied by the

oxidation of ferric iron derived from hydrothermal and (or) magmatic

sources.
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Ca-Na alteration of the Ricardina monzogranite is unique in the

Ataspaca area, because magmatic biotite has been converted to chlorite

and leucoxene instead of to calc-silicates. The chlorite is optically

similar to paragenetically late chlorite in the fissure veins in the

Ricardina level, which suggests that it formed at low temperatures.

The absence of hornblende or its pseudomorphs suggest that it may have

been altered to biotite during an early period of potassic altera-

tion. A high activity of potassium may have stabilized biotite and

thus prevented its alteration to calc-silicate minerals. This infer-

ence is supported by the presence of pervasive orthoclase-flooding

south of the Ricardina level and by the deposition of orthoclase in

adjacent skarn and nearby veins. The activity of sodium apparently

was high enough during or subsequent to this alteration to result in

the replacement of orthoclase by secondary plagioclase feldspar.

Paragenetically late zeolites are common in Ca-Na altered rock.

The zeolites typically encrust fracture surfaces and fill breccia

voids, veinlets, and secondary porosity related to the replacement of

orthoclase. Several zeolites have been tentatively identified petro-

graphically and in hand specimen, and these include laumontite, stil-

bite, heulandite, thompsonite?, and analcime. Fracture-controlled

zeolite in the White Ridge granodiorite (Fig. 48) has been tentatively

identified as laumontite on the basis of SEM energy dispersive analy-

ses (A1>Ca; K-0; and thus composed of essentially Al, Ca, and Si),

although its morphology is similar to that of stilbite, as shown in

Figure 149.



Figure 149. Electron photomicrograph of zeolite in Ca-Na altered White
Ridge granodiorite porphyry; tentatively identified as laumontite; (AT
24); width of view 1 mm; courtesy of Dr. Joshua D. Cocker, Mobil OilCo., Denver, Colorado.

Temperature of formation

Temperatures that prevailed during Ca-Na alteration can be esti-

mated from the equilibrium mineral assemblage plagioclase + sphene +

quartz (+ diopside) for the Ca-Na altered monzogranite. These esti-

mates are based on a T-xCO2 diagram for the system Ca0-A1203-Ti02-

SiO2-0O2-H20 used by Carten (1986) in discussions of similar altera-

tion at Yerington, Nevada. At a pressure of 2000 bars, the prevailing

pressure during alteration at Ataspaca as determined from geologic

reconstructions, the assemblage anorthite + sphene will decompose to

the assemblage zoisite + rutile + quartz below temperatures of ap-

proximately 410 °C, at CO2 mole fractions (xCO2) of less than approxi-

mately 0.135. Because the products of this decomposition were not ob-

served in the altered monzogranite, Ca-Na alteration is presumed to
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presumed to have taken place above 410 °C. The upper limit for the

temperature of alteration may be inferred from the absence of the

assemblage grossularite + anorthite, which forms at the expense of

zoisite + quartz above temperatures of 518 °C and xCO2 less than

0.035. Thus, Ca-Na alteration appears to have taken place at tempera-

tures ranging from 410 to 518 °C.

The Ca-Na alteration aureole is cut by a vein of plagioclase-

quartz-epidote-rutile-carbonate-chlorite-zeolite-chalcopyrite in which

the sphene has been replaced by radiating bundles of rutile, and

plagioclase has been pitted by epidote. The vein is paragenetically

late and the assemblage rutile + epidote + calcite indicates that

sulfides were probably deposited below a temperature of 410 °C pro-

vided that xCO2 was 0.135. This assemblage could have been produced

at temperatures below 300 °C had the xCO2 been less than 0.05.

Modal and geochemical behavior

Mineralogical changes associated with Ca-Na alteration have

resulted in the conversion of the Caplina-Ataspaca hornblende-biotite

monzogranite to the equivalent of a diopside-tremolite tonalite, as

depicted in Figure 150. The pseudomorphic replacement of orthoclase

and ferromagnesian minerals is demonstrated by the volumetric diagram

given by Figure 151. The secondary calc-silicates are slightly less

abundant than the ferromagnesian minerals they replaced, because small

amounts of feldspar were produced in the replacement of biotite, as

discussed in the section concerned with endoskarns. This diagram

qualitatively represents the effects of Ca-Na alteration of nearly all

intrusive units in the Ataspaca prospect.
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Figure 150. QAP diagram of unaltered (circles), endoskarn (squares),
and Ca-Na altered (diamonds) Caplina-Ataspaca monzogranite; the re-
placement of orthoclase by plagioclase feldspar and quartz causes
altered monzogranite to plot in the tonalite field; analyses are from
Table 6.
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Figure 151. Volume percentages of major minerals in unaltered and
Ca-Na altered Caplina-Ataspaca monzogranite; percentages represent
averages of analyses in Table 6.
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Elemental gains and losses by the Caplina-Ataspaca monzogranite

during Ca-Na alteration are similar to those of endoskarn alteration,

as illustrated in Figure 152, except that the alkalies are mobile

(Table 6). Compared with fresh Caplina-Ataspaca monzogranite (AT 98),

Ca-Na altered monzogranite (AT 67) has been produced by an influx of

11.81 g Ca0 and 1.85 g Na20, and an efflux of 6.50 g FeOt and 9.22 g

K20 per 100 cm3 of monzogranite. Differences in the other major ox-

ides are believed to be caused by magmatic variation and analytical

error.

Elemental gains and losses imposed on the White Ridge granodior-

ite during Ca-Na alteration are similar to those affecting the Ca-Na

altered monzogranite listed above, except that sodium metasomatism has

been more intense and magnesium has been depleted (Fig. 152). Com-

pared with unaltered granodiorite (AT 83a), the Ca-Na altered grano-

diorite (AT 26) is characterized by an influx of 4.10 g Ca0 and 2.96 g

Na20, and an efflux of 6.07 g FeOt, 7.84 g K20, and 2.36 g Mg0 per 100

cm3 of granodiorite.

Bulk chemical changes caused by endoskarn and Ca-Na alteration

are illustrated by ACF and NKC diagrams in Figures 153 and 154,

respectively. The enrichment of calcium and depletion of iron during

alteration causes analyses of intensely altered samples to plot out of

the Pf-Bi-Hb field for fresh samples and closer to the Pf-Di tie-line

in the ACF diagram. This behavior is consistent with the replacement

of ferromagnesian minerals by calc-silicates, as observed petrograph-

ically. Endoskarn analyses plot on the NKC diagram near those of

fresh samples, but they constitute a compositional field elongated

toward the Ca0 apex of the diagram, a trend indicative of calcium
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Figure 153. ACF diagram for fresh, endoskarn, and Ca-Na altered
plutonic rocks at the Ataspaca prospect; see text for details; analy-
ses are from Tables 1-6 and 8-11; circles represent fresh samples,
squares represent endoskarn, and diamonds represent Ca-Na altered
samples; A = mol prop. [A1203 - (Na20 + K20)]; C mol prop. [Ca0 -

3.3 P205]; F = mol prop. [FeOt + Mg0 - Ti02].



Figure 154. NKC diagram of
lina-Ataspaca monzogranite
details; analyses are from
samples, squares represent
altered samples; N Na20;
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fresh, endoskarn, and Ca-Na altered Cap-
and White Ridge granodiorite; see text for
Tables 5 and 6; circles represent fresh
endoskarn, and diamonds represent Ca-Na
K = K20; C CaO.
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metasomatism. However, Ca-Na altered samples comprise a narrow field

that is distant from the K20 apex and elongated between the Ca0 and

Na20 apices, a trend characteristic of calcium and sodium metasomatism

and consistent with the leaching of potassium. Accordingly, this

behavior corresponds to the replacement of orthoclase by plagioclase

feldspar.

Calcic-sodic alteration, although not widely reported in the

literature, affects granitic rocks associated with both skarn and

porphyry copper types of deposits. Newberry (1982) has described the

diopside-plagioclase alteration of biotite-hornblende quartz monzonite

at the Pine Creek tungsten skarns,
near Bishop, California, and defin-

ed this effect as calcic alteration. Harris and Einaudi (1982) have

recorded a similar type of alteration in granodiorite at the Yerington

district, Nevada. Carten (1986) referred to oligoclase-actinolite

alteration of quartz monzonite at the Yerington porphyry copper depos-

it as sodic-calcic alteration, and demonstrated that it is character-

istic of alteration in the root zone of the hydrothermal system and

was contemporaneous with potassic alteration that dominated at higher

levels. Alteration similar to that at the Yerington pit has been

observed in the root zones of other porphyry copper deposits in the

southwestern U.S., such as in the Ajo mining district, Arizona (Cox

and Ohta, 1984). Calcic-sodic alteration at Ataspaca is interpreted

to be a combination of both endoskarn (simple calcium metasomatism)

and Na-Ca alteration of Carten (1986). The relation of Ca-Na altera-

tion to other types of alteration in the Ataspaca prospect will be

discussed subsequently.
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Potassic Alteration

Potassic or K-silicate alteration (Creasy, 1966; Meyer and Hem-

ley, 1967; Lowell and Guilbert, 1970;), characterized by the presence

of biotite and (or) K-feldspar and similar to that associated with

known occurrences of porphyry copper mineralization, has affected both

the breccia sill (Tbx-2) and the southernmost Ricardina intrusions

(Trqd and Trgd), as depicted in Figure 155. Hydrothermal fluids

responsible for this alteration appear to have been channeled through

the permeable breccias and through fractures related to the Chucchuco

fault zone in and near the Ricardina level. Differences in alteration

assemblages between these two localities suggest that the hydrothermal

systems were unrelated.

The breccia sill has been potassically altered from 11,000 to

11,200 N on the map grid, based on petrographic examination of five

samples from this interval. This alteration is presumed to extend the

length of the sill, although reconnaissance observations indicate that

endoskarn and Ca-Na alteration may also be present. Potassic altera-

tion has affected both clasts and matrix of the breccia (Fig. 82), and

is characterized by the selective alteration of hornblende, plagio-

clase feldspar, and Fe-Ti oxide. Hornblende has been pseudomorphic-

ally replaced by finely crystalline mosaics of brown subhedral bio-

tite, as shown in Figure 156, but magmatic "book" biotite is textur-

ally unaffected. Fe-Ti oxide has been pseudomorphically replaced by

pyrite. Excess titania appears to have been precipitated nearby as

small amounts of microgranular and acicular rutile. Plagioclase feld-

spar has been pseudomorphically replaced by what appears to be sodic

oligoclase or calcic albite, as depicted in Figure 157. With intense
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Figure 155. Distribution of potassic alteration at the Ataspaca pros-
pect; the dashed line represents the known distribution of potassic
alteration near the Ricardina level; alteration in the northern seg-
ment of the breccia sill is assumed.
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Figure 156. Photomicrograph of hornblende pseudomorphically replaced
by hydrothermal biotite; (AT 78); width of view 1.8 mm; plane light.

Figure 157. Photomicrograph of a potassically altered clast of White
Ridge granodiorite from the breccia sill; plagioclase feldspar has
been converted to oligoclase-albite; hornblende has been altered to
biotite; (AT 78); width of view 5 mm; crossed polars.
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alteration, K-feldspar has intergrown with and replaced the sodic

oligoclas6. This selective alteration of plagioclase feldspar has

also affected the White Ridge granodiorite at 11,285 N - 14,520 E,

near the contact of the granodiorite and the southern segment of the

breccia sill, which suggests that fluids responsible for potassic

alteration in the sill may have penetrated and partly altered the

granodiorite. Secondary biotite was not introduced to the granodio-

rite, because iron necessary for its formation had been liberated

previously during the earlier Ca-Na alteration of the intrusion.

The conversion of the magmatic mineral assemblage hornblende-

plagioclase-Fe-Ti oxide to the secondary assemblage biotite-ortho-

clase-pyrite-rutile may have taken place by the following reactions,

assuming conservation of alumina:

NaCa2(Mg,Fe)5A1Si7022(OH)2 + + 8 11+ =
hornblende

K(Mg,Fe)3A1Si3010(OH)2 + Na t + 2 Ca2+ + 2 (Mg,Fe)24- + 4 Si02 + H2O
biotite

Na6Ca.4A114Si2608 + .54 Na+ + 1.1 Si02 = (12)andesine (An 40)

1.27 Na.9Ca.1A11.1Si2.908 + .27 Ca2+
albite (An 10)

Na9Ca.1A111Si2.908 + 1.1 = (13)
albite (An 10)

1.1 KA1Si308 + .9 Na t + .1 Ca2+
K-feldspar

FeTiO3 + 2 H2S = FeS2 + TiO2 + H2O + 2 H+ (14)
ilmenite pyrite
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These equations indicate that potassic alteration of the breccia sill

is probably characterized by the introduction of potassium and sulfur,

and the depletion of calcium, magnesium, and iron. Sodium may have

been either enriched or depleted, depending on the extent to which

plagioclase has been altered to albite and orthoclase. The lack of

reliable chemical analyses of the White Ridge breccias precludes quan-

titative determinations of elemental gains and losses associated with

this alteration.

Potassic alteration near the Ricardina level is centered 100 m

south of the Hoschschild glory hole. The size of the alteration aure-

ole is difficult to estimate, because few igneous rocks amenable to

potassic alteration crop out. However, the presence of orthoclase in

garnet-diopside skarn (sample AP 399) indicates that potassic altera-

tion extended more than 100 m north of the Ricardina adit, and from

this, the aureole is construed to be at least 300 m in diameter (Fig.

155). Potassically altered Ricardina quartz diorite is characterized

by pervasive orthoclase-flooding and sparse veinlets of quartz and

quartz-orthoclase-(sulfide) (Fig. 85). Magmatic textures have been

largely obliterated and replaced by an irregular "aplitic" mosaic of

orthoclase, quartz, relicts of sodic plagioclase feldspar, traces of

sphene-rutile, and deeply corroded remnants of apatite and allanite.

The initial quartz dioritic composition of the altered rock is in-

ferred from the percentage of relict phenocrysts. The color index of

the intrusion has been reduced from 30.5 to essentially zero by this

alteration. Less intense potassic alteration, characterized by sec-

ondary biotite and veinlets of orthoclase-quartz, has affected both

the Ricardina granodiorite (Fig. 88) and probably the porphyritic mon-
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zogranite, as discussed previously.

PotasSic alteration of the quartz diorite has converted the ig-

neous mineral assemblage
plagioclase-quartz-biotite-hornblende-Fe-Ti

oxide to the secondary mineral assemblage orthoclase-quartz-rutile, as

previously mentioned. This conversion may have taken place according

to the following reactions:

NaCaA13Si5016 + 3 10- + 4 Si02 3 KA1Si308 + Ca2+ + Na l" (15)
plagioclase (An 50) orthoclase

K(Mg,Fe)3A1Si3010(OH)2 + 6 H+
biotite

KA1Si308 + 4 H2O + 3(Mg,Fe)2+ (16)
orthoclase

NaCa2(Mg,Fe,A1)5(A1,S08022(OH)2 + 2 K+ + 14 H+ (17)
hornblende

2 KA1Si308 + 4 (Mg,Fe)2+ + Fe3+ + Na l" + 2 Ca2+ + 8 H2O
orthoclase

FeTiO3 + 2 1.1+ = TiO2 + Fe2+ + H2O (18)ilmenite rutile

These equations indicate that relatively high activities of potassium,

silica, and possibly hydrogen may have been responsible for the potas-

sic alteration in and near the Ricardina level.

Elemental gains and losses associated with the orthoclase-flood-

ing of the Ricardina quartz diorite (Table 10, samples AT 123 and 122)

are dominated by the introduction of K20 and Si02 and the concomitant

depletion of all other oxides, as shown in Figure 158. The bulk chem-

ical changes per 100 cm3 of quartz diorite correspond to an influx of

16.6 g K20 and 13.1 g Si02, and an efflux of 18.3 g FeOt, 7.0 g A1203,

8.2 g MgO, 13.4 g CaO, 5.8 g Na20, and approximately 0.5 g P205.
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Titanium appears not to have been depleted. This dramatic enrichment

in potassium is illustrated on the NKC diagram in Figure 159. The

chemical changes caused by orthoclase-flooding are qualitatively con-

sistent with those predicted from the alteration reactions. The chem-

ical constituents liberated during this alteration appear to have been

reprecipitated as minerals in garnet-pyroxene exoskarn in and near the

Ricardina level, based on the correlation of leached apatite and al-

lanite in the intrusion and the anomalous abundance of the same miner-

als in the exoskarn.

Potassic alteration is produced by alkali exchange reactions that

are the inverse of those that characterize Ca-Na alteration. As dis-

cussed in the previous section, potassium metasomatism will take place

when a fluid in chemical equilibrium with feldspar undergoes cooling

by flowing out of a high temperature intrusion and into cooler country

rocks. At lower temperatures, the K-feldspar stability field expands

at the expense of the albite field (Fig. 145), which causes the fluid

and feldspars to be in disequilibrium, and results in the exchange of

potassium for sodium and calcium in the feldspar (Carten, 1986).

Potassic alteration near the Ricardina level indicates that the

hydrothermal fluids cooled as they flowed out of a high temperature

intrusion that is presumed to be in the shallow subsurface. The

fluids are interpreted to have evolved from a magma body that intruded

and crystallized late in the magmatic history of the Ataspaca area,

because dikes of the petrologically-evolved Ricardina monzogranite

have been hydrothermally altered. The dikes contain an anomalously

high population of quartz phenocrysts (10.8 percent) as compared to

the White Ridge monzogranite porphyry (5.7 percent). This anomalously
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Figure 159. NKC diagram showing effects of potassic alteration of the
Ricardina quartz diorite; the dashed line delineates the NKC composi-
tional field for unaltered Ataspaca intrusions; triangle represents
fresh quartz diorite, diamond represents K-altered quartz diorite;
compare with Figure 154; N Na20; K K20; C = CaO.
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concentration of phenocrystic quartz suggests that the Ricardina mon-

zogranite crystallized under the influence of a high volatile content,

which further suggests that these dikes may represent the magma that

evolved the fluids. A sudden release of these volatiles into the

Chucchuco fault system may have produced both the fissure veins in the

Ricardina level and the sheeted quartz-sulfide veinlets in the Ca-Na

alteration aureole of the Caplina-Ataspaca monzogranite. It is likely

that this alteration event took place before the emplacement of either

the Taracahua monzogranite or the breccia sill, based on cross-cutting

intrusive relationships and alteration patterns at the south end of

the breccia sill. Potassic alteration of the breccia sill therefore

appears to have been temporally and spatially unrelated to potassic

alteration near the Ricardina level.

Argillic Alteration

Intermediate argillic alteration (Meyer and Hemley, 1967) has af-

fected both the Ricardina quartz diorite north of the Hoschschild

glory hole and sills of miscellaneous intrusive rock in the upper

reaches of Quebrada Taracahua, as depicted in Figure 160. The ground-

mass textures of the intrusions typically have been destroyed by this

alteration, but remnant phenocrysts of plagioclase feldspar, quartz,

biotite, and(?) hornblende have been sparingly preserved. The rela-

tive abundance, size, and morphology of these phenocrysts are used to

correlate these intrusions with quartz diorite south of the glory

hole.

Secondary minerals in argillically altered quartz diorite consist

of quartz, clays, phlogopite-biotite, white mica, chlorite, and py-
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Figure 160. Distribution of argillic alteration in the Ataspaca pros-
pect area.
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rite, with lesser amounts of epidote, zoisite, leucoxene, and actino-

lite, as illustrated in Figures 161 and 162. Phenocrysts of plagio-

clase feldspar are moderately altered to clays and small amounts of

zoisite, white mica, and chlorite. Primary ferromagnesian minerals

appear to have been replaced by biotite, feldspar, chlorite, pyrite,

leucoxene, and small but variable amounts of actinolite and epidote.

Quartz commonly appears to have undergone recrystallization(?), during

which small amounts of alteration products were included within the

mineral. These inclusions impart a hazy appearance to the quartz and

similar to that of altered feldspar. Magmatic textures of the ground-

mass have been entirely obscured by this alteration. The presence of

actinolite and epidote in some samples of altered quartz diorite sug-

gest that argillic and propylitic alteration have been superimposed.

Chemical analyses of fresh and altered quartz diorite (Table 10,

AT 123 and 119) indicate that Si02, Na20, and K20 have been enriched

during alteration, but all other oxides have been depleted. These

chemical changes appear to be inconsistent with those characteristic

of argillic alteration, because leaching of alkalies is not apparent.

This inconsistency may indicate that the altered sample was not com-

posed of quartz diorite initially. Alternatively, it may indicate

that calcium was leached during conversion of labradoritic plagioclase

feldspar to more alkalic varieties, under the influence of incipient

potassic alteration. Such alteration would consume quartz (Eq. 15),

and thus may explain the unusual alteration rims exhibited by the

mineral. The chemical composition of the altered sample (AT 119)

plots along the common boundary of the muscovite-montmorillonite-bio-

tite and muscovite-biotite-K-feldspar fields of the AKF diagram in



Figure 161. Photomicrograph of argillically altered quartz diorite;
the phenocryst textures have been preserved, but the groundmass tex-
tures have not; (AT 119); width of view 5 mm; crossed polars.

Figure 162. Photomicrograph of argillically altered quartz diorite;
plagioclase feldspar has been weakly altered to clays and chlorite,
whereas ferromagnesian minerals have been altered to phlogopite, leu-
coxene, and chlorite; remnant phenocryst of quartz is in the top cen-
ter; (AT 119); width of view 1.8 mm; crossed polars.
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MoMmordionite

Figure 162a. AKF diagram showing effects of argillic alteration of the
Ricardina quartz diorite; unaltered (square; sample AT 123), argil-
lically altered (circle; sample AT 119), and potassically altered
(triangle; sample AT 122) samples are plotted;
A = mol prop. [A1203 + Fe203 - (Na20 + Ca0)]; K = mol prop. [K20];
F = mol prop. [ Mg0 + Fe0 + Mn0]; Fe203/Fe0 arbitrarily set as 0.5.
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Figure 162a, and may be interpreted as the effects of minor cation

leaching related to argillic alteration that has overprinted on earli-

er potassic alteration (Meyer and Hemley, 1967; Rose and Burt, 1979).

The preferential leaching of alkalies during argillic alteration

is caused by the conversion of feldspars to clays and micas (Hemley

and Jones, 1964; Meyer and Hemley, 1967). These reactions are driven

by hydrogen-ion metasomatism and differ from reactions associated with

endoskarn and Ca-Na alteration in which hydrogen ions are generated

rather than consumed. High hydrogen ion activity and thus low pH

conditions in the hydrothermal fluids probably have favored the argil-

lic alteration. The major control over pH and hydrogen-ion metasoma-

tism appears to have been the presence of carbonate in the country

rocks, because argillic alteration is restricted to intrusions hosted

by the Ataspaca Formation, whereas endoskarn and Ca-Na alteration are

restricted to intrusions hosted by the Pelado Formation. Carbonate is

inferred to have reacted with hydrogen ions and thus reduced the acid-

ity of the solutions by the reaction:

CaCO3 + 2 HI" - Ca2+ + CO2 + H2O (19)

The distribution of argillic alteration peripheral to pipes of

potassic alteration in and near the Ricardina level is consistent with

alteration patterns associated with porphyry copper deposits (Lowell

and Guilbert, 1970; Titley and Beane, 1981). This association will be

related to the other types of alteration in subsequent discussions.

Propylitic alteration

Propylitic alteration (Meyer and Hemley, 1967; Lowell and Guil-
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bert, 1970) is restricted to the porphyritic intrusions and the brec-

cia sill in the north half of the prospect area, as illustrated in

Figure 163. The alteration mineral assemblage is most commonly char-

acterized by epidote-zoisite, chlorite, and trace amounts of pyrite.

However, paragenetically late zeolite-carbonate alteration in the

potassically altered breccia sill (Tbx-2) is also assigned to the

propylitic mineral assemblage.

The principal mineralogical effects of propylitic alteration

include the alteration of 1) biotite and hornblende to chlorite and

epidote; 2) calcic cores of plagioclase feldspar to epidote, as shown

in Figure 164; and, rarely, 3) Fe-Ti oxide to pyrite. These altera-

tion minerals impart a pale green-yellow to gray-green color to the

altered rock. Late zeolite-carbonate alteration in the breccia sill

is characterized by the replacement of intermediate plagioclase feld-

spar by zeolite, as shown in Figure 165, or by the precipitation of

zeolite and carbonate in veinlets and breccia voids.

Chemical changes associated with propylitic alteration are assum-

ed to have been limited to volatile agents such as CO2, H2O and S.

However, the replacement of ferromagnesian minerals by chlorite may

have been caused by minor Mg metasomatism, as suggested by chemical

analyses of fresh (AT 42) and propylitically altered (AT 147) White

Ridge granodiorite porphyry (1.19 % vs 1.52 % MgO, respectively).

However, the small number of chemical analyses of fresh and altered

rocks does not permit a reliable evaluation of this phenomenon. Bulk

chemical effects of zeolite-carbonate alteration per 100 cm3 of brec-

ciated Taracahua monzogranite (AT 76) include an influx of 3.3 g Ca0

and an efflux of 5.0 g Na20.
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Figure 163. Distribution of propylitic (epidote-chlorite) alteration
within the Ataspaca map area.



sauTod passoao !turn g maTA ;o 43131m !(9L iv) !AT- aueTdTouT paosidaa sT qq2Ta uo ascispiaj !(jai) auoz Lisnao oq auaosC
-ps (aaluao) avdsmag assTooTSsid jo 9J00 alp paosidaa ATTsloq syqaaTToaz !TTTs sTopeaq alp uT a2Tusa2ozuow alsTaas go assTo P JO uoTq

- saaaTs (oT1TT(cload) ea-suoctaso-eaTToaz
Jo ildea2oaoTwoqoqd .g9T aan2Td

.sasTod passoao !tum g maTAJo 44pTm :(171 7T iv) !uoTqsaaaTs oTaTTAdoad 2uTanp iscismag esvTooT2sTd;o aaoo atp paovidaa SRL' lstp eaopTda ;o tidsa2oaoTwoloqd
79T aan2Td

9g£



357

The epidote-chlorite type of alteration is interpreted to be

autometasomatic in nature. This inference is based on the pervasive

extent of the alteration and the absence of demonstrable metasomatic

exchange with the calcareous country rocks. Subsequent endoskarn

alteration is interpreted to have been locally superimposed over the

propylitic assemblages, as deduced from the presence of actinolite and

sphene together with abundant chlorite and epidote along the contacts

of the northernmost bodies of quartz monzodiorite, smaller stock of

granodiorite, and the exotic block of granodiorite on the southeast

side of White Ridge. However, the distribution of propylitic and

endoskarn alteration on the west side of the monzogranite porphyry

suggests that these two types of alteration may be gradational. The

propylitic alteration is speculated to be paragenetically later than

the endoskarn and is tentatively interpreted to have formed by fluids

that passed through the endoskarn and into the monzogranite from the

country rocks.

Geochemistry of metals and sulfur

Base metal sulfides and molybdenite have been concentrated by

hydrothermal processes to form mineral deposits of potentially eco-

nomic grade at several locations within the prospect area, as pre-

viously discussed. The metals and sulfur of these deposits may have

been leached from either the intrusive or country rocks, or they may

have been primary components of magmatic brines that were evolved

during crystallization of the intrusions. Relative contributions of

metals and sulfur by these sources is the subject of this section.
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Metals

Geochemical analyses for Ag, Cu, Mo, Pb, and Zn have been per-

formed on 36 altered and 14 unaltered samples of intrusive rock to

characterize the distribution of these pathfinder metals in the Atas-

paca hydrothermal environment. The analyses, which are distributed

among Tables 1 through 11, have been summarized in Table 15 and plot-

ted on log-normal frequency distribution diagrams in Figure 166.

Analyses for Ag have not been plotted, because they typically fall

below the minimum detectable concentration (0.3 ppm). Background

analytical values are defined as the range of analyses for unaltered

samples, and these are assumed to be representative of all unaltered

igneous rocks in the prospect area. Trace metal concentrations less

than the background minimum are attributed to leaching by hydrothermal

fluids, whereas concentrations greater than the background maximum are

assumed to be the result of enrichment processes.

Copper appears to have been the trace metal leached most easily

from intrusive rock by hydrothermal activity. Concentrations of cop-

per in altered samples appear to form a bimodal distribution (Fig.

166), in which samples containing less than 100 ppm have been leached

of this metal and those containing more than 175 ppm have been en-

riched. As compared to the mean background value (67 ppm, Table 14),

copper in the leached population has been reduced by approximately 50

percent (35 vs 67 ppm), whereas it has been increased in the enriched

population by nearly 900 percent (596 vs 67 ppm). These comparisons

ignore the effects of vein mineralization, but include disseminated

chalcopyrite mineralization in Ca-Na altered vein selvages and in

exotic blocks of the White Ridge breccia pipe.
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Table 14. Summary of trace metals in fresh and
altered intrusive rock.

Metal Rock Suite Range (ppm) Mean ± 1U

Cu unaltered 30 - 175 67 ± 38
depletedl 7 - 80 35 ± 24
enriched2 210 - 2130 596 ± 562

Mo unaltered <1 - 4 n.d.
altered <1 - 40 n.d.

Zn unaltered 25 - 100 54 ± 21
altered 12 - 200 52 ± 37

Pb unaltered 6 - 80 24 ± 18
altered 8 - 170 23 ± 26

Ag unaltered <0.3 - 0.6 n.d.
altered <0.3 - 0.3 n.d.

I- includes all values less than maximum of back-
ground.

2- includes all values greater than maximum of
background, except those with vein enrichment.

n.d.- not determined.
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Figure 166. Frequency distribution of Cu, Mo, Pb, and Zn in altered
and unaltered intrusive rocks from the Ataspaca prospect area.
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Molybdenum has been slightly enriched during hydrothermal altera-

tion, especially in samples of exotic blocks of Ca-Na altered micro-

diorite in the White Ridge breccias. However, because 31 of 50 molyb-

denum analyses are below the limits of detection (1 ppm), it is impos-

sible to determine whether or not the metal has been leached.

Zinc appears to have undergone minor leaching and concentration

during hydrothermal alteration (Fig. 166). A comparison of mean geo-

chemical values for zinc in altered and unaltered rocks (52 vs 54 ppm;

Table 14) suggests that the metal has undergone only minor leaching at

best. Visual inspection of the frequency distribution diagram sug-

gests a weak tendency for zinc to have been leached from endoskarn and

concentrated in argillically altered rocks.

Lead has not undergone any noticeable depletion or enrichment

during hydrothermal alteration (Fig. 166). A comparison of mean geo-

chemical analyses for lead in both altered and fresh rocks (23 vs 24

ppm; Table 14) supports this contention. Although lead has not been

leached, its narrow compositional range suggests that its distribution

may have been homogenized by hydrothermal activity.

Similar concentrations for Ag, Cu, Mo, Pb, and Zn in recrystal-

lized and silicated limestone of the Pelado Formation (Bonelli, 1983)

indicate that background concentrations for metals in the country

rocks are characterized by 38 ppm copper, 66 ppm lead, a minimum of 85

ppm zinc, and up to 30 ppm Mo. Bonelli (1983) considered the values

for lead, zinc, and molybdenum to be anomalously high as compared to

average analyses for shale and carbonates reported by Rose and others

(1979), and he interpreted the higher values to have been caused by

hydrothermal activity. However, these values may be interpreted as
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representative of unaltered rocks in the carbonaceous upper third of

the Pelado Formation, because such concentrations are within the nor-

mal compositional ranges for unaltered black shale (40-100 ppm Cu, 7-

70 ppm Pb, 120-220 ppm Zn, and 2-50 ppm Mo) according to the data of

Vine and Tourtelot (1970). Unfortunately, evidence is lacking as to

whether or not these metals have been leached from the country rocks,

because unaltered samples could not be collected for analysis to de-

fine comparative background concentrations.

Nonetheless, it is evident that Ag, Cu, Mo, Pb, and Zn have been

dramatically enriched in the skarns by hydrothermal activity. Based

on the abundance of these metals in the country rocks and on their

geochemical behavior in altered intrusive rocks as previously dis-

cussed, it is concluded that copper and trace amounts of zinc have

been leached from the intrusions, whereas all of the lead and most of

the zinc have been remobilized from the Pelado Formation. Silver is

presumed to have been derived from the country rocks as well, based on

its geochemical affinity with lead. The origin of molybdenum and the

contribution of copper from the country rocks remain speculative, as

does the quantity of metals that were originally dissolved in the

primary magmatic brines.

Sulfur

Isotopic analyses have been performed on 11 sulfide concentrates

as part of a regional sulfur isotope investigation of metallization in

the Andean Cordillera in collaboration with Prof. Cyrus W. Field of

Oregon State University. The concentrates were obtained from three

samples collected from the "ore" zone exposed along the Ricardina
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adit. These ores represent paragenetically late, high-grade poly-

mineralic -sulfide assemblages that fill fissures in diopside-garnet

skarn hosted in the Manto member of the Pelado Formation. All three

samples contain coarsely crystalline aggregates of chalcopyrite, gal-

ena, and sphalerite that appear to be contemporaneous on the basis of

textural evidence, whereras the pyrite observed in two samples is

present as unreplaced relicts encapsulated by chalcopyrite and thus is

paragenetically earlier. Separation of the sulfides into essentially

monomineralic concentrates was performed by hand-picking of crushed

fragments with the aid of a binocular microscope. Sulfur was extract-

ed as sulfur dioxide gas by standard methods of high-temperature

(1025 °C) oxidation with cupric oxide under vacuum, and the sulfur

isotope analyses were made by mass spectrometry at Global Geochemistry

Corporation under the supervision of Prof. Isaac R. Kaplan of the Uni-

versity of California, Los Angeles. The samples, minerals, and sulfur

isotope data, expressed by conventional permil notation (634S 0/00

relative to the Cation Diablo meteorite standard, are listed in Table

16. Delta (A) values and derivative isotopic temperature estimates,

calculated from equations based on fractionation factors summarized by

Ohmoto and Rye (1979), are presented in Table 17.

The sulfur isotope data for the 11 sulfide concentrates analyzed

range narrowly from -3.3 to +1.3 permil. These values are composi-

tionally consistent with, but not proof of, a "magmatic" source

(0 ± 3 permil, Ohmoto and Rye, 1979) for the hydrothermal sulfur.

These "magmatic" isotopic values are consistent with observations that

1) magmatic sulfides have been leached from intrusions during Ca-Na

alteration and perhaps redeposited as polymetallic sulfides in the



Table 15. Sulfur isotope permil values (04S)
for sulfide mineral concentrates from the polymetallic

sulfide "ores" of the Ricardina level.

Sample ATP-2 ATP-10

Mineral Py +1.05
Cp +0.62
S1 +1.05
Gn -2.33

Cp +0.24
S1 -0.11
Gn -3.26

ATP-11

Py +1.34
Cp +0.49
S1 +0.30
Gn -2.21

364
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Table 16. Delta (A) values of sulfide-sulfide mineral pairs,
including isotopic temperature estimates (T °C).

SAMPLE ATP-2 ATP-10 ATP-11

Py-Cp 0.43 0.85
T °C 749° 454°

Py-Sl 0 1.04
T °C

266°

Py-Gn 3.38 3.55
T °C 276° 263°

Sl-Cp
T °C

0.43
306°

Disequi.
it

Disequi.

Cp-Gn 2.95 3.50 2.70
T °C 169° 133° 190°

Sl-Gn 3.38 3.15 2.51
T °C 189° 206° 264°
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exoskarns, and 2) syngenetic or diagenetic sulfides are absent from

the Pelado Formation and thus could not have been remoblized by hydro-

thermal activity. These values are variably depleted in 34S relative

to those of sulfides from limestone-hosted ores in the Central Andes

of Peru farther to the north: such as at Morococha (+2.3 to +4.7 0 /00,

Field and others, 1983) and San Cristobal (+2.4 to +8.2 o/oo, Bart-

lett, 1984). The isotopically heavier sulfides in these latter depos-

its suggests that a 34S-enriched component of sulfate-sulfur from

gypsum evaporites in host carbonates of the Pucard Group have con-

taminated those hydrothermal systems (Field and others, 1983, and

Bartlett, 1984). The absence of such sulfate-sulfur contamination in

the analyses of the Ataspaca samples is consistent with deposition of

the Pelado Formation in a relatively "deep" anoxic marine environment,

one in which evaporites obviously could not have formed.

According to fractionation theory and experiment, sulfides formed

contemporaneously, at constant temperature, and under conditions of

isotopic equilibrium should be progressively depleted in 34S in the

order pyrite, sphalerite, chalcopyrite, and galena (from heaviest to

lightest). Moreover, the sizes of these fractionation effects between

various sulfide mineral pairs, which ranges from several tenths to

several permil, vary inversely with temperature. The isotopic data

for sulfides in the three samples (Table 16) exhibit fractionation

trends that are broadly consistent with equilibrium. Fractionation

between two minerals, such as between pyrite and chalcopyrite, is

commonly reported as a delta value (L PY-cP = 634SPY 634ScP), and the

temperature dependency of this effect may serve as a potentially use-

ful geothermometer. Delta values for the various sulfide mineral
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pairs in each of the three samples and their related isotopic tempera-

ture estimates are given in Table 16. These values and temperature

estimates are determined from the analytical data of Table 15 and cal-

culated from equations based on fractionation factors compiled and

(or) estimated by Ohmoto and Rye (1979), The calculated temperatures

of sulfide deposition are largely in the range of 170° to 280°C: as

provided by all three sphalerite-galena, pyrite-galena, and chalcopy-

rite-galena pairs. However, isotopic disequilibrium prevails in

either pyrite or chalcopyrite, or possibly in both sulfides, a charac-

teristic that has been noted by many previous investigators (see

Ohmoto and Rye, 1979). The disequilibrium is manifest either by small

(high temperature) or negative (impossible) delta values for most

pyrite-chalcopyrite, pyrite-sphalerite, and sphalerite-chalcopyrite

pairs. Pyrite, as previously noted, is not contemporaneous with the

other sulfide minerals. In addition, the small size of possible frac-

tionations between pyrite, chalcopyrite, and sphalerite mineral pairs,

relative to the analytical error of the individual isotopic analyses

(up to ± 0.2 o/oo), renders their application to geothermometry as

"risky" at best.

The concurrent deposition of chlorite, quartz, and carbonate with

the polymetallic sulfides of the Ricardina level, as described in

previous sections, indicates that the isotopic temperature estimates

(170-280 °C) characterize late-stage hydrosilicate alteration of

skarn. These estimates compare favorably with temperature ranges of

100 to 300 °C for late hydrosilicate alteration in skarns elsewhere,

as determined by fluid inclusion techniques (Einaudi et al., 1981).



368

Discussion

Hydrothermal activity related to the emplacement and crystalliza-

tion of granitic intrusions in the Ataspaca area has resulted in the

silication and mineralization of calcareous country rocks and the

alteration of several of the intrusions. Seven hydrothermal systems

are interpreted to have been active in the study area, based on the

distribution of alteration and the order of emplacement of intrusive

units with which the alteration is associated. The hydrothermal sys-

tems correlate temporally with the following intrusive events, listed

by order of emplacement: 1) the White Ridge granodiorite; 2) the Cap-

lina-Ataspaca monzogranite (White Knob endoskarn); 3) the White Ridge

breccia pipe; 4) the White Ridge monzogranite porphyry (alteration

west of the map area); 5) the Ricardina monzogranite (Ricardina skarns

and(?) sheeted-vein aureole in the Caplina-Ataspaca monzogranite); 6)

the Taracahua monzogranite (Taracahua skarns); and 7) the breccia

sill. The relative timing of systems 4 through 6 is uncertain.

Calcic-sodic and potassic alteration are interpreted to represent

the effects of an alkali-exchange couplet, which was induced by the

migration of hydrothermal fluids across thermal gradients at temp-

eratures of 400 to 500 °C. As previously noted, calcic-sodic altera-

tion takes place where fluids move into high temperature intrusions

from cooler country rocks, whereas potassic alteration takes place

where the fluids exit the intrusions. An idealized alteration system,

shown in Figure 167, illustrates the migration of fluids through a

hypothetical intrusion. The diagram is constructed from the inferred

levels of exposure of alteration systems 1 and 5. The influx of
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fluids at the lower levels of the hydrothermal system results in the

replacement of orthoclase by plagioclase feldspar, such as in the Ca-

Na altered Caplina-Ataspaca monzogranite. The replacement of ortho-

clase diminishes as the fluids become thermally and compositionally

equilibrated with the intrusion during their ascent. However, plagio-

clase feldspar may be partially converted to oligoclase by the slow

leaching of calcium from the feldspar, as observed in the White Ridge

granodiorite. The exit of fluids from the intrusion results in potas-

sic alteration similar to that near the Ricardina level. Ideally,

concentric alteration patterns, typical of porphyry copper systems,

would be centered on the region of outflow, resulting in phyllic-

argillic and propylitic alteration of quartzo-feldspathic rocks (Low-

ell and Guilbert, 1970), such as the sills of quartz diorite hosted by

the Ataspaca Formation. Interpretation of this model suggests that,

with the exception of systems 5 and 7, the regions of outflow, potas-

sic alteration, and potential porphyry copper mineralization at Atas-

paca have been eroded. This idealized hydrothermal system is similar

to that interpreted to have operated at Yerington, Nevada (Carten,

1986).

Studies of the mineral assemblages and geochemistry of Ca-Na

alteration indicate that calcium metasomatism was more intense at

Ataspaca than at Yerington. Ferromagnesian minerals have been replac-

ed by tremolite and diopside at Ataspaca, rather than by actinolite

and chlorite as at the latter deposit. Moreover, secondary plagio-

clase feldspar is composed of intermediate labradorite at Ataspaca,

whereas at Yerington it is composed of oligoclase and andesine. Geo-

chemically, up to 50 percent more Ca0 per 100 cm3 has been fixed in
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Figure 167. Idealized hydrothermal system believed to account for
alteration at the Ataspaca prospect; constructed from fragments of six
hydrothermal systems presently exposed at the surface; concentric
halos at the top of the system are assumed for fluids that exit into
non-calcareous country rocks (after Lowell and Guilbert, 1970); arrows
denote fluid migration; phyllic alteration is not developed at the
prospect; skarn can form at any level; see text for details.
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Ca-Na altered monzogranite at Ataspaca than in Na-Ca altered quartz

monzonite at Yerington (11.8 g vs. 7.9 g; data from Carten, 1986, p.

1507). These differences in mineralogy and geochemistry indicate that

the hydrothermal systems of Ataspaca were dominated by calcium-rich

fluids from the Pelado Formation, whereas those at Yerington were

less-calcic and possibly diluted by abundant magmatic volatiles.

Late sodic alteration, which is widespread at Yerington and char-

acterized by the replacement of 1) orthoclase by albite and 2) actino-

lite by chlorite and epidote (Carten, 1986), has not been observed at

Ataspaca. It is possible that high activities of calcium in the flu-

ids at Ataspaca may have surpressed that of sodium and thus stabilized

oligoclase and tremolite at the expense of the sodic alteration assem-

blage. Alternatively, because the maximum depth of emplacement of the

Ataspaca intrusions is estimated to be 50 to 100 percent greater than

that of the Yerington intrusions (4.7-6.0 km vs. 3.2 km), temperatures

of retrograde alteration may have been above those characteristic of

late sodic alteration (<340 °C; Carten, 1986); however, this hypothe-

sis is considered unlikely.

Provided that the calcic fluids interact with enough ferromag-

nesian minerals during ascent through the idealized hydrothermal sys-

tem, it is probable that calcium will be depleted from the fluids in

and above the vicinity of convective inflow. As a result, the activ-

ity of calcium will decrease and that of iron will increase, and

actinolite will dominate at intermediate to higher levels of the sys-

tem. Similarly, actinolite may predominate in larger intrusions where

the calcic fluids are diluted by abundant magmatic volatiles. More-

over, large porphyry-type deposits, such as at Bingham Canyon, Utah
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and Chuquicamata, Chile, which probably formed in cupolas of batho-

lith-sized plutons, may be so large that the convective inflow of non-

magmatic fluids is obscured by the ascending stream of magmatic vola-

tiles. Under such circumstances, Ca-Na or Na-Ca alteration of the

intrusive rock would probably not take place. Thus, the morphology,

size, and ferromagnesian content of the intrusion, as well as the

composition of the country rocks, water to rock ratios, and the con-

figuration of the hydrothermal system may all affect the Ca-Na altera-

tion mineral assemblage.

Genesis of the Ricardina deposit

The proximity of compositionally zoned skarns and potassic al-

teration to northeast-trending faults in and near the Ricardina level

indicates that hydrothermal fluids ascended through a member of the

Chucchuco fault system from an intrusion in the shallow subsurface and

silicated the Manto member limestone. This intrusion is probably com-

posed of porphyritic monzogranite of the type exposed in the Ricardina

workings. The forceful emplacement of this and the other intrusions

through the fault zone deformed the country rocks and enhanced their

structural permeability. The absence of skarn south of the potassic

alteration indicates that the hydrothermal fluids were preferentially

channeled through the northeast-trending faults in and north of the

potassic center.

High-grade lodes of base metal sulfides and lesser amounts of

molybdenite fill fissure veins and replace(?) intensely fractured

garnet-diopside skarn in the Ricardina workings and at the surface.

Late-stage hydrolytic alteration of skarn may have concentrated dis-
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seminated skarn-hosted sulfides into these high-grade lodes. The

absence of cliffs of resistant skarn south of the Ricardina adit sug-

gests that the skarn-destructive hydrolitic alteration has been per-

vasive and most intense near the center of potassic alteration. If

this inference is correct, additional high-grade sulfide deposits may

be present beneath colluvium that fills the drainage from the Ricar-

dina intrusions to the Caplina-Ataspaca pluton.

The presence of potassic alteration in the vicinity of the

Ricardina level suggests that disseminated porphyry-type copper-

(molybdenum) mineralization may be present in the subsurface. The

absence of phyllic (quartz-sericite) alteration or disseminated sul-

fides within the potassic center implies that the upper part of the

productive "ore" zone has been eroded. The disseminated mineraliza-

tion in the skarnoid and skarns north of the potassic center may rep-

resent an uneroded ?art of the "ore" zone that formed peripheral to

the core of the hydrothermal system.

Genesis of the Taracahua deposit

The mineralized skarns of the Taracahua deposit are located at

the intersection of northeast-trending Chucchuco faults, the Manto

member limestone, and the highly fractured stock of Taracahua monzo-

granite. The fault(s) apparently guided the emplacement of the Tara-

cahua stock and also served to localize the highest grade marmatite

mineralization. The Taracahua stock and adjacent country rocks were

intensely fractured during the injection and inflation of the dike/

sill of Tarcahua monzogranite adjacent to the southwest side of the

stock. This structural deformation enhanced the permeability of the
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stock and country rocks, and facilitated the circulation of hydro-

thermal fluids that formed the skarns. Abundant magmatic sulfides in

the Taracahua monzogranite were leached during Ca-Na alteration of the

stock, and the sulfur apparently was redeposited as marmatite, arseno-

pyrite, and other sulfides in void spaces between the skarn-forming

idocrase and garnet. Such void space is negligible in skarnoid, which

is more compact and finely crystalline owing to its metamorphic ori-

gin. Retrograde alteration of the mineralized skarn to wollastonite-

carbonate has locally concentrated chalcopyrite, but the distribution

of this alteration is poorly understood and presumably of small ex-

tent. The Taracahua deposit is unrelated to porphyry-type alteration

and mineralization at the Ricardina deposit.
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EXPLORATION RECOMMENDATIONS

Five targets of exploration interest are present within the

boundaries of the Ataspaca prospect. Base metals and molybdenum con-

stitute the primary metallic resources, but rare earths and phosphate

(apatite) may also have economic potential. These targets are dis-

cussed below according to geologic occurrence and their perceived

economic potential. Following these discussions are recommendations

for regional exploration.

1. Highest exploration priority should be assigned to ore shoots of

base metal sulfides of the type exposed beneath the Hoschschild glbry

hole and in the Ricardina level. Other ore shoots crop out nearby, as

follows: 1) in the Ataspaca Formation at 11,425 N - 15,300 E; 2) adja-

cent to potassically altered quartz diorite south of the Ricardina

level at 10,940 N - 15,250 E; and 3) in Ca-Na altered monzogranite at

10,730 N - 14,640 E. An additional pipe may be concealed by colluvium

beneath and west of the Ricardina mine road at 10,850 N - 15,060 E, as

interpreted from induced polarization geophysical studies by Arce

(1980). Massive quartz, radial diopside, and copper stains are useful

field indicators of these ore shoots. Exploration for additional

pipes should include trenching of colluvium between the Ricardina and

Caplina-Ataspaca intrusions. Drilling is recommended to 1) determine

the vertical extent of these deposits, and 2) evaluate the subsurface

for additional lodes.

High exploration priority should also be assigned to the dissem-

inated sulfides hosted by skarn and skarnoid north of the Ricardina
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potassic center. These sulfides may constitute economic reserves of

copper and molybdenum that are amenable to bulk mining techniques.

Vein-controlled molybdenite of unknown vertical and lateral extent

enhances the economic potential of the reserves. Apatite and allanite

in the garnet-diopside skarns may serve as sources of phosphate and

rare earth elements (lanthanum, cerium), as well as uranium and thor-

ium, and may contribute toward the economic potential of this deposit.

Possibly other mineralized skarns may be hosted by pure lime-

stone beds of the middle Pelado Formation at depths of 300 to 600 m

beneath the Ricardina level. Detailed stratigraphic studies of the

lower one-half of the Pelado Formation should be conducted west of the

prospect area in order to establish the superposition of these later-

ally-extensive stratigraphic targets.

2. Reserves of Zn-(Cu) sulfides, in addition to those exposed in

the Taracahua level, may be hosted by silicated limestone proximal and

peripheral to the stock of Taracahua monzogranite. Potentially ore-

bearing horizons of limestone may be those that comprise the middle of

the Pelado Formation, several hundred meters below the surface. The

best grades of mineralization will probably be found where northeast-

trending faults cut the country rocks. Geophysical studies by Arce

(1980) have delineated a pronounced apparent chargeability anomaly

west of the stock (10,300 N - 15,000 E) that may represent ore-grade

mineralization beneath the footwall of the Taracahua dike/sill.

3. Detailed mapping and geochemical sampling of the White Ridge

breccias in and beyond the map area are recommended. Special emphasis
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should be given to the delineation and sampling of sulfide-bearing

exotic blocks of diorite. The breccias constitute a low-grade bulk-

tonnage reserve of copper and molybdenum that may augment those of the

Ricardina deposit.

4. Detailed studies of the skarns at the upper end of White Ridge

are recommended. These may determine the source of supergene copper

oxides that have been mined near the base of the skarn body.

5. Mineralized skarns may be present at depth where limestone of

the middle Pelado Formation is truncated by the intrusions and brec-

cias of the White Ridge complex. These skarns may be from 100 to 200

m beneath the surface. A broad resistivity low centered at 11,250 N -

14,900 E, approximately 150 m from White Ridge, may be the result of

conductive sulfides hosted by such skarns postulated to be in the

subsurface. These geophysical surveys suggest that a conductive body

is within 160 m of the surface. Accordingly, additional geophysical

work and exploratory drilling adjacent to White Ridge are recommended.

6. Regional exploration should be concentrated along the northwest-

trending Chucchuco fault system, which is at least 5 km in width in

the vicinity of Ataspaca and Caplina. These faults have guided the

emplacement of the intrusive porphyries and breccias of White Ridge,

and have served as major hydrothermal conduits in the prospect area.

Intersections between members of the Chucchuco and Incapuquio fault

systems should be characterized by high structural permeability and

thus constitute primary exploration targets. Moreover, the potential
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for hydrothermal mineralization should be favorable where these struc-

tures are in close proximity to igneous intrusions. Skarn-type depos-

its, such as at the Manto Verde prospect (Sologuren, 1977), may be

present where limestone is transected by these structures.

Detailed stratigraphic studies of the Pelado Formation should be

undertaken to delineate horizons of limestone that are laterally con-

tinuous throughout the region. Such horizons are receptive to skarn-

type mineralization. In addition, the structural and stratigraphic

relationships of the Huillacollo volcanics with the Mesozoic strata

east of Ataspaca should be investigated to reconcile inconsistencies

in the geologic map by Wilson and Garcia (1962). These inconsisten-

cies suggest that two temporally distinct volcanic units may have been

mapped as one. An outlier of the younger of these units unconformably

overlies the Pelado Formation on Cerro Sino, west of the prospect

area, and may obscure structurally-controlled
skarn-type mineraliz-

ation. If true, it is possible that copper oxides have been concen-

trated in a supergene enrichment blanket beneath the unconformity.
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GEOLOGIC SUMMARY

Mineral deposits of the Ataspaca prospect area consist of base

metal sulfides and molybdenite hosted by porphyry- and nonporphyry-

related skarns, fissure veins, and hydrothermal breccias. These re-

sources are part of a composite porphry-skarn system in which at least

seven hydrothermal systems operated. The intrusions and hydrothermal

fluids were structurally channeled by northeast-trending high-angle

faults. Silication and metallization of the skarns is most intense

where these structures and associated intrusions cut the limestone

country rocks.

The Ataspaca prospect lies within a structural block bounded by

the northwest-trending Challaviento and Bellavista faults. The Cap-

lina-Ataspaca pluton intruded this block at the intersection of the

Incapuquio fault and the northeast-trending Chucchuco fault system.

The laccolithic emplacement of the pluton, at depths of 4.5 to 6.0 km,

folded the Mesozoic country rocks east of Ataspaca into the Chullun-

cane syncline, as shown in Figure 168. The magmas intruded as a sill

along ductile beds of carbonate in the Lower Jurassic Pelado Formation

prior to inflation of the laccolith.

Impure carbonates of the Pelado Formation are overlain by quartz-

ite and argillite of the Middle Jurassic Ataspaca Formation. Sili-

cated Manto member limestone (8-12 m in thickness), near the top of

the Pelado Formation, is the preferential host of known ore-grade

mineralization in the prospect. Carbonaceous calcareous argillite,

siltstone, and limestone of the upper third of the Pelado Formation

were deposited under anoxic conditions in a shallow epicontinental
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Limits of exposure
ti km

Figure 168. Idealized model for the geology of the Ataspaca prospect
and vicinity; structurally controlled porphyry-type deposits related
to the White Ridge intrusions have been eroded; arrows denote fluid
migration; deeper levels of the sub-volcanic stocks are blocked from
view by the Caplina-Ataspaca pluton.
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back-arc basin, and probably constitute a black shale sequence. Be-

cause soma black shales contain unusually high concentrations of met-

als, the Pelado Formation may have been a source of some of the base

metals and(?) molybdenum deposited in the skarns.

More than one dozen epizonal intrusions and two breccia units

were emplaced into the Pelado Formation via the Chucchuco fault sys-

tem. Equigranular microdiorites were intruded early in the magmatic

history of the Ataspaca area, and these were followed sequentially by

porphyritic quartz diorite, quartz monzodiorite, granodiorite, and

numerous phases of monzogranite.
Magmatism culminated with emplace-

ment of the monzogranites at 41 m.y., the approximate time of the

Incaic orogeny. The magmas may have differentiated from a parental

magma of diorite by the progessive fractionation of augite, plagio-

clase feldspar, hornblende, and biotite. However, magmas of diorite

and granodiorite also mixed to form hybridized quartz diorite and

quartz monzodiorite, and thus multiple parental magmas are indicated.

The silicic parental magma probably was derived from a large body of

magma that is inferred to underlie the region as a batholith, whereas

the mafic parental magma may have been generated deeper in the crust

or in the subduction zone. The Ataspaca intrusions constitute a calc-

alkaline, I-type magma sequence that is petrologically similar to the

Arequipa segment of the Coastal Batholith of Peru, but temporally

correlative with magmatism east of the batholith and in Chile. This

sequence is compositionally similar to those associated with porphyry

copper mineralization elsewhere in the circumPacific region.

Hydrothermal alteration is spatially and temporally related to
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several intrusive units, which are listed chronologically as follows:

1) the White Ridge granodiorite porphyry; 2) the Caplina-Ataspaca

seriate monzogranite; 3) the White Ridge breccia pipe; 4) the White

Ridge monzogranite porphyry; 5) the Ricardina porphyritic monzogran-

ite; 6) the Taracahua seriate monzogranite; and 7) the breccia sill.

Four major bodies of skarn replaced limestone in response to this

hydrothermal activity, and two of these, the Taracahua and Ricardina

skarns, host sulfide mineralization. Impure carbonates were metamor-

phosed and altered to hornblende-facies calc-silicate hornfels and

skarnoid.

The Taracahua skarn replaced Manto member limestone adjacent to

the intensely fractured and deformed stock of Tarcahua seriate monzo-

granite. The stock was deformed by emplacement of the Taracahua dike/

sill nearby, and this deformation facilitated the entry of hydrother-

mal fluids that mineralized the skarns. Prograde idocrase-garnet

skarn hosts interstitial marmatite (Fe-rich sphalerite), arsenopyrite,

pyrrhotite, and lesser amounts of chalcopyrite and galena. Retrograde

carbonate, wollastonite, and chlorite/biotite have replaced the pro-

grade minerals. High-grade lodes of marmatite are localized by north-

east-trending faults. Sulfur was leached from magmatic pyrite in the

monzogranite and redeposited as hydrothermal sulfides.

The Ricardina porphyry-related skarn formed within and peripheral

to an aureole of potassic alteration 300 m wide and centered on north-

east-trending faults in and south of the Ricardina level. The skarns

are zoned inward from the marble front toward the potassic center over

a distance of more than 500 m, as follows: 1) wollastonite-diopside-

idocrase-garnet; 2) garnet; and 3) garnet-diopside-(orthoclase-apa-
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tite-allanite). Garnet is compositionally more complex near the

potassic center. Retrograde quartz, chalcedony, carbonate, clay,

hematite, epidote, and chlorite have pervasively replaced the prograde

calc-silicates near and within the potassic center.

Disseminated chalcopyrite, pyrite, and molybdenite are hosted by

skarn and skarnoid throughout the alteration aureole. Veins of ortho-

clase-molybdenite cut garnet-diopside skarn, and molybdenite-quartz

mineralization is hosted by small amounts of diopside-sphene skarn in

the Ricardina level. Several fissure veins cut the aureole and are

composed of chalcopyrite, sphalerite, galena, and pyrite in a gangue

of radial diopside, orthoclase, sphene, quartz, carbonate, and chlor-

ite. The sulfides were deposited concurrently with carbonate and

chlorite, and the temperatures of deposition are estimated to have

ranged from 170 to 280 °C, based on sulfur isotopic estimates. The

isotopic composition of the sulfide sulfur (-3.3 to +1.3 permil) is

similar to values assumed for magmatic sulfur (0 ± 3 permil; Ohmoto

and Rye, 1979).

Potassic alteration of intrusive rocks south of the Ricardina

level is characterized by 1) intense pervasive orthoclase-flooding,

and 2) minor biotite alteration of hornblende adjacent to veinlets of

quartz-orthoclase-(pyrite). Sills of quartz diorite, hosted by

quartzite of the Ataspaca Formation, are potassically and argillically

altered. This weak hydrolitic alteration is characteristic of intru-

sions hosted by noncalcareous strata. The alteration fluids are

interpreted to have been liberated at depth by porphyritic monzogran-

ite of the type exposed in the Ricardina level.

Potassic alteration in the southern part of the breccia sill is
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characterized by 1) pervasive biotite alteration of hornblende; 2) the

conversion of plagioclase feldspar to alkali feldspar; and 3) the

alteration of magnetite to pyrite. Minor veinlets of orthoclase-ru-

tile cut potassically altered blocks in the sill. Late zeolite and

carbonate fill voids and veins in the sill. The potassic alteration

is unrelated to that of the Ricardina level, and is not associated

with skarn alteration.

Endoskarn and calcic-sodic (Ca-Na) alteration are mineralogically

similar and affect intrusive units associated with skarn alteration,

exclusive of the Ricardina intrusions. Endoskarn is characterized by

the replacement of magmatic ferromagnesian minerals by calc-silicates.

As the intrusive contact is approached, biotite and hornblende are

pseudomorphically replaced by actinolite, tremolite, and diopside,

plus small amounts of plagioclase feldspar and sphene, and Fe-Ti oxide

is replaced by sphene. This zoned alteration is caused by the recip-

rocal exchange of calcium for iron across a geochemical gradient.

Ca-Na alteration is localized in plutonic rock cut by hydrother-

mal channelways, and it is distinguished from endoskarn by the altera-

tion of feldspars. Orthoclase is replaced by plagioclase feldspar and

quartz. The secondary feldspar varies in composition from oligoclase

to labradorite in response to the calcium content of the fluids.

Plagioclase feldspar (andesine) may be leached of calcium and altered

to oligoclase. Excess alumina generated by this reaction is deposited

as oligoclase, epidote, and zeolite. Veins of paragenetically late

orthoclase-diopside-epidote-monticellite cut Ca-Na altered granodio-

rite, and
orthoclase-diopside-actinolite-quartz cements Ca-Na altered

clasts in the White Ridge breccias. Blocks of diorite within the
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breccias contain disseminated sulfides that were precipitated during

Ca-Na alteration. Temperatures of Ca-Na alteration are estimated to

have been between 400 and 500° C. Fluid inclusions in Ca-Na altered

rock contain daughter minerals of halite, sylvite, and carbonate, and

indicate that fluid salinities were much greater than 23 % NaCl equiv-

alent during alteration.

Skarn, endoskarn, Ca-Na, and potassically altered rock formed in

response to geochemical exchanges of mobile elements between sedimen-

tary and intrusive rock. Iron oxide and potash liberated during Ca-Na

alteration were deposited in skarns and zones of potassic alteration.

Silica and alumina were supplied to the skarns from detrital silt in

the altered country rocks. Magnesia and titania were supplied to the

skarns presumably by the sedimentary rocks, although minor titania may

have been derived from argillically altered intrusive rock. Phosphate

was supplied to the skarns by potassically altered rock and possibly

by sedimentary phosphorite. Trace amounts of copper were leached from

Ca-Na altered intrusive rock and redeposited in the skarns. Lead,

zinc, silver, and copper are inferred to have been remobilized from

altered black shale country rocks, but the association of these metals

and molybdenite with porphyry-type deposits suggests that the metals

were supplied by magmatic brines. Isotopic characteristics of sulfur

are consistent with a magmatic source.

Potassic and Ca-Na alteration were caused by the reciprocal ex-

change of alkalies between intrusive rock and hydrothermal fluids.

This exchange was caused by compositional disequilibrium between the

fluids and feldspars as the fluids passed through thermal gradients

coincident with intrusive contacts. Therefore, potassic and Ca-Na



386

alteration took place where fluids flowed into and out of intrusions,

respectively.

Abundant Ca-Na alteration in plutonic host rocks of the prospect

area suggests that the regions of convective outflow, potassic altera-

tion, and porphyry copper mineralization have been eroded, and that

regions of convective inflow for most of the hydrothermal systems have

been exposed (Fig. 168). The Ca-Na altered stock of White Ridge gran-

odiorite represents the bottom of a porphyry copper deposit, whereas

potassic alteration at the Ricardina workings represents the top of a

different deposit that was emplaced at structurally lower levels in

the country rocks. The characteristics of intrusion, alteration, and

mineralization at Ataspaca are similar in many respects to those of

porphyry copper systems elsewhere. However, the prevalence of Ca-Na

alteration in the zone of convective inflow of the hydrothermal system

is unusual and constitutes a mineralogically unique variation to

otherwise common themes in the genesis of porphyry-type deposits.

Future exploration should be directed primarily toward evaluation

of the Ricardina porphyry-skarn system for hidden lodes of high-grade

base metal and molybdenum ores, low-grade bulk-tonnage reserves, and

deep skarns. Regional exploration should emphasize the intersections

of limestone with northeast-trending faults of the Chucchuco fault

system and structurally controlled intrusions. The potential for

discovering additional skarn and porphyry-type deposits in the Pachia

and Palca quadrangles is high.
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Appendix 1: The relative volumes of hydrothermal plagioclase feldspar
and quartz that replace magmatic orthoclase during Ca-Na alteration,
as a function of plagioclase composition.
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Hydrothermal Plagioclase Feldspar Arts

The diagram represents the relative volumes of hydrothermal
plagioclase feldspar (Pfh), hydrothermal quartz (Qh), and void space
produced by the pseudomorphic replacement of a unit volume of magmatic
orthoclase (Orm) by the general reaction:

Orm + Ca2+ + Na t Pfh Qh

The diagram was constructed by:

1) balancing stoichiometric equations in which the composition of Pfh
was increased sequentially by units of An 10 from pure albite (An 0)
to pure anorthite (An 100), assuming constant alumina;

2) converting the stoichiometric equations to volumetric equations by
the formula: V = mol(MW)/d , where V = volume, mol moles, MW
molecular weight, and d m density (densities were interpolated from
data given in "Dana's Manual of Mineralogy, 18th Ed.", 1971, John
Wiley & Sons); and

3) normalizing the combined volumes of Pfh and Qh against 100 unit
volumes of Orm; the void space is caused by density differences be-
tween orthoclase and plagioclase plus quartz.
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To determine the composition of secondary plagioclase feldspar
(Anh), the amount of magmatic orthoclase (Orm) and hydrothermal
plagioclase (Pfh) must be calculated from the modal data; mean compo-
sitional values are recommended. The amount of hydrothermal plagio-
clase (Pfh) is calculated from the equation:

Pfh = Pft Efm

where Pft represents the modal amount of plagioclase feldspar deter-
mined for Ca-Na altered samples, and Pfm represents the modal amount
of magmatic plagioclase feldspar determined for fresh and endoskarn
samples. The ratio

100 Pfh/Orm

represents the percentage of the intial volume of orthoclase that is
occupied by hydrothermal plagioclase feldspar; the rest of the initial
volume is taken up by hydrothermal quartz and void space. Using the
ordinate of the diagram as a guide, the ratio is plotted on the plag-
ioclase-quartz line, and the composition of the hydrothermal plagio-
clase feldspar (Anh) is read directly below on the abscissa.
Normative data can also be used with this diagram.

EXAMPLE: Find the composition of hydrothermal plagioclase feldspar
(Anh) in Ca-Na altered Caplina-Ataspaca monzogranite.

Given the following mean modal information (from Table 6):

Fresh and endoskarn samples (6) Ca-Na altered samples (4)
[AT 98,88,68,97; WK 1,5] [AT 67,71,92,93a]

mean Pfm - 42.0 %
mean Orm - 24.1 %
mean Qm - 22.6 %

mean Pft - 56.3 %
mean Ort - 0.0 %
mean Qt - 32.1 %

The hydrothermal components for quartz and plagioclase can be calcu-
lated:

Pfh = Pft - Pfm - 56.3 - 42.0 - 14.3 %
Qh Qt - Qm = 32.1 - 22.6 - 9.5 %

The volumetric replacement reaction can be written as:

24.1 Orm - 14.3 Pfh + 9.5 Qh + 0.3 Void
or, 100.0 Orm = 59.3 Pfh + 39.4 Qh + 1.2 Void

and, 100 Pfh/Orm = 100(14.3)/(24.1) - 59.3

The value 59.3, when plotted on the composition diagram (slashed dot),
corresponds to labradoritic plagioclase feldspar, An 57.

Normative analyses from the same data set, when plotted on the compo-
sition diagram (solid dot), similarly correspond to labradoritic plag-
ioclase feldspar, An 58.
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Appendix 2: Numerical calculation of the composition of hydrothermal
plagioclase from normative data.

Plagioclase feldspar of both magmatic (Pfm) and hydrothermal
(Pfh) origin constitutes the total plagioclase feldspar (Pft) in Ca-Na
altered intrusions that originally contained orthoclase. This rela-
tionship can be expressed for normative and modal feldspars by theequation:

or, when rearranged, as

Pft Pfm + Pfh,

Pfh Pft Pfm (Eq. 1).

Given that the amount of normative plagioclase feldspar (Pf) is equal
to the sum of normative albite (ab) plus normative anorthite (an), asfollows

Pf ab + an (Eq. 2),

then Eq. 1 can be written as

Pfh = (ab + an)h = (ab + an)t - (ab + an)m (Eq. 3);

which allows the quantity of the hydrothermal plagioclase feldspar tobe calculated.

The composition of the hydrothermal plagioclase feldspar (Anh) isequal to the amount of anorthite (anh) divided by the sum of albite(abh) plus anorthite (anh), as follows

Given that

Anh anh/(ab + an)h (Eq. 4).

anh = ant - anm (Eq. 5)

and using Eq. 3, Eq. 4 can be re-written as

Anh (ant - anm)/Pfh (Eq. 6),

which allows the composition of the hydrothermal plagioclase feldspar
to be calculated from known normative data.

EXAMPLE: Calculate the composition of hydrothermal plagioclase feld-
spar (Anh) in Ca-Na altered Caplina-Ataspaca monzogranite from

normative data (Table 6).

Fresh and endoskarn samples (2) Ca-Na altered samples (3)
[AT 88, WK 5] [AT 67, AT 71, AT 93a]

mean abm 28.30 % mean abt 33.03 %
mean anm = 16.64 % mean ant = 24.42 %

(Eq. 3) Pfh = (33.03 + 24.42) (28.30 + 16.64) = 12.51 %

(Eq. 6) Anh (24.42 - 16.64)/12.51 = 62.2 (An 62)



Appendix 3. Samples collected from the Ataspaca prospect.

Unit: 1- Tde '7- Tsmg-1 12- Tbx-2
2- Tdr 8- Tsmg-2 13- Trqd
3- Tmi 9- Thx 14- Trgd
4- Thp 10- Tbx-1 15- Trmg
5- Tpqmd 11- Tpmg 16- Txb
6- Tpgd

Mineral abbreviations:

ab- albite

act- actinolite
amph- amphibole

anth- anthophyllite
bi- biotite
cc- calcite

chl- chlorite

cox- clinopyroxene

cpy- chalcopyrite
czo- clinozoisite
diop- diopside
endo- endoskarn
epi- epidote

garn- garnet

hd- hedenbergite
ido- idocrase

Alteration: E- Endoskarn

C- Calcic-sodic
K- Potassic
A- Argillic
P- Propylitic
U- Unaltered
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Analyses: p- Petrographic

c- Major oxide
a- Assay

Kf- potassium feldspar phlog- phlogopite
feu- leucoxene po- pyrrhotite
mb- molybdenite py- pyrite
mont- monticellite q- quartz
mt- magnetite ru- rutile
musco- muscovite scap- scapolite
or- orthoclase seri- sericite
Pf- plagioclase feldspar

Sample Grid Location Unit Alteration Analyses Comments

sph- sphene

tram- tremolite
tour- tourmaline
zeo- zeolite

zo- zoisite

AP 032 11,475 N 14,865 E 4 U p,cAT 1 11,426 N 14,779 E 4 C/K p,cAT 2 11,442 N- 14,717 E 4 C p,c
AT 3 11,474 N- 14,748 E 3 C p
AT 4 11,530 N 14,767 E 5 C/P p,a
AT 5 11,422 N 14,705 E 6 U/P p,a

AT 6 11,424 N 14,707 E 16 U/P p,cAT 7 11,427 N 14,709 E 16 E p,c
AT 8 11,432 N- 14,712 E 6 E p,cAT 9 11,434 N 14,713 E 16 E p,c
AT 10 11,434 N 14,714 E 16 C p,c,a

AT 11 11,437 N- 14,715 E 4 C p
AT 12 11,419 N 14,705 E 5 P p,cAT 13 11,411 N 14,680 E 5 U/P p,cAT 14 11,419 N 14,763 E 16 C p
AT 15 11,407 N 14,655 E 16 p

AT 16 11,407 N- 14,655 E 5 E p
AT 17 11,425 N 14,615 E 16 C p
AT 18 11,426 N- 14,608 E 6 C p
AT 19 11,346 N- 14,567 E 6 C p
AT 20 11,328 N- 14,571 E 6 C p

AT 21 11,327 N- 14,600 E 6 C p
AT 22 11,427 N- 14,597 E 6 C p
AT 23 11,416 N 14,587 E 6 C
AT 24 11,386 N- 14,609 E 6 C p
AT 25 11,317 N 14,588 E 6 C p,c,a

AT 26 11,313 N 14,624 E 6 C p,c
AT 27 11,425 N- 14,521 E 6 C p
AT 28 11,331 N- 14,547 E 6 C p
AT 29 11,285 N- 14,520 E 6 C p
AT 30 11,250 N- 14,493 E 6 C p
AT 30a 11,250 N- 14,491 E 6 C p

AT 31 11,233 N 14,494 E 11 U p
AT 32 11,373 N 14,493 E 10 C p,c
AT 33 11,329 N 14,666 E 1 U p,a
AT 34 11,326 N- 14,687 E 1 C p
AT 35 11,272 N 14,602 E 1 U p,c
AT 35a 11,272 N- 14,602 E 6 E p

AT 36 11,200 N 14,470 E 11
AT 37 11,173 N 14,457 E 11

2nd trem & Kf
" diop, Pf, ± idocrase

" chl, epi, & act
tr. 2nd chl

tr. 2nd chl & epi [qtz diorite)
2nd act & sph [hybrid qtz diorite]
" trem, diop, sph, ± czo ± zeo

tram -act, diop, sph [diorite]

diop, Pf, sph, epi (Py, Po,
Cpy, Mb) [diorite]

2nd diop, Pf, ± idocrase
" chl & czo

" diop; also silicified [diorite]

hornfels (qtz-musco); septum block

2nd diop & sph; stoped breccia clast
tram & sph; [diorite]

" ; zeo veins
; zeo veins

2nd diop, Pf, sph, ± czo
" tram -act & sph

tram, sph, ± czo

2nd diop, Pf, sph, ± czo-chl -zeo
tram -act & sph

tram -act & sph
" trem-act, sph, & albite?
" tram, diop, & sph

diop, trem, sph, & zeo

2nd diop, tram, epi, garn, zeo, or

2nd diop, act, & sph; or-diop veins

2nd act & sph
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Sample Grid Location Unit Alteration Analyses Comments

AT 38 11,147 N 14,412 E 11 E P 2nd act & sphAT 39 11,134=N - 14,412 E 11 E p diop, act, & sph (seriate margin]AT 40 11,054 N 14,421 E 16 U/P p " chl & epi

AT 41 11,105 N 14,440 E 11 U p
AT 42 11,131 N 14,452 E 11 U p,c,a
AT 43 11,142 N 14,458 E 11 U p
AT 44 11,179 N 14,600 E 16 C p 2nd tram, Pf, & sph (unit 6]AT 44a 11,178 N 14,599 E 10 C pAT 45 11,149 N 14,580 E 16 C p,c 2nd act, hd?, & cpy [microdiorite]

AT 46 11,081 N 14,610 E p
skarnoid (diop-q-or-scap) + mbAT 47 11,195 N 14,550 E 11 U p

AT 48 11,205 N 14,555 E 16 C p 2nd act, Pf, rutile (unit 6]AT 49 11,150 N 14,560 E 16 C p 2nd act, di-hd, sph, mt, & cpy
(microdiorite]AT 50 11,130 N 14,570 E 16 C p and diop, Pf, sph, t cc t cp [unit 7]AT 50a 11,130 N 14,570 E 16 C p

AT 51 11,113 N 14,556 E 16 C p,a 2nd diop, Pf, & sph (unit 7]AT 52 11,090 N 14,569 E 16 C p,a " " " " t cc t cp (unit 7]AT 53 11,053 N 14,441 E 11 U p (seriate margin]AT 54 11,066 N 14,535 E 16 p skarnoid (hd, mt, epi, cpy)AT 55 11,056 N 14,593 E p skarn (garnet-cpx)

AT 56 11,085 N 14,568 E 16 E p 2nd act & sph; [diorite)AT 57 11,113 N 14,587 E 16 C p " diop, Pf, & sph [unit 7]AT 57a 11,113 N 14,587 E 16 C p
AT 58 11,037 N 14,525 E 16 C p,a " hd, epi, act, mt, sph, cp, py

[diorite]AT 59 11,028 N 14,519 E 16 C p 2nd act & sph; [diorite]AT 60 11,018 N 14,512 E 16 C p " diop, tram, pf, & sph; [unit 7]

AT 61 11,006 N 14,512 E 16 E p 2nd tram-act & sph, [unit 7]AT 62 11,004 N 14,511 E 16 U p,c,a (quartz monzodiorite]AT 63 11,000 N 14,510 E 16 U p,a [seriate monzogranite- unit 7]AT 64 10,996 N 14,512 E 16 U [diorite?)AT 65 10,946 N 14,564 E 7 E p 2nd act & sph

AT 66 10,916 N 14,620 E 16 U p [dioritic chilled margin?)AT 67 11,002 N 14,631 E 12 K p 2nd bi, Kf, amph, & zeoAT 67a 10,749 N 14,582 E 7 C p,c,a " diop, act, Pf, & sphAT 68 10,825 N 14,632 E 7 E p,c,a " act & sphAT 69 10,841 N- 14,561 E 7 U p
AT 70 10,850 N 14,661 E - U p aplite vein in unit 6

AT 71a 10,857 N 14,671 E p vein of Pf-q-epi-ru-zeo-cc-chl-cpyAT 71b 10,857 N 14,671 E p selvage of Pf-q-chlAT 71c 10,856 N 14,672 E 7 C p,c,a act?, Pf, sph, & cpyAT 72 10,859 N 14,682 E 16 ? p hornfels (musc-or-q-ru-tour)AT 73 10,865 N- 14,696 E 9 U p
AT 74 10,867 N - 14,711 E 9 U p,a cut by zeo veinAT 75 10,868 N- 14,718 E 9 U p

AT 76 10,882 N 14,743 E 12 P? p,c 2nd zeo & cc (unit 8]AT 77 11,126 N 14,675 E 12 E p,a clast of garnet endoskarn; mb, cp, pyAT 78 11,161 N 14,677 E 12 K p 2nd bi, Kf, py; cut by or-ru vein
(block of unit 6]AT 79 11,211 N 14,580 E 16 P p,a 2nd chl, epi, & py; [unit 6]AT 80 11,300 N 14,686 E 1 C p,c,a " diop & sph; veins of q-act-sph
and or-diop-epi-q-monticellite

AT 81a 11,297 N 14,696 E 1 C p 2nd diop & sph; veins of diop-or-montAT 81b 11,297 N 14,696 E 1 U p,a
AT 82 11,543 N 14,812 E 4 C p 2nd diop & sph; t cp, poAT 83 11,540 N- 14,417 E 6 U p
AT 83a 11,540 N 14,417 E 6 U/P p,c,a tr. 2nd chl & epi
AT 84 10,622 N- 14,780 E 9 U p
AT 85 10,622 N 14,780 E 9 E p 2nd diop, amph, & sph



Sample Grid Location Unit Alteration Analyses

AT 86 10,623 N 14,792 E 8 E pAT 87 10,558N 14,802 E 9 U p,a
AT 88 10,427 N 14,760 E 7 E p,c,aAT 89-2 10,440 N 14,770 E 16 U
AT 89-3 10,440 N 14,769 E 16 E pAT 89-4 10,440 N - 14,766 E 7 E p
AT 89-5 10,440 N- 14,763 E 7 E p
AT WK-1 10,416 N 14,726 E 7 E p,cAT WK-5 10,418 N 14,692 E 7 E p,cAT 90 10,416 N 14,726 E 7 E

AT 91 10,830 N 14,649 E 7 E pAT 92 10,773 N 14,621 E 7 C pAT 93 10,720 N 14,629 E p,c,aAT 93a 10,720 N 14,629 E 7 C p,cAT 94 10,670 N 14,630 E 7 C p,c,a

AT 95 10,670 N 14,630 E p

AT 96a 10,620 N 14,677 E 7 U pAT 96b 10,620 N 14,677 E 7 E p,aAT 97 10,848 N 14,669 E 7 E p,aAT 98 10,444 N 14,415 E 7 U p,c,aAT 99 10,288 N 14,432 E 7 U p,aAT 100a 10,497 N 14,849 E 9 U pAT 100b 10,497 N 14,849 E 9 U pAT 100c 10,497 N 14,849 E 8 E pAT 100d 10,497 N 14,849 E 8 E p

AT 101 10,431 N 14,956 E 2 E?
AT 102 10,340 N 14,775 E 7 E pAT 103 10,258 N 14,863 E 9 U p
AT 104a 10,250 N 14,854 E 9 U p,cAT 104b 10,257 N 14,858 E 9 U p,cAT 104c 10,262 N 14,861 E 9 U p,cAT 104d 10,256 N 14,862 E 9 E p,c
AT 104e 10,256 N 14,864 E 9 E p
AT 105a 10,258 N 14,998 E p
AT 105b 10,258 N 14,997 E 8 U p
AT 105c 10,258 N 15,008 E 8 U p

AT 106 10,278 N 15,154 E 8 E p
AT 106a 10,280 N- 15,112 E 8 E p
AT 106b 10,290 N 15,114 E 8 E p,aAT 107 10,429 N 15,216 E 3 E pAT 108 10,357 N 15,221 E 8 E p,c,aAT 109 10,371 N- 15,220 E 8 E p
AT 109a 10,371 N 15,220 E 8 E PAT 110 10,269 N 14,987 E 8 E p,a

AT 111 10,260 N 15,167 E 8 E p,a
AT 112 10,186 N 14,907 E 3 A/E p,a
AT 113 10,250 N 15,212 E 8 E p
AT 113x 10,181 N 15,138 E p
AT 114a 11,281 N 15,307 E 13 ? p
AT 114b 11,283 N 15,306 E 13 A/P p
AT 114c 11,283 N 15,304 E 13 A/P p
AT 115 11,313 N 15,279 E 13 A p

AT 116 11,223 N 15,403 E 13 A p
AT 117 11,269 N 15,279 E 13 A p,a
AT 118 11,226 N 15,204 E 13 A p
AT 119 11,245 N 15,202 E 13 A/P p,c,a
AT 120 10,977 N 15,240 E 13 E p,c

AT 121 11,003 N 15,244 E 13 K p
AT 122 10,950 N 15,212 E 13 K p,c
AT 123 10,985 N 15,226 E 13 U p,c
AT 124a 10,903 N 15,238 E 14 E/K p,c,a

401

Consents

2nd diop & sph
zeo veins

2nd diop, tram, & sph

" act & sph
diop, tram, & sph

act & sph

" act & sph

2nd act & sph
" diop, act, Pf, & sph

act-zeo-sph-ru-Cu(OH) vein; 4.7 % Cu
2nd act, Pf, sph, & Cu(OH)
2nd act, Pf, mt, sph, & cpy; sheeted
qtz veins; 22 % FeOt; 8600 ppm Cu
float; q-cc retrograde skarn altn

chilled margin or exotic block
tr. 2nd act & sph
2nd diop, trem, & sph

pyroxene facies meta-igneous hornfels
hornblende facies

apophysis; 2nd diop, trem, & sph
filtered magma; "

2nd act & sph

pyroxene-facies [quartz monzonitic)
" [quartz dioritic)

(quartz dioritic)

hornblende-facies [granodioriticl
2nd diop & sph; endoskarn of AT 104c
combined diop endo and garn exoskarn
garn-or-zeo exoskarn
tr. 2nd act & sph; incip. endoskarn

magmatic pyrite weathered to limonite

2nd act & sph

diop & sph; filtered, rich in or
trem-act & sph

" tram & sph; filtered, rich in or

trem-act & sph; abundant limonite
act & sph

2nd act & sph; porphyritic margin
" clay, act, & sph
" act & sph; micrographic margin

garnet-marmatite exoskarn
phyllic alt.U, or q-musc hornfels
2nd clay, bi, seri, chl, Lou, py, epi

2nd clay, q, act, chl, bi, xo, py
seri, sph, py

2nd clay, bi, seri, q, leu, py
diop, sph, &? Pf

2nd or, q, ab?, ru; [or-flooding)

" & s:.,:, q-or veins

2nd act, sph, bi, & : 4-or-py veins



Sample Grid Location Unit Alteration Analyses
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Comments

AT 124b 10,903.N 14,284 E 14 C p 2nd act, Pf, sphAT 124c 10,898 N 14,284 E p silicified heterolithic brecciaAT 125 10,647 N 15,045 E 2 C p 2nd tremolite

AT 126 East of Quebrada 3 A pAT 127 Taracahua 3 A pAT 128 10,673 N- 15,294 E 3 A pAT 129 10,626 N- 15,334 E 3 A pAT 130 10,808 N 15,028 E 3 E?

AT 131 10,734 N 14,986 E 2 ? p 2nd anth, phlog, musc, ru, & pyAT 132 10,793 N 14,932 E 2 E?
AT 133 10,597 N 14,927 E 2 E p 2nd diop, tram, & sphAT 134 10,521 N 15,170 E 3 A p,aAT 135 J 10,360 N 14,993 E 8 U p,c,a abundant pyrite
AT 136 J 10,356 N 15,006 E 9 C p pyroxene facies [quartz diorite)AT 137 J 10,348 N 15,027 E 9 U p,aAT 137a J 10,348 N- 15,027 E 8 U pAT 138 J 10,334 N - 15,075 E 8 C p,c 2nd diop, Pf, sph, & (epi), ± pyAT 139 J 10,308 N 15,132 E 9 U p hornblende facies [qtz monzodiorite)AT 140 J 10,296 N 15,137 E 8 E p,c,a 2nd act & sph

J 1 J 10,355 N- 15,015 E ?
J 2 J 10,345 N 15,042 E

cordierite-muscovite hornfelsJ 3 J. 10,340 N- 15,053 E 3 E/A p 2nd trem, py, clayJ 4 J 10,322 N- 15,111 E 8 C p " diop, Pf, sph, & (epi)J 5 J 10,315 N- 15,125 E ?
J 6 J 10,272 N- 15,148 E 8 U pJ 7 J 10,328 N- 15,092 E ?

AT 141 10,527 N 14,917 E 2 E?
AT 142 10,504 N 14,906 E 2 E/C p,c,a 2nd amph, sph, & pyAT 143 11,606 N 14,002 E 16 P p,c,a 2nd uralite & cpyAT 144 11,496 N 14,432 E 6 P/E p 2nd chl, sph, & actAT 145 11,402 N 14,475 E 10 C p diop & qtz

AT 146 11,310 N 14,462 E 16 C p,c 2nd act, Pf, & sph [qtx diorite?)AT 147 11,266 N 14,461 E 11 P p,c,a " chl & epiAT 148 10,902 N 14,363 E 7 E p,a " act & sph

AT 160 11,100 N 14,565 E 16 C p,c,a 2nd diop, Pf, sph, zeo, cpy [unit 61AT 161 R Dump 15 C p,c,a " chi, Pf, sph, zeo, cc, cpyAT 161a R Dump 15 C pAT 162 R 11,060 N 15,180 E 15 C p


