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Frontispiece: Early moming vista towards Sierra Duramo (horizon) from the Bajo de la 
Alumbrera plant site, north of Bajo de la Alumbrera The hills in the foreground are 
underlain by breccias of the Main Farallon Negro Stratovolcano. 



"lt's nature not nurture, porphyry copper deposits are born, they are not made." 

A.H. Clark 

. . - 
I I I  



ABSTRACT 

The 700 km' region encornpassing the Farallon Negro Volcanic Complex and 

associated outlying intrusive centres represents the locus of the greatest metai endowment 

currently recognized in Argentina It is host to two world-class deposits (Bajo de la 

Alumbrera and Agua Rica), hiro producing mines (Capillitas and Farailon Negro - Alto 

de la Blenda), five additional porphyry Cu-Au prospects (Bajo de Agua Tapada, Bajo el 

Duramo, Bajo de San Lucas, Bajo las Juntas and Bajo las Pampitas) and an epithermai 

Au-Ag prospect (Cerro Atajo). 

The early volcanic history of the region is characterized by the extrusion from 

discrete centres from 12.56 to 8.5 1 Ma of basdt, basaltic andesite and dacite flows of the 

Farallon Negro Group. These precursor volcanic events were subsequently covered by 

flows and breccias of the Main Farallon Negro Stratovolcano, centred on Alto de la 

Blenda, which erupted from Ca. 8.51 to 7.49 Ma, but with the minor extrusion of 

pyroclastics persisting as late as 6.72 Ma. The stratocone-building event was accornpanied 

by intrusive activity, of the Faralfbn Negro lntnrsive Sltite, which peaked between 6.8 and 

8.6 Ma and continued until 5.2 Ma with the emplacement of dacite and rhyolite dykes 

representing the terminal stages of magmatic activity in the region. Porphyry Cu-Au and 

epithermal Au-Ag alteration-mineralization formed early in this terminal stage. 

The geochemical continuum represented by the Farallon Negro high-K calc- 

alkaline and shoshonite suites strongly suggests that they originated from a cornmon 

source. Whereas shoshonitic units represent some of the oidest dated units at Fardlon 



Negro, they are interbedded with high-K cdc-alkaiine units. The absence of features 

comrnonly interpreted to be indicative of magma mixing (e-g., sieve-textured plagioclase) 

in the shoshonites suggests a lesser involvement of deep-crustal MASH processes for the 

more potassic members. This would imply either thinner crust at the time of eruption 

andor rapid emplacement of shoshonitic melts with minimal crustal interaction. The calc- 

alkaline melts show evidence for rnixing and may have experienced greater interaction 

with the lower cmst through slower magma ascent andor longer cnistal residence time. 

They were empted quasi-continuously throughout the igneous history at Farallbn Negro. 

The igneous rocks of the Farailon Negro region were emplaced in a pull-apart 

basin reiated to coalescing zones of transtension, nucleated at the intersection of N-S 

striking faults and the NE-trending dextral Tucumin Transfer Zone. Initiation of the 

Iocalized extension occurred in a stress regime dominated by E-W compression related 

to the convergence of the Nazca and South American Plates. A reorientation of stress 

regirnes at ca. 8.0 Ma, evident from the NW orientation of the Aguila dyke swarm, 

heralds the overriding of the subduction-reiated stresses by NW-SE directed stresses 

related to the uplift of the Puna. 

The study-area delimits the eastem extension of a transect of Chile and Argentina 

centred at ca. 27" S which hosts a definable, world-class, concentration of Cu-Au 

deposits. It constitutes the northem boundary of a distinct Cu-Au metallogenetic sub- 

province. A unique geodynarnic setting is also proposed for this latitude. Tears in the 

subducted slab, possibly nucleated on inhomogeneities in the oceanic crust related to the 

Easter Island volcanic chain, allowed asthenosphere to traverse the slab and rise into the 



overlying made wedge. This provided higher heat flow and possibly allowed greater 

devolatilization of the subducted slab, which is inferred to have resulted in the generation 

of melts which record the Middle Miocene arc broadening at this latitude. 

The coincidence of a unique geodynamic environment with the unusually intense 

Cu-Au metallogenetic signature of this transect implies a significant and fundamental role 

of "provenance" in the formation of ore deposits at this latitude. 
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CHAPTER 1 

INTRODUCTION 

In the past several years Argentina has emerged as one of the most attractive areas 

in which to conduct exploration for minerai deposits. With little historical mining activity, 

vast areas that are relatively under-explored and the extension of highly prospective 

geologicai units and mineralization environments from known ore districts in contiguous 

Chile (cg., the Maricunga and El Indio Au belts) into Argentina, international exploration 

companies have been tuming to Argentina in the hopes of discovenng the next 

"supergiant" deposit. No area has generated greater interest than the Fardlon Negro region 

of Catamarca Province, NW Argentina. It is host to the Bajo de la Alumbrera Cu-Au 

deposit (owned 50% by M.I.M. Exploration Pty. Ltd., and 25% each by North Ltd. and 

Rio Algom) which is scheduled to begin production in Iate-1997 and to the large B.H.P. 

Minerals Intl. Exploration Inc. (70%) and Northem Orion (30%) Agua Rica Cu-Au-Mo 

prospect, as  well as to several other porphyiy Cu-Au and epithermal Au-Ag centres. These 

deposits occur within and near the 700 km' Farallon Negro Volcanic Complex, which 

comprises the deeply eroded remnants of an enormous stratovolcano, together with a 

series of smail outiying intmsive andor volcanic centres. The porphyry copper deposits 

and vein systems in the district are markedly enriched in gold: thus, the Bajo de la 

Alumbrera Cu-Au-(Mo) deposit displays the highest recorded Au content (0.65 g/t) among 

significant Central Andean porphyry copper systems (Sillitoe, 1979). 

The Farallon Negro deposits occur at the eastemmost limit of a transect of the 

Central Andes, arbitrarily delimited by latitudes 26" and 28" S, which also includes the 



gold-rich porphyries of the Maricunga camp and the Au-nch El Salvador and Potrerillos 

porphyry copper deposits in Chiie (Clark et al., 1976; Colley el al., 1989). This transect 

remains the locus of ail presently-known significant Au-bearing porphyry copper deposits 

in the Andes (with the exception of Andacollo, at latitude 30" 15' S). 

The Neogene Farallon Negro Volcanic Complex constitutes an ided setting in 

which to study the temporal, spatial and genetic relationships of volcanism, hypabyssal 

intrusion and magmatic-hydrothermal mineralization, and to evaluate their relationships 

in the context of the regiond tectonic development of a convergent plate boundaq 

environment, the Central Andes. It represents the eastemmost magmatic-hydrothermd 

event confirrned in the Andean arc at this latitude (Clark et al., 1976). However, as 

renewed mapping efforts by the Argentine federal and provincial surveys are progressing, 

additional volcanic centres of similar age and general tectonic setting are becoming better 

known (e-g., Las Animas volcanic centre: Gonzalez et al., 1989; Gonzêlez, 1990; San 

Lorenzo volcanic complex: Gonzalez, 1995; 0. Gonzlez, pers. comm., 1995; El Alisal 

volcanic complex: Martinez and Chipulina, 1996). The present thesis is predicated on the 

concept that clarification of the age relationships and setting of the Farailon Negro 

Volcanic Complex will aid in the evaluation of these, possibly similar, volcanic 

complexes as potential hosts to economic mineraIization. 

f revious Geological Research 

The regional geology of the area surrounding and including the Farallon Negro 

Volcanic Complex was first systematically mapped by Gonzalez Bonorino in 1945 



(published in 1950). That author briefly described the distribution and nature of the 

volcanic and intrusive units, which he grouped as El Complejo Voiccinico. and their 

relationship to the regional stratigraphy. Peirano (1945) had previously briefly described 

units from the central area of the Volcanic Complex. The geology and structure of the 

Farallon Negro region were described in a number of reports prior to 1970 (inter alia, 

Quartino, 1960; Sister, 1963), but the only published detailed study of the geology of the 

Farallon Negro Volcanic Complex is provided by Llambias (1970, 1972), who outlined 

the history of the area as follows: 

1) Block faulting of the crystalline basement, resulting in the formation of a 

tectonic depression which was to focus the Cenozoic volcanism; 

2) Eruption of igneous breccias and tuffs of largely andesitic composition; 

3) Emplacement of dykes, sills, andesitic and basaltic flows, and andesite domes 

peripheral to the cornplex, possibly controlled by a caldera margin; 

4) Passive emplacement of a central rnonzonite intrusion; 

5) Intrusion of granodiorite porphyry stocks with associated porphyry copper type 

mineralization; intrusion of a radial dyke swarrn of andesitic to dacitic 

composition; and the emplacement of a NW-SE-trending belt of small quartz 

andesite to dacite and rhyodacite stocks; and 

6) Intrusion of minor rhyolite domes and dykes, and the emplacement of 

rhodochrosite-Au-Ag veins, with minor local Cu, Pb and Zn. 

This remains the most comprehensive study of the field relationships in the Faralion 

Negro Volcanic Complex, although local details of the volcanic stratigraphy in the Bajo 



de la Alumbrera area are documented by J.M. Proffett (1994, 1995). 

In the 1 97Ois, the Centrai Andean Metallogenetic Project, a CO-operative program 

directed by Drs. A.H. Clark and E. Farrar of Quetn's University, contnbuted a significant 

body of information on the geology, petrology, major and minor element geochemistry, 

geochronology and magrnatic and tectonic evolution of the Farallon Negro region and its 

mineral occurrences (Caelles et al., 1971 ; Clark and Zentilli, 1972; McBride, 1972; 

McNm et al., 1979; McBride et al.. 1976; Clark et al.. 1976; Dostal et al., 1977; Clark, 

1977; Zentilli and Dostal, 1977; Caelles, 1979). Specifically, the work of Caelles (op. cil.) 

generated the first published geochemical analyses of rocks of the Farallon Negro 

Volcanic Complex and provided the foundation for the first radiornetric dating study of 

sampies from the Farallon Negro area, conducted by McBride (1972). 

Various aspects of the region have also been treated in more general studies 

devoted to porphyry copper genetic models and surveys of the metallogenesis of 

Argentina and western South America in general (Stoll, 1964; Figueroa, 1971 ; Sillitoe, 

1973b, 1976, 1977, 1979, 198 1, 1989, 1992; Ramos, 1977; Maivicini and Llambias, 1982; 

Sillitoe and Bonham, 1984; Clark and Arancibia, 1995). The setting of the Farallh 

Negro deposits was extensively relied upon in Sillitoe's (1 973b) seminal paper addressing 

the characteristic features of the tops and bottoms of porphyry copper deposits. 

Various aspects of the mineral occurrences hosted in rocks of the Farallon Negro 

Volcanic Complex are described in nurnerous published and unpublished reports. These 

are referred to in more detail in the individual ore deposit descriptions included in Chapter 

3.  The most significant recent contributions inciude: three M.Sc. theses at the University 



of Arizona on Bajo de la Alumbrera (Stults, 1985), Bajo de Agua Tapada (Suchomel, 

1985) and Bajo el Durazno (Allison, 1986); an exhaustive description of the mineralogy 

of the Capillitas deposit by Marquez Zavaiia (1988); and ongoing mapping of the Bajo 

de la Alurnbrera deposit and environs by J.M. Proffett (1994, 1995). 

Present Investigation 

The evolution of exploration interest in the Farailon Negro area, ref'lecting 

exploration in Argentins as a whole, is mirrored by the level of interest in, and logistical 

support for, this study by international exploration companies. However, the writer's initial 

1993 field season was funded solely by American Resource Corporation (through its 

Argentine subsidiary, Recursos Amerkanos Argentinos S.A.), an American junior 

exploration Company which no longer has interests in Argentina. International Musto 

Explorations Ltd., a Vancouver-based venture Company, and B.H.P. Minerais Inc., 

although not formally involved at that time, also provided logistical support. Research in 

1994 was supported by M.I.M. Exploration Pty. Ltd., Placer Dome Sud America Ltd., 

American Resource Corp. and B.H.P. Minerals Inc., but much of the logistical support for 

the 1994 field season was provided by Minera Alumbrera Ltd., which at that iirne was 

owned jointly by M.LM. and Musto. Support for ongoing research in 1995 was provided 

by M.I.M., B.H.P. and American Resource Corp. Analytical studies have been funded 

largely by N.S.E.R.C. grants to A.H. Clark and E. Farrar. 



Location of; and Accas tu, fhe Sîtidy-Area 

The Farallon Negro area (Fig. 1-1) is situated in the Hualfin District of Belén 

Department, Catamarca Province, northwestem Argentina, the centre of district lying at 

ca. latitude 27" 15' S, longitude 66' 30' W. It is located approximately 175 to 225 km to 

the east of the Main Andean Cordillera (Cordilleru Principal) and straddles the boundary 

between the Puna physiographic and tectonic province to the north and the Sierras 

Pampeanas to the south. The area is about 1100 km northwest of Buenos Aires and 6 

hours by paved and graded dirt roads from the nearest airport at Tucumin. Many of the 

mineralized centres cm be reached using four-wheel-drive vehicles via dirt roads, but 

much of the area is accessible only on foot or horseback. The establishment of 

backpacking and four-wheel-drive access camps was necessary for work in more remote 

areas. 

The area is rugged and sparsely vegetated, and is very similar in topography and 

vegetation to the Arizona-Sonora desert of the southwestern United States. Elevations 

range from 2400 rn to 5450 m a.s.1. at Cerro Nevado del Candado in the Sierra de 

Aconquija. The arid clirnate is characterised by extrerne daily temperature variations in 

the austral winter months and an annual rainfaIl of approximately 200 mm. 

Scope of the Investigation 

Field work for this thesis was initiated during three months of the austral winter 

of 1993. The initial focus of the study was the investigation of the ore deposits located 

in the Farallon Negro and Capillitas districts, with particular emphasis on the ages and 



Figure 1-1. 

Location of the study-area in relation to the Peru-Chile 
Trench, Cordillero Principal, Puna and Sierras Pompeanas. 
The dip of the subducting slab is indicated by the depth 
contours on the Wadati-Benioff zone (after Isacks, 1988). 
Farallbn Negro is Iocated in the transition zone between 
steep subduction to the north and shallow subduction to the 
south. 
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duration of the minerdiring systems and the relationships between the porphyry Cu-Au 

and epithermai Au-Ag rnineralization facies. To this end, al1 minerdized centres in the 

region were visited and sampled for petrological and geochronological study. Observations 

during that field season and, particularly, the acquisition of 1:250 000 and 150 000 digital 

enlargements of a thematic mapper (TM) image for the area, led to a revised agenda for 

the second field program. During June to September, 1994, the scope of the study was 

expanded to develop a better understanding of the overall evolution of the Farallon Negro 

Volcanic Complex, to interpret the structural history of the area, and to evaluate the role 

of structure in controlling the emplacement of mineral deposits. Therefore, a greater 

emphasis was placed on the igneous petrology of the volcanic complex and on the 

regional distribution of volcanic units. This necessitated the preparation of a regional 1: 

50 000 geological map encompassing the area of the Farallon Negro Volcanic Complex 

and extending to the east to include the Agua Rica deposit and, to the south, to 

approximately 6.5 km beyond the confluence of the Vis Vis, Jaci-Yaco and El Tigre 

rivers. Volcanic and intrusive units and hydrothemal alteration assemblages were sampled 

for ongoing petrological and geochronological studies. 

The purpose of the thesis is therefore fourfold: i) to document the petrology and 

age relationships of the igneous rocks of the FarallSn Negro Volcanic Complex in order 

to provide a geochemical and temporal framework for the study of the timing and duration 

of mineralized centres; ii) to apply these data to the evaluation of the relationships 

between the porphyry Cu-Au and epithermal AU-Ag mineralization facies; iii) to construct 

a mode1 linking the observed patterns of Cu-Au mineralization at Farallon Negro to the 



tectonic development of the region; and iv) to evaluate the implications of this mode1 for 

the metailogenetic evolution of this transect of the Centrai Andes. 

Th esis Organization 

ï h e  geological setting of the Farallon Negro Volcanic Complex is described in 

Chapter 2, in which the regional tectonic context, regiond geology, and the local geology 

of the Farallh Negro Volcanic Complex are documented as a basis for developing an 

understanding of the environment in which the votcanic complex and its contained ore 

deposits were emplaced. 

Aspects of the metallogenesis of the Centra1 Andes relevant to the Farallon Negro 

District are reviewed in Charter 3 .  Descriptions of the mineralized centres provide the 

basis for a generai discussion of the characteristics of Cu-Au porphyry systems at Farallon 

Negro and for discussion of the relationships between the porphyry Cu-Au and epithermat 

Au-Ag deposits of the region. 

In Chapter 4, the petrographic and geochemical aspects of the volcanic and 

associated intrusive rocks of the Farallon Negro Volcanic Complex are described, 

including a cornparison with volcanic rocks from other areas of northwestem Argentina 

and a cornparison of the Farallon Negro shoshonite suite to other potassium-rich rocks of 

the Central Andes. This provides the basis for the elucidation of the petrogenetic evolution 

of the Farailon Negro Volcanic Complex. 

The results of the ' 0 ~ r / 3 9 ~ r  geochronological study are presented in Chapter 5. The 

new data establish a firm time-frame for the evolution of the area and for the developrnent 



of mineralization. 

Chapter 6 constitutes the integration of the above data and the development of new 

models for the structurai evolution of the Farailon Negro Volcanic Cornplex and to 

explain the mid-Miocene arc broadening at the latitude of the study-area. It focuses on the 

petrogenetic evolution of the cornplex, as outlined in Chapter 4, within the temporal 

framework of volcanism, intrusion and aIteration/rnineralization established in Chapter 5. 

This chapter further integrates the relationships between the porphyry and epithermal 

mineralization environments and the evolution of the Farallon Negro Volcanic Complex 

and mineral deposits, this relationship is then discussed within the broader context of the 

regional metailogenetic evolution of this transect of the Central Andes. Finally the Iong- 

standing ore-genetic and metallogenetic debate of provenance versiis process is briefly 

evaluated in relation to the two major deposits of the district, Bajo de la Alumbrera and 

Agua Rica. 

Original Contributions 

The original contributions of this thesis include: 

i) the developrnent of a systern of forma1 lithostratigraphic nomenclature for igneous rocks 

of the FardIbn Negro region and the definition of the new Famll6n Negro Grorcp, 

Fora /ibn Negro In  tnisive Suite, Sierras Panipeanns Slipergro tip and Sierras Pompeanos 

Intnisive Supersuite; 

ii) the definition and delimitation of a Central Andean Cu-Au metallogenetic sub- 

province; 



iii) the presentation and interpretation of a significant body of new geochemical and 

geochronological data; 

iv) the deveiopment of new laser " ~ r  - " ~ r  techniques for the dating of young samples; 

v) the development of a new model for the emplacement and structural evolution of the 

Farallon Negro Volcanic Cornplex; and 

vi) the development of a model to expiain the Middle Miocene arc broadening at the 

latitude o f  the study-area. 



CHAPTER 2 

GEOLOGICAL SETTING AND ANATOMY OF 
THE FARALLON NEGRO VOLCANIC COMPLEX 

Regional Tectonic Setting 

The Andes as a whole have experienced continuous subduction over a 200 m.y. 

period, and are often cited as a type-example of an orogen generated at a continental 

margin (Dewey and Bird, 1970; James, 1971). However, abrupt discontinuities dong the 

length of the extant Andean volcanic arc do not conform to the classic subduction model. 

The approximately 4,500 km - long orogen has been subdivided into the Nonhem, Centra1 

and Southern Volcanic Segments, or Zones, which are separated by regions lacking 

modem volcanic activity. This apparent segmentation in the South American plate is 

mirrored by domains of similar scale in the subducting Nazca plate (Fig. 2-l), delimited 

by major dong-strike variations in the dip of the Wadati-Benioff zone. The segments 

between latitudes 2" and 15' S (Peru) and 28" to 33" S (central Chile and Argentina) have 

low angles of inclination of about 5" to 10" and exhibit no Quatemary volcanism. In 

contrast, the three other segments, at O" to 2" S (Ecuador), 15" to 24" S (northem Chile) 

and 33" to 45" S (southem Chile), have steeper dips of about 25" to 30" and are 

characterized by active volcanism (Barazangi and Isacks, 1976; Jordan er al., 1983 ; Bevis 

and Isacks, 1984). 

The dip of the subducted plate is inferred frorn the location of earthquake 

hypocentres, which clearly delimit the location of the steeply- and shallowly-dipping 

segments but generally do not allow precise definition of the transition zones between slab 



Figure 2-1. 

Configuration of the hanging wall of the subducted Nazca 
Plate based on depth contours to the Wadati-Benioff seisrnic 
zone (after Isacks, 1988). The locations of the study-area 
and the Sierras Panrpeanas are also shown. 
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segments. These were initiaily interpreted as tears in the descending plate (Barazangi and 

Isacks, 1976). However, later re-analysis of the seismic data and more accurate contouring 

of the Benioff Zone allowed further refinement of the geometry of the subducted slab and 

revealed its smooth curvature in the transition zones (Bevis and Isacks, 1984; CahiI1 and 

Isacks, 1985). An updated compilation of earthquake locations and focal mechanism 

solutions by Cahill and Isacks (1992) confirmed the previously-inferred occurrence of 

sharp flexures in the subducting plate at the transition zones at approximately 1 5 O  S 

beneath southern Peru and at 33" S beneath Chile and Argentina, but also revealed a 

gradual, southward flattening of the plate at the transition zone centred at 27" S. The area 

of study overlies this transition, which is marked by a large, seismically quiescent region 

from 25'30' S to 27'30' S. This gap in seismicity has persisted as long as reliable seismic 

recording stations have been established (Jordan et al., 1983; Cahill and Isacks, 1992). 

Jordan el al. (op. ci?.) concluded, on the ba i s  of the continuity of forearc and magrnatic 

arc features, that the major change from steep to flat subduction occurs at approxirnately 

27" S. Cahill and Isacks (1992) proposed that tears may exist in the vicinity of this 

transition zone. These are not interpreted to be major segment-bounding faults but rather 

small gaps lying within the surface of the curved subducting plate. These authors also 

observed a direct relationship between the configuration of vertical curvature in the 

subducted slab, i.e.. concave-up in regions of flat subduction and convex-up in steeply- 

dipping segments, and the gross lateral curvature in the South Arnerica-Nazca Plate 

margin, i.e.. convex-seaward and concave-seaward, respectively (Fig. 2-2). They 

concluded that the South American Plate itseif may have played an important role in 



Figure 2-2. 

Relationship between the configuration of the vertical 
curvature in the subducted plate with the lateral curvature in 
the South Arnerica - Nazca Plate margin (after Cahill and 
Isacks, 1992). 
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detennining subduction angle. It was postulated that variable shortening rates dong the 

plate rnargin, as proposed by isacks (1988), may be responsible for the shape of the plate 

margin: in regions of lesser shortening, more of the convergence between the plates is 

taken up through subduction, resulting in an increase in the convexity of the margin. 

Many longitudinal changes in Andean tectonic style coincide with major segment 

boundaries, suggesting a direct relationship between subducted plate geometry and 

structures developed in the ovemding plate. The transition zone centred at 27' S overlaps 

with many geological, geophysical and topographic discontinuities. Thus, the area of study 

and the 27" S transition zone overlap the boundary between the Pirna physiographic and 

tectonic province to the northwest and the Sierras Pampeanas to the south (Fig. 2-1). The 

Pirna, the southern extension of the Peruvian/Bolivian Alfiplano, is a high plateau with 

an average elevation of 4,000 m and characterized by centripetal drainage basins with 

extensive saline deposits or salares (Fig. 2-3). N-S trending mountain ranges rise 1-2 km 

above the plateau. This region has experienced Cenozoic volcanism, felsic flows being 

overlain by andesitic stratovolcanoes, and the youngest volcanic episode generating 

monogenetic basaltic cones (Fig. 2-4). The northem part of the Sierras Panipeanas 

overlies the Benioff zone transition. The Sierras Pampeanas are characterized by irregular 

basement blocks bounded by moderately- to steeply-dipping reverse faults, and will be 

discussed in greater detail in a subsequent section. 

The transition zone at 27" S (Fig. 2-5) is further marked by the shoaling and offset 

of the Peru-Chile Trench, the interruption of major morphological features of the Andean 

Cordillera and Coastal Ranges, longitudinal features to the north giving way to transverse 



Regional morphological characteristics of the Puna. 

Figure 2-3. 

The Plrna is charactenzed by centrally-drained basins which 
commonly contain saiine lakes or salates. The view shows 
a srnaIl unnamed saline lake on the SW margin of the Cerro 
Galh Caldera, a relic of a rnuch larger lake that occupied 
the floor of the caldera pnor to its resurgence. The hills on 
the horizon were formed by the resurgence of the central 
part of the caIdera to the present elevation of 6100 m a.s.1. 
View to the NE. 

Figure 2-4. 

Young monogenetic cones are widespread on the Puna. 
View to the south of small rnafic scoria cones and lavas of 
the Antofagasta de la Sierra valley developed along regional 
north-south striking faults to the west of Cerro Galin. 





Figure 2-5. 

East-west alignment of morphological, seismic and volcanic 
discontinuities associated with the landward extension of the 
Easter Hot Line. Also shown are the locations of the Eocene 
El Salvador porphyry Cu-Mo- Au centre, the Oligo-Miocene 
Maricunga Au-Ag district and the Farailon Negro area. 
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features to the south, and a 50 km E-W displacement of the Andean continental divide 

(highlighted by the jog in the Chile-Argentina frontier). Pleistocene-to-Recent volcanoes 

occur dong and to the no& of the 27" S transition but are absent to the south. The 

transition is marked by an E-W-trending line of young volcanoes in the Ojos de1 Salado 

volcanic chah (Fig. 2-6), which includes Ojos del Salado itself, which at 6,885 rn a.s.1. 

is the highest volcano in the world. This alignment of features, termed the Ojos del 

Salado lineament by Zentilli (1974), is inferred to be the on-land manifestation of the 

Easter Hot Line, a Pliocene-to-Recent submarine volcanic chain on the Nazca Plate 

(Zentilli, op. cit.; Bonatti et al., 1977; Baker et al., 1987). Caelles (1979) recognized the 

continuation of the lineament into Argentina as an 80 km long east-west belt of Miocene- 

Pliocene volcanism in the Farallon Negro area. The Easter Hot Line has produced a chain 

of volcanic islands and seamounts over 6,000 km long, approximately 200 km wide, and 

roughly centred at latitude 2 7 O  S, supposedly delimiting a "mantle hot line" superimposed 

on the Nazca Plate. Bonatti et al. (1977) suggested that either the activity created by this 

hot line may have been able to cut across the subduction zone to act on the rnantle 

beneath western South America, or that subduction of anomalous lithospheric material 

may cause anomalies in the Benioff zone which would be reflected on the overlying plate. 

Sierras Pantpeanas 

The Sierras Panipeanos represent one of the main physiographic provinces of 

northwestem Argentina (Fig. 2-7). This province is dominated by NNW-trending mountain 

ranges underl ain largely by Pal eozoic crystalline basement and bounded by high-ang le 



Figure 2-6. 

Young volcanoes in the Ojos del Salado region, 
Chile and Argentina. 

A. View to the ESE across the eastern Maricunga Belt of 
northern Chiie. The volcanoes on the horizon are Miocene 
basaltic andesitic-to-dacitic stratocones of the Wheelwright 
Volcanic Group. These peaks form the southwest rim of the 
Wheelwright Caldera. The road leading to Paso de San 
Francisco, a major E-W pass across the Andes, is located in 
the valley to the right (south) of the high peaks. The green 
lake in the centre of view is Laguna Santa Rosa. The white 
saline deposits extending to the left and hidden by the 
slopes of Volch de Maricunga (foreground) represent the 
southem extension of the Salar de Maricunga. The road that 
veers right (south) out of the field of view provides access 
to the Marte, Lobo and Refugio gold deposits as well as to 
other prospects in the southem Maricunga Belt. 

B. View to the WSW (from Argentina) of the Pleistocene 
6610 m a d .  Volch de Incahuasi (cloud-covered peak) in 
the Ojos del Salado Volcanic Chain. The Paso de San 
Francisco lies out of the field of view to the right. 





Figure 2-7. 

Physiographic provinces of northwestem Argentina, northem 
Chile and southwestern Bolivia. The study-area is located at 
the boundary between the Pzrna province and the northern 
Sierras Pantpeanas (modified from Zentilli, 1974). 
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reverse faults (Fig. 2-8). Analogies have been made with the "thick-skinned" Laramide 

uplifts of the western United States (Allmendinger et al., 1983; Jordan et al., 1983 and 

1986). The timing of principal deformation in the Pampean Ranges is poorly constrained, 

but is thought to be Pliocene-to-PLeistocene (Jordan et al., 1983). The rnountain ranges 

commonly attain elevations of 2,000 to 4,000 m, locally rising to 6,000 m a.s.l., and are 

separated by broad, axially- and internally-drained basins. The latter are partially filled 

with Neogene and Quatemary sedimentary sequences which attain thicknesses of 4,000 

m. The presently amagmatic Sierras Pampeanas experience shallow crusta1 seismicity. 

The earthquake focal mechanisms indicate E-W horizontal compression, but the nodal 

planes trend NNW, paraIlel to the tectonic grain of the ranges, suggesting the influence 

of pre-existing basement structures and lithologies on the young uplift event (Eremchuk 

et al., 198 1; Chinn and Isacks, 1983; Jordan et al., 1983). 

To the northwest, the Sierras Pampeanas exhibit a physiographic transition to the 

Ptrna (Gonzalez Bonorino, 1950b), while the elevations of the ranges and intervening 

basin floors decrease from west to east. The Puna boundary is characterized by a series 

of en echelon structural blocks (Allmendinger, 1986). To the northeast, the Sierras 

Pampeanas grade into the southern extension of the Cordillera Oriental, a transition 

marked by the Santa BLbara province, a small, Neogene, west-verging, thmst belt which 

constitutes the southem termination of a Cretaceous rift basin (Mon, 1979; Salfity, 1982; 

Jordan et al., 1983; Grier er al., 1991). The Sierras Pampeanas are bordered to the West 

by the Precordillera, representing a low-angle thrust bel t, and grade eastwards into the 

flat, low-lying Pampas (Fig. 2-9). The southem limit of the Sierras Panipeanas coincides 



Figure 2-8. 

Field characteristics of the Sierras Pompeanas in the 
Farallon Negro region. 

A. The Sierra de las Cuevas, located to the northeast of the 
Main Farallon Negro Stratovolcano, is a block of granitic 
basement which has undergone uplift along a NE-striking, 
NW-dipping high-angle reverse fault which lies 
approximately at the break of dope. View to the NW from 
the alluvial outwash plain north of Quebrada de Pozos 
Verde. 

B. The Sierra de Aconquija (horizon), located to the 
northwest of the Main Farallon Negro Stratovolcano, was 
uplifted along a NNW-striking, ESE-dipping high-angle 
reverse fault. The fault trace is hidden by the Iow hills 
incised into Tertiary sediments (middle ground) in the 
southem Santa Maria Valley. 





Figure 2-9. 

Mo phology of rhe Sierras Pampeanas. 

The main Sierras Panzpeanas overlie the domain of 
shallowly-dipping subduction. Their southem limit broadly 
coincides with the abrupt change in the angle of subduction 
located at approximately 33" S .  The northern Sierras 
Pampemas extend nonh into the transition zone to steeply- 
dipping subduction. 





approximately with the southem boundary of the flat-slab subduction segment in San Luis 

and Mendoza Provinces. The northem boundary of the Sierras Pampeanas extends well 

into the transition zone north of 27" S. The Sierra de Farnatina and Sierra de Narvaez, in 

the northwest quadrant of the province (Fig. 2-9), are sometimes referred to as the Sierras 

T'spampeanus (Harrington, 1956; Turner, 1962). This distinction is made because of the 

abundance of low-grade rnetarnorphic rocks and sedimentary rocks present in these ranges, 

but Caelles (1979) questions the significance of these relationships. 

The morphological consistency of the Sierras Pampeunas physiographic province 

is attributed to the degree of rigidity of the basement units (Mon, 1972). The strength of 

the granitic and high-grade rnetamorphic schist and gneiss underlying the ranges is 

envisaged to have resulted in the formation of high-angle reverse faults as opposed to the 

thrusting and folding observed in the basement metagreywackes and phyllites of the 

Puncoviscana Formation in the provinces to the north. The range-bounding faults 

commonly strike parallel to the dominant basement schistosity, which is oriented NNW 

or NNE (Gonzilez Bonorino, 1950b). The southem half of the Sierra Aconquija and the 

Sierra Chango Real, however, have orientations distinct from the rest of the Sierras 

Panzpeanas, and G o n d e z  Bonorino (op. cit.) attributed their NE-SW orientation, parailel 

to the southem Pima boundary, to the predominance of granitic rocks in these ranges. The 

Parnpean Ranges are generally asymrnetric, being bounded on one side, cornmonly the 

western, by a steep reverse fault, but with a gently-sloping surface on the opposite side, 

disappearing beneath the Cenozoic basin-fill. On the basis of these relationships, Gonzalez 

Bonorino (1950a and 1950b) inferred that the steeply-dipping faults flatten at depth, but 



this interpretation has yet to be confirmed by seismic reflection data 

Several models have been advanced to explain the tectonic development of the 

Sierras Pampeunas. Salfity et al. (1 984) proposed that faulting was contemporaneous with 

the final uplift phase of the Andean system, which is interpreted to have becorne 

pronounced during the Pliocene and is thought to have climaxed in the Early Pleistocene 

(Mon, 1972; 1976; Caminos, 1 979). However, geochronological investigations in the 

Sierra de Famatina (McBride, 1 972; Losada-Calderon et al., 1 994; Losada-Calderon and 

McPhail, 1996) demonstrate that uplift had there commenced by the latest Miocene, at 5 

to 6 Ma, and that it persisted, episodicalty, at least into the Early Pliocene. New " ~ r - ~ ~ ~ r  

laser microprobe data generated by the present study are similarly interpreted (Chapter 5) 

to reveal uplift of the Capillitas and Aconquija ranges between 5.0 and 5.5 Ma. In another 

model, basement uplifts and associated low-angle subduction have resulted from the 

oblique subduction of the buoyant luin Femandez Ridge since 13 Ma, when it was 

overridden by the South American Plate (Pilger, 1981; 1984). In this model, the 

southward migration of the subducted ridge, as suggested by global Nazca-South America 

Plate reconstructions, would have resulted in time-transgressive development of the 

Pampean Ranges, with increasingly younger uplift to the south. However, this temporal- 

spatial relationship has not been supported by studies of the timing of deformation in the 

Sierras Pampeanas (e.g., Tabbutt et al., 1987, 1988; Reynolds, 1987; Strecker et al., 

1989). 

In general, the area of the Sierras Pantpeanas corresponds to the region underlain 

by the Bat-slab segment between 27" and 33" S, irnplying a strong correlation between the 



styles of subduction and of structural development of the ovemding plate (Allmendinger 

el  a!.. 1983; Cahili and Isacks, 1985). However, the northerly Sierra Quilmes and Sierra 

Cumbres Calchaquies ranges (Fig. 2-9), extend well into the transition zone, where the 

Wadati-Benioff zone is becoming gradually steeper to the north. Strecker (1987) proposed 

an alternative mode1 for the development of the northem Sierras Pampeanas which is 

independent of shallow subduction. He suggested that this region is underlain by 

thermaily-thinned lithosphere which is the result of the formation of a broad 

asthenospheric wedge between the relatively shallowly-subducting oceanic slab and the 

overriding plate in the transition from steep to flat slab segments. Uplift of the ranges was 

thus a result of shortening of a mechanically weakened basement. This mode1 accounts 

for the similarity in the morphologies of the uplifted blocks overlying the transition zone 

and the flat slab. This morphology is fundamentally controlled by the similar lithological 

and structural predisposition of the basement in both areas (Strecker, op. c i r ;  Strecker et 

al., 1989). 

Regional Geology 

The generalized regional geology of the broader Farallon Negro district is depicted 

in figure 2-10. The local geology mapped during this study is presented as figure 2-1 1; 

hereinafter the area encompassed by the latter map is referred to as the "study-area". 



Figure 2-10. 

Generalized regional geology of the study-area. Compiled 
from Jordan and Allmendinger (1 986), Allmendinger (1  986) 
and the present study. Note the areal relationships between 
the Farallon Negro volcanic centre and the southem 
boundary of the Puna, and to the regional change of strike 
of the Neogene uplifted blocks between the Sierras de 
Aconquija and Ambato. 



Puna Generalized Regional Tertiary Q ssciiments Geology 

(after Jordan and AIlmendinger 
( 1  986) and Allmendinger (1 986)) 

A.M. Sasso, 1997 

-- 
Alluvium - . . 4  . . . Crystalline - basement E l  

m Farall6n Negro 
vo icanic ~ o m p  lex LE fèh,'feoAu~t 



Figure 2-11. 

Geological rnap of the Farallon Negro - Capillitas District. 







Legend 

- 
aMolrento Foimath 

Capilri Granite 

Sunch6 Formatiari 

Sym bols 

' Normal faun : - Md) 
inferred (dashed) 

May, 1997 9--- 
1 
1 

i 
I 

Base : Digital Enhrgement of Landsat TM image. 

I 
1 

t 
1 i Geological Map of FaralIcSn Negro I 

CapiIIitas District 

i 1 
! 

Catamarca Province, Argentina. f l 

Anne M. Sasso. l I 





Crystalline Basement 

Suncho Formation 

The oldest rocks in the area are deep-water, flysch-type (meta-) sediments. This 

unit was defined by Mirré and Aceiiolaza (1972) and corresponds to the "Slates of the 

Siena de la Ovejeria and Ampujaco" (Pizarras de la Sierra de la Ovejeria y Ampujaco) 

of Gonzalez Bononno (1950a). 

The unit consists of an hornogeneous succession of pelites and arenites. The 

rhythmic banding of the sequence is well exposed in the Vis Vis Valley. Colour varies 

from pale- and greenish-grey to dark-green, with red oxidized zones associated with 

alteration dong faults. The unit has undergone penetrative deformation and isoclinal 

folding. The base of the formation is not exposed and hence its thickness is uncertain. The 

top is seen locally as an erosional surface overlain by Te~tiary sediments (e.g., San Lucas 

area: Durand, 1982). Regional metamorphism of the Iower greenschist facies affected 

these units and was overprinted by contact metamorphisrn which accompanied the 

emplacement of the Capillitas Batholith. 

The presence of Oldhamia ichnofossils (Mirré and Aceiiolaza, 1972; Durand, 1 982) 

indicates an Early Cambrian age of deposition, and this unit has been correlated with the 

Puncoviscana Formation in the Cordillera Oriental (Aceiiolaza and Toselli, 1978) on the 

basis of lithological similarities and trace fossils. A K-Ar age of 424 Ma was determined 

by McBride (1972) for a sample of phyllite from the Vis Vis valley. This age may have 

been reset by the intrusion of the Capillitas Granite and may represent an age of intrusion 

rather than regional metamorphism. 



Buey Muerto Schists 

This unit crops out in the northeast corner of the map-area dong the western 

Banks of the Sierra de Aconquija, and ais0 forms roof-pendants in the Capillitas Batholith. 

It was defined by Gonzalez (1978) and is equivalent to the Aconquija Schists (esquistos 

del Aconquijo) of Gonzalez Bonorino (1950a). These strata are generally of higher 

metarnorphic grade than the Suncho Formation and comprise banded schists of quartz- 

biotite-plagioclase-muscovite and quartz-rnicrocline-andesine-honiblende-biotite 

compositions. Ptigmatic segregations of quartz occur locdly. The colour varies from 

greyish-black to dark-grey. 

This unit has not been dated by radiometric inethods and trace fossils have not 

been reported. Aceiïolaza et al. (1982) tentatively correlate it with the Suncho Formation. 

It is herein suggested that this unit represents a Iateral facies equivalent of the Suncho 

Formation as a whole, or possibly of a lower rnernber of the latter, and it has therefore 

been grouped with the Suncho Formation in figure 2-1 1. The high grade of metamorphism 

rnay be due to the greater uplift of the units to the east of the Rio Vis Vis relative to 

those to the West (see beiow). 

Capillitas Granite 

Gonzalez Bononno (195 1) concluded that dl granitic outcrops within the Capillitas 

and Andalgala 1:200,000 map-sheets constitute a single intrusive body, the Capillitas 

Batholith, the largest granitoid cornplex in the northwestern Sierras Panlpeanas. 

Textures in the granite Vary from porphyritic to equigranular. Grain-size ranges 



from fine- to corne-grained, with microcline crystals in the porphyritic facies attaining 

lengths of 10-1 5 cm (Fig. 2-12). The rocks consist of plagioclase, quartz and alkali 

feldspar with accessory biotite, sillimanite, muscovite, cordierite, zircon, apatite, rutile and 

ilmenite. Chlorite, muscovite and kaolinite occur as alteration products. The granites are 

peraluminous and cdc-alkaline (Caelles, 1979), and range in composition from 

syenogranite in the south-western portion of the study-area (Durand, 1982) to 

monzogranite to the east (Indri, 1979). 

Simple pegmatites, composed of quartz, microdine, muscovite and tourmaline, are 

common in the granites. Pegmatite swarms with graphic granite textures are notable in the 

Sierra de Capillitas to the northeast of the Capillitas Mine and in the anticlinal dome to 

the north of Cerro Atajo and Capillitas. Lamprophyre dykes locally intrude the granitic 

and metamorphic basement. 

In the Sierra de Ovejeria, Durand (1982) classified the batholith as epizonal with 

a maximum depth of emplacement of 5 km, on the basis of the lack of foIiation and the 

sharp contacts with the rnetamorphic host. Gonzilez Bonorino (1950a) describes abundant 

xenoliths of the metamorphic envelope which have been variably assimilated, and 

attributes these to an emplacement rnechanism involving "piecemeal stoping". There are 

numerous mafic, microgranitic bodies (enclaves) which record magma commingling and 

mixing (A.H. Clark, pers. comm., 1994). 

McBride e! al. (1975) determined Ordovician K-Ar ages for the granites which 

range from 423 to 471 Ma. Acefiolaza et al. (1982) suggest that the plutonism was 

associated with the Famatinian Orogeny, part of the Famatinian Cycle which extended 



Figure 2-12. 

Lithological characteristics of the porphyritic facies of the 
Capillitas Granite. Coarse microcline phenocrysts are 
observed in a coarsely crystalline matrix which consists of 
plagioclase, quartz, microcline and biotite. The outcrop is 
located in the Sierra Aconquija, dong the access road to the 
Agua Rica deposit. 





from the Late Cambrian to the Late Devonian. 

Myloni tes 

Llambias (1972) noted the distinct difference in metamorphic grade and 

composition between the units in the high hills to the east of the Rio Vis Vis and those 

exposed in the river valley and to the west. The former are gneissic migrnatites and 

potassium feldspar-megacrystic granites and may represent deeper portions of the 

basement than the slates and phyllites exposed further west. Ltarnbias invoked a north- 

northwest-striking fault to account for the difference in rnetamorphic grade. This offset 

must have pre-dated the emplacement of the Farallon Negro Volcanic Cornplex (see 

below). 

The north-northwest discontinuity is marked by a well-developed zone of 

mylonitization of the granite. Up to 400 m wide, this runs dong the western margin of 

Bola dei Atajo and wraps around its northern side. The mylonite zone comprises gneisses, 

schists, mylonites and ultrarnylonites, the degree of deformation increasing from east to 

west. Gonzalez Bonorino (1950a) suggests an age between Ordovician and Paleogene for 

the mylonites. 

Pfanation of the crystalline basement 

Throughout the Sierras Panzpeanas an extensive planate surface is developed on 

the basement rocks (Fig. 2- 13). The age of this surface is poorly constrained. In the study- 

area, it must be younger than the intrusion of the Capillitas Batholith and older than the 



Figure 2-13. 

Field charactensrics of the planate basement sztrface. 

A. Exposure of the planate surface on the south-eastem 
siope of Bola del Atajo (view to the east-northeast). The 
steeply-dipping surface is underlain by granite and overlain 
by red sediments of the El Morterito Formation (right 
foreground). 

B. Exposure (right) of the planate surface on the south- 
eastern slope of the Sierra de Capillitas (view to the west- 
southwest). Strata of the El Morterito Formation (left- 
foreground) overlie the planated granitic basement. Bluish- 
grey outcrops in erosional gullies in the ridge on the near 
horizon are andesitic breccias of the Farallon Negro 
Volcanic Cornplex. Rock-cut pediment surfaces of probable 
rnid-Miocene age are developed on the volcanic strata (sub- 
horizontal surfaces in the centre of view - near horizon and 
on the left horizon). 





El Mortento Formation (see below), ie., between the Late Silurian and Middle Miocene. 

The consistent morphology of the surface throughout the Sierras Pampeanas has Ied many 

researchers to conclude that it represents a formerly continuous "peneplain" (Gonzalez 

Bonorino, 2 950b, 195 1; Turner, 197 1). Jordan et al. (1 989) presented thermochronornetric 

data from the Sierras de Cordoba, Velasco, and Ancasti, in the eastern and central Sierras 

Pampeanas, which suggested slow denudation of the basement during the Mesozoic and 

Cenozoic, and noted that the planated surface is diachronous by more than 300 m.y. 

40  Fission-track cooling ages of apatite ciystals, ~ r / ~ ~ ~ r  ages of potassium feldspars, and 

the K-Ar age of a muscovite were interpreted to demonstrate slow cooling of the crust 

since the end of the Paleozoic. Stratigraphic data indicate that the planated surface formed 

after the middIe Paieozoic, but that elevations close to sea-Ievel were not attained before 

the Neogene. On the basis of the present distribution of Upper Paleozoic and Triassic 

strata and paleogeographic reconstruction of facies distributions, Jordan er al. (op. cil.) 

concluded that during the deposition of these rocks the eastem S i e n s  Panzpeanas 

constituted a mountainous region with intermontane basins to the east and West and that 

pronounced local relief existed across basin rnargins in the central and western Sierras 

Pampeanas. 

Expansive planated surfaces are documented in the Chilean Andes at these 

latitudes. The Atacama Pediplain (Clark el al., 1967; Sillitoe et al., 19G8), a dominant 

Iandform over an extensive area on the western flanks of the Andean Cordillera, is 

interpreted to have formed rapidly (A.H. Clark, pers. cornm., 1997) between 9.15 and 12.6 

Ma (Clark et aL. op. cil.). The formation of this surface records a period of significant 



uplift and erosion to the west of the Farallon Negro region. Whether the continental divide 

attained sufficient altitude at this time to have generated erosional events as far east as 

the study area is unclear. However, the deposition of the thick EI Morterito sediments 

which, in the vicinity of Farallon Negro, were derived from the granitic basement (Bossi 

et al., 1993), records a penod of significant uplifi and erosion. Given the semi-arid 

environment that probably existed in the Miocene, the erosion would have been dominated 

by the development of pediplains rather than canyon incision. Valley pediments are 

developed in volcanic strata in the Capillitas Valley, south of the Capillitas deposit (Figs. 

2-1 1 and 2-13b). These surfaces are sub-horizontal and indicate periods of uplift and 

erosion. The timing of their formation is poorly constrained. The surfaces are incised into 

a section of volcanic units which includes a 9.17 Ma dacite flow. Their sub-horizontal 

attitude would suggest an age of formation post-dating the major uplift event responsible 

for the formation of the Sierras Ponlpeonas which tilted the planate basement surface up 

to 30' (see figure 2-13). Strecker et ai. (1987) document a series of pediment surfaces in 

the Santa Maria Valley which formed between 2.5 and 0.3 Ma. The rock-cut pediments 

observed in the Capillitas Valley may be contemporaneous with those of the Santa Maria 

Valley, but more detailed field work will be necessary to resolve this relationship. 

EI Morterit O Formation 

This unit (Figs. 2- 10 and 2- 1 1) was first described by Turner (1 962; 1973) as a 

series of continental red beds, including conglomerates, sandstones and siltstones, 



cropping out to the west of the Sierra de Cajon, in the Laguna Blanca map-sheet. 

Aceiiolaza et al. (1982) correiated these strata with the El Caichaquense (Gonzalez 

Bonorino, 1950a) in the Sierra de Capillitas and surrounding areas, on the basis of 

lithologicai and stratigraphic sirnilarities. The nomenclature varies from map-sheet to map- 

sheet but the term Calchaquense has been applied to al1 Cenozoic red-bed sequences 

exposed in northwestem Argentina. An effort is underway (Bossi et al., 1993; C. 

Muruaga, pers. comm., 1994) to rationalize the stratigraphic nomenclature. The El 

Morterito Formation corresponds to Bossi et a1.k "Sequence 1" in the Santa Maria - 

Hualfin Neogene basin (Fig. 2-1 0). 

The unit is fairly homogeneous, but may be subdivided into lower and upper 

sequences. The former is prirnarily a series of polymictic conglomerates with a fine, red, 

sandstone matrix and intercalated red, micaceous, fine-to-medium-grained sandstones and 

finely-laminated siltstones (Fig. 2-14). The upper sequence is pale-buff in colour and 

consists of fine-grained calcareous sandstones with thin, grey, limey horizons. It is 

generally absent in the vicinity of the Farallon Negro Volcanic Cornplex. Intercalations 

of pyroclastic rnaterial and volcanic detritus become more cornmon with proxirnity to the 

volcanic edifice. Sedimentation was probably characterized by short periods of intense, 

"flash flood", deposition, altemating with extended periods of relative quiescence. This 

unit is inferred to have attained a thickness of 1500 m (Bossi el al., 1993), but outcrops 

are lirnited in the area of the present study. They rest disconformably on the planate 

basement surface (Fig. 2-13b) and did not achieve significant thickness before the onset 

of volcanism. Thicknesses range from approximately 20 rn in the Capillitas area to 63 rn 



Figure 2-14. 

Field characteristics of the El Morterito Fomafion. 

View to the south dong the axis of a broad anticline in the 
foothills of the Sierra Duramo. These outcrops are of the 
Iower part of the formation and consist of interbedded 
sandstones, siltstones and conglomerates. The paler units on 
the dopes to the left are tuffaceous horizons which mark the 
transition from the El Morterito Formation to volcanic units 
of the Farallon Negro Volcanic Complex. A thin basaltic 
flow (not discemible at this scale) crops out at the base of 
the cliff band at the left of the field of view and is overlain 
by thick volcaniclastic gravels of the Punaschotter 
Formation (Distal Vo lcaniclastic Facies). 





in the Sierra Durazno area (Bossi et al., 1993). 

Turner (1962, 1973) assigned this unit a Miocene age on the basis of vertebrate 

and invertebrate fossils. 1 found vertebrate fossils at several localities in the Sierra 

Duramo area The stratigraphie position, underlying the Farailon Negro Volcanic 

Cornplex, also predicates a Middle Miocene or older age. An age of 13 Ma for initiation 

of sedimentation in the basin is suggested by Bossi et al. (1993) based on radiometnc 

dating (technique not specified) of a tuff from the base of the sequence. 

The nomenclature for this unit is vague, correlation between published sections is 

not straightforward, and the calculated rates of sedimentation, preserved section 

thicknesses and available geochronological data are often mutually conflicting. 

Discrepancies rnay be due to several factors, incIuding errors in the estimation of 

sedimentation rates and the time of initial sedimentation, an older age for the initiation 

of volcanism than previously thought, and a slower rate of sedirnentation during the early 

stages of the development of the basin. Alternatively, these discrepancies could reflect the 

focussing of volcanism in a pull-apart basin-type setting (Sasso et-al., 1995). In this case, 

the continued stretching of the centre of the basin, followed by rupture and eruption of 

volcanics to fonn a new fioor would result in the earlier strata being confined to the 

attenuated margins of the structure (Crowell, 1974). This is the preferred interpretation 

and will be elaborated upon in Chapter 6. 

Farallbn Negro Volcanic Cumpltx 

Over much of the map-area, the volcanic rocks of the Farallon Negro Volcanic 



Cornplex overlie the El Morterito sediments. The volcanic and hypabyssal rocks will be 

discussed in detail separately below. 

Araucanense Formufion 

This unit has not been recognized in the study-area but is included herein for the 

sake of completeness. First described by GonAez Bononno (1950a). it is equivalent to 

the El Cajon Formation of Turner (1962, 1973) and has been assigned to the upper 

portion of the Sequence II of Bossi et al. (1993). It is one of the most intensely studied 

units in the Andean Cordiilera due to its abundant and diverse vertebrate fauna 

(Allmendinger, 1986). 

It consists of a sequence of buff, fine-to-medium-grained, commonly cross-bedded 

and tuffaceous sandstones, conglomerate lenses and beds, with numerous tuff horizons. 

The erosion of the Farallon Negro volcanic edifice, probably the highest then-existing 

topographic feature, resulted in the deposition of the thick sequences of reworked 

conglomerate and volcanic breccia forming the base of the formation (Bossi et al., 1993). 

It has been dated using both magnetic reversa1 stratigraphy and conventional potassium- 

argon geochronology. Butler et al. (1984) calculated ages of 7.5 Ma and 6.4 Ma, 

respectively, for the lower and upper boundaries of a 2400 m thick section at Puerto de 

Corral Quemado, approximately 35 km west-southwest of the Farallon Negro area. The 

geoîhronological data, in conjunction with the magnetic reversa1 stratigraphy, indicate a 

very consistent rate of sedimentation of 56 cm/1,000 yr (Butler er al., op. cil.). The unit 

is almost 4000 m thick in the section between Hualfin and Corral Quemado 



(approximately 15 km to the north of Farallon Negro), with approximately 660 m of 

conformable section preserved above the highest tuff dated (Allmendinger, 1986). 

Allmendinger (op. cit.) applied the rate of sedimentation calculated by Butler et al. (op. 

cil.) to the remainder of the section to estimate an age of approximately 2.35 Ma for the 

upperrnost-exposed unit in the area. 

Pun asch ofter Formation 

OverIying al1 other rocks in the Faraiibn Negro region with slight unconformity 

or disconformity, this succession of alluvial and colluvial deposits was first described by 

Penck (1920) at the southem extremity of the Puna in the region of the Bolson de 

Fiambala Allmendinger (1986) correlated similar boulder conglomerates in the Sierra de 

Hualfin - Sierra Las Cuevas area with this unit. Bossi er al. (1993) equate the 

Punaschotter strata with their Sequence III in the Sierra Duramo. 

In the vicinity of the Farallon Negro Volcanic Cornplex, the unit consists of a 

boulder conglomerate of alrnost exclusively volcanic provenance (Fig. 2-1 5). Clasts are 

rounded and the sediment is clast-supported, with a sandy matrix of similar composition. 

The thickness is estimated at 200 m in the Sierra Duraaio. Paleocurrent features 

indicating a northeasterly flow direction and the clast compositions both indicate a 

provenance in the area of Alto de la Blenda (Bossi et al., 1993; Fig. 2-1 1). Bossi el  al. 

also concluded that this unit was deposited prior to the uplift of the Sierra Duramo; the 

latter event is interpreted to be Pleistocene in age, but no basis is given for this 

conclusion. 



Figure 2-15. 

Boulder conglomerates with rounded clasts of predominantly 
volcanic provenance located on the far-eastern flank of the 
Sierra Durazno approximately 10 km NNE of Cerro Atajo. 
These gravels were deposited by braided Stream systems on 
the flanks of the stratovolcano and represent the Distal 
Volcaniclastic Facies (see below). An andesitic tuff 
overlying these outcrops yielded an age of  8.75 Ma. 





In areas remote from the Farallon Negro Volcanic Complex, the unit consists of 

a boulder conglomerate of granitic and subordinate rnetasedimentary ciasts, iocally 

interbedded with medium-to-couse sandstone. North of the study-area the thickest 

sequences of the gravels are located in structural lows between basement horsts 

(Allrnendinger, 1986). Topographic relief resulting from deformation and uplifl of the 

basernent prior to the deposition of the Punaschotter probably controlled the deposition 

of the unit. 

No direct evidence exists for the age of this unit. Locally it must be younger than 

the Araucanense Formation for which, as previously noted, Allmendinger (1986) 

calculated a minimum age of ca. 2.35 Ma. That author therefore inferred an early 

Quatemary age for the Punaschotter. However, andesitic tuffs interbedded with gravels 

assigned to a unit equivalent to the Punaschotter by Bossi et al. (1993; see above) in the 

Sierra Durazno yielded ages of 8.75 and 6.72 Ma (this study), clearly contradicting the 

age proposed by Allmendinger (1986). In the immediate vicinity of the Farallon Negro 

Volcanic Complex these gravels are herein interpreted to represent the Distal 

Volcaniclastic Facies associated with the formation of the Main Farallon Negro 

Stratovolcano (see below) and thus were forming during volcanism, as is indicated by the 

interbedded tuffs. The name Punaschotter has been retained herein, but it is suggested that 

its application to the gravels directly overlying and exhibiting lateral transitions to rocks 

of the Fara l lh  Negro Volcanic Complex may be misleading. More detailed field 

investigation will be required to resolve the classification of these units. 



Lithostratigraphic Nomenclature 

lUkfing Nomenclature 

The rocks of the Farailon Negro region were first documented in the mapping of 

the Capillitas 1:100,000 map-sheet by G o n d e z  Bonorino (1950a). He briefly described 

the distribution and nature of the volcanic and intrusive units and their relationship to 

regional stratigraphy, grouping them as El Complejo Volcanico ("Volcanic Cornplex"). It 

is assumed that this represented the formal recognition of a distinct lithostratigraphic unit. 

The most detailed descriptions of the volcanic and intrusive units of the region are those 

of Llambias (1 970; 1972). He defined the El Gnipo Volcanico ForalIbn Negro ("Farallon 

Negro Volcanic Group") to include the volcanic and associated hypabyssal intrusive units 

within the "Area de Reserva del distrito mineralizado Yacimientos Mineros Agua de 

Dionisio", an area bounded approximately to the north and west by the limit of 

outcropping volcanic units, to the south by the Quebrada de San Buenaventura, and to the 

east by Bola del Atajo and an unnamed fault responsible for the uplift of the Sierra 

Durazno (Fig. 2-1 1). Llambias noted the existence of other nearby Tertiary volcanic 

centres at Vis Vis, Capillitas, and Cerro Atajo, and scggested that they were once part of 

a larger, continuous volcanic outcrop which undenvent tectonic segmentation and variable 

uplift and erosion. 

Local exposures of volcanics on neighbouring rnap-sheets have been correlated 

with the rocks of the Farallon Negro district, largely on the basis of their stratigraphic 

position, i.e., overlying red beds of the Calchaquense (or El Morterito) Formation but 

overlain by the Araucanense Formation. These include: the El Aspero Formation, exposed 



on Hoja 1 ld, Laguna Blanca (Turner, 1973) and Hoja 12c, Laguna Helada (Ruiz 

Huidobro, 1975); Tertiary eruptives in Hoja 13c, Fiambala (Gonzilez Bonorino, 1972); 

the El Zarm Formation, Hoja 1 le, Santa Maria (Ruiz Huidobro, 1972); volcanic breccia, 

Hoja 12e, Aconquija (GonAez Bononno, 195 1); the El Aspero Formation, Hoja 10e, 

Cafayate (Navarro Garcia, 1982); and possibly the more remote Cerro Rosillo Andesite 

Formation (Maisonave, 1973) in Hoja 13b, Chaschuil (mapped by Turner, 1967). These 

tentative correlations imply the existence of a much more extensive Tertiary volcanic 

province than is now evident, but its original volume and continuity remain uncertain. 

The El Aspero Formation was first defined by Turner (1973) in the Laguna Blanca 

map-sheet immediately northwest of the study-area. He combined the El Morterito 

Fonnation (equivalent to the Calchaquense Formation), El Aspero Formation and El Cajon 

Formation (equivalent to the Araucanense Formation) to establish the Gnrpo El Bolson 

(El Bolson Group), to which he attributed a Late Teniary age. The El Aspero Formation 

was considered to be temporally equivalent to the Coniplejo Voicanico of Gonzalez 

Bonorino (1950a). A southeriy provenance in the Farallon Negro region was postulated 

for the rocks of the El Aspero Formation. 

In the Laguna Blanca map-sheet, Bossi er al. (1993) proposed a change in the 

stratigraphic rank of the El Aspero Formation of Turner (1973) to the El Aspero Mentber 

on the b a i s  of its lenticular character and its disappearance to the south in the Puerta de 

Corral Quemado area. However, they do not indicate to which formation, viz. El Morierito 

or El Cajon, the Member would belong. The bottom of the sequence is defined by 

conglomerates of volcanic origin which are overlain by andesitic breccias and flows. Its 



top is marked by volcanic conglomerates, pelites and medium-grained sandstones. A 

saniple (FAR 285) of the volcanic breccia which crops out in the ViIla Vil valley was 

investigated dunng this study. Its geochronologicai (Chapter S), geochernical and 

petrographic (Chapter 4) characteristics are indistinguishable from those of the andesite 

breccias of the Farallon Negro Volcanic Complex and it is interpreted (see Chapters 4 and 

5) to represent a cogenetic flow of this cornplex, albeit possibly a distal one. I therefore 

disagree with the demotion in rank proposed by Bossi el al. (1993) for these strata, 

because this does not take into consideration the broader relationships of this unit in the 

regional stratigraphy beyond the Laguna Blanca map-sheet, and appears to ignore the 

existence of the approximately 700 km' of outcropping volcanic units in the Farallon 

Negro region only 20 km south. I also disagree with the inclusion of the El Aspero 

Formation in the El Bolson Group as proposed by Turner (1973). A revision of the 

lithostratigraphic nomenclature of the volcanic and associated intrusive units of the 

northem Sierras Pampeanas is clearly necessary . 

Propased Nomencidure 

Volcanic and intrusive units crop out over a broad area in the Farallon Negro 

region and represent the highly dissected remnants of the largest Tertiary eruptive centre 

in the Sierras Panipeonas of northwestern Argentina. These units are referred to herein 

as the Farallon Negro Volcanic Complex, in the sense of Gonzdez Bonorino (1950a). 

This lithostratigraphic assemblage includes the Main Farailon Negro Stratovolcano, as 

mapped by Llambias (1970; l972), and isoiated occurrences of volcanic rocks at Vis Vis, 



Las Juntas, Capillitas and Cerro Atajo. These centres have been structuraily separated 

from one another by the high-angle reverse faulting event which resulted in the uplift of 

the Sierras Pumpeanas ranges; it is considered that, at the time of their emplacement, they 

may have formed a large, coherent, volcanic edifice. The term Volcanic Complex was 

retained in this study and used in this text, because mapping of the volcanic stratigraphy 

was beyond the scope of this project. However, the detailed research of J.M. Proffen 

(1994; 1995) on the Bajo de la Alumbrera deposit and surrounding area has defined an 

informal sequence of mappable units within the volcanic stratigraphy. Formations may be 

erected in the future. 

1 therefore suggest that formal lithostratigraphic nomenclature be developed for 

these rocks. Accordingly, 1 suggest that volcanic rocks of the Farallon Negro Volcanic 

Complex be accorded the rank and narne of Fardon Negro Grozrp, in partial agreement 

with Llarnbias (1970; 1972), and the associated hypabyssal intrusive units be assigned to 

the Farallbn Negro Intrusive Suite, which rnay be subdivided into a number of 

lithodemes. The name, Farallon Negro, is rnaintained as it is well established and the 

mine-site of Farallon Negro is centrally Iocated within the Iargest outcropping domain of 

the rocks under consideration. It is implicit in this scheme that Turner's (1973) "El Bolson 

Group" be rejected. The El Morterito and El Cajon Formations may each be wonhy of 

group status, but revision of the nomenclature of these units is not undertaken herein. 

1 would also suggest that the volcanic and intrusive suites mapped at Las Animas 

and El Alisal in the Sierra de Aconquija, 95 and 115 km to the northeast, respectively, 

represent broadly cogenetic assemblages and, afthough confirmation through more detailed 



geochronological, geochemical and petrographic studies of these suites is necessary, would 

tentatively include them in the Farallon Negro Group. 

Further afield, the rocks of the Pocho area, Cordoba Province, approximately 460 

km south of Farallon Negro, are contemporaneous and exhibit geochemical features 

similar to those of the rocks of the Farallon Negro Group (see Chapter 4). 1 would suggest 

that the volcanic and intmsive rocks of this area be formaIly designated the Pocho 

Volcanic Complex (with a rank equivalent to that of a group), inferred to be correlative 

in age with the Farallh Negro Group and Intrusive Suite. It could moreover be argued 

that the broadly contemporaneous San Luis volcanics and the isolated outcrops on the 

neighbouring map-sheets mentioned above are also correlative with units of the Farallon 

Negro Group. 

In the light of the extent of this Tertiary volcanic province in NW Argentina, I 

define a new stratigraphic assemblage, the Sierras Pompeanas Supergroup, to embrace 

al1 volcanic units of Mio-Pliocene age exposed in the northern Sierras Panzpeanas. The 

cogenetic subvolcanic intrusives are assigned to the Sierras Panzpeanas Z ~ n w i v e  

Supersuite. The most extensive outcrops of the volcanic strata and the greatest diversity 

in composition of associated intrusive rocks are encountered in the Farallon Negro region. 

The northeastern limit of the proposed supergroup is uncertain, and ongoing 

rnapping by the provincial govemments continues to document previously unknown 

volcanic centres, but it is probable that maçmatic rocks in the San Lorenzo region (CU. 

225 km northeast of Farallon Negro) represent broadly correlative assemblages. It is 

argued that the northwestern limit of the supergroup be defined by the southern margin 



of the Puna. The southem limit incorporates the Pocho and San Luis centres, CU. 460 and 

660 km south of Farailon Negro. The possible extension of volcanism of this age further 

southward has not been investigated. 

In the Sierras Pampeanas, lithological units have been formaily defined as 

Formations but few workers have sought to provide higher-rank lithostratigraphic units: 

the El Bolson Group of Turner (1973; see above) and Santa Maria Group of Ruiz 

Huidobro (1972) are exceptions in the immediate vicinity of Farall8n Negro. The name 

Sierras Pampeanas is proposed for the new supergroup as it has not been previously used 

with lithostratigraphic connotations in northwestem Argentina and the volcanic units 

which comprise the Supergroup are defined as occurring within the Sierras Panzpeanas 

physiographic province. 

Local Geology of the FaraIlSn Negro Volcanic Complex 

Rocks of the Farallon Negro Volcanic Complex form a series of discontinuous 

outcrops over an area of approximately 700 km'. The exposures now define several 

discrete centres, e.g., the Main Farall~n Negro Stratovolcano, Vis Vis, Cerro Atajo, 

Capillitas and Agua Rica, which have been separated by movement along high-angle 

reverse faults (Fig. 2-1 1). It is thought that these outcrops may originally have formed a 

large, continuous volcanic field, with several eruptive centres. To clarify the spatial 

relationships between the isolated outcrops of volcanic units, a 1 : 50,000 scale map of 

the area was prepared. Contacts and structures were mapped in the field on approximately 

1 : 50,000 scale air photographs and then transferred ont0 a photographic print of a 1 : 



50,000 scale digital enlargement of a TM image for the area (Path 231, Row 79, 25 

August, 1986). This rnap has been reduced and is presented as figure 2-1 1. It is argued 

that this map is an improvement on the 1 : 250,000 scale map presented by Gonzalez 

Bonorino (1950a), but does not provide the detail within the Main Farall8n Negro 

Stratovolcano shown on the I : 20,000 map of Llambias (1970), a generaiized version of 

which is presented as figure 2-16. 

Main FaraZZ6n Negro Sfratovolccrrio 

Volcanic Stratigraphy 

This represents the most areally extensive series of volcanic outcrops in the study- 

area and comprises the bulk of the Farallon Negro Volcanic Cornplex. The dominant 

extrusive units are andesitic volcanic breccias. An intemally consistent stratigraphy has 

not been established in previous mapping studies. Llambias defined a centrally-located 

series of Brechas Moradas ("purple breccias"), distinguished by an igneous matrix, purple- 

grey col0 ur and poorly-stratified nature, and the peri pherdl y-located Brechas Polimicricas 

("polimictic breccias"), i.e., extrusive breccias with locally variable clast composition. 

Proffett (1994, 1995) has recently documented five stratigraphic units in the immediate 

vicinity of the Bajo de la Alumbrera deposit. The 500 rn thick section mapped by Proffett 

incorporates the oldest sample from the Farallon Negro Volcanic Complex dated in this 

study, a 12.6 Ma hornblende-phyric basaltic-andesite from his "Lower Andesite Unit", 

suggesting that this area rnay expose the deepest levels of the volcanic edifice. 

In a detailed study of the Volciin de Fuego, Guatemala, Vessell and Davies (198 1 )  



Figure 2-16. 

Generalized geological map of the Main Farallon Negro 
Stratovolcano, simplified from Llarnbias (1 970). 





document the lateral variations in volcanic and volcaniclastic facies associated with the 

construction of a large continental andesitic stratovolcano. They recognized four facies 

which are mutually gradational with increasing distance frorn the vent, viz. Volcanic Core; 

Proxima1 Volcaniclastic; Medial Volcaniclastic; and Distal Volcaniclastic. A cartoon of 

the lateral distribution of the facies is presented herein as figure 2-17 and their 

sedimentary characteristics are surnmarized in Table 2-1. The Volcanic Core Facies at 

Fuego consists of interbedded lavas, airfall ash and colluvium. The proximal 

Volcaniclastic Facies is characterized by matrix- and grain-supported breccias formed by 

glowing debris avaIanches. These breccias are distinguished by poor sorting, extreme 

variations in grain-size and variable bed thickness, are rarely heterolithologic and are of 

limited lateral continuity. They grade downslope into lahars (debris-flows) of the Media1 

Volcaniclastic Facies. The matrix- and grain-supported laharic breccias are poorly sorted, 

with large variations in grain-size. Individual flows are recorded as poorly-defined beds. 

The Distal Volcaniclastic Facies is characterized by a wide range of iithologies, with 

sedimentary structures and textures typical of braided or meandering fluvial systems. 

Broadly similar relationships are observed in the volcanic and volcaniclastic 

stratigraphie units of the Farallon Negro Volcanic Complex. The volcanic successions of 

continental stratovoIcanoes are inherently variable (Cas and Wright, 1988), and thus the 

relationships observed at Farallon Negro depart, at times significantly, from those 

described for the Volch de Fuego. 

The Volcanic Core Facies and the Proximal Volcuniclasric Facies appear to be 

conflated at Farallon Negro. They are represented by interbedded breccias, basaltic-to- 



Figure 2-17. 

Cartoon of the lateral distribution of voicanic and 
sedimentary facies related to the formation of the Volch de 
Fuego stratovolcano, Guatemala (from Vesse11 and Davies, 
198 1). 





Sedimentary characteristics of non-marine volcaniclastic 
deposits from an active andesitic continental stratovolcano, 
the Volch de Fuego, Guatemala (from Vesseil and Davies, 
198 1 ) .  
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dacitic flows and, locally, thin, very fine-grained, volcaniclastic lenses which may 

represent brief erosional episodes on the flanks of the stratovolcano. Minor welded 

tuffaceous units are also observed. The majority of the breccias encountered in the central 

portion of the Complex conform to descriptions of ullocZusfic volcanic breccias (Parsons, 

1969; Allison, 1986), such as are typical of vent or cone complex facies and derived by 

underground brecciation of previously consolidated flows, breccias and intrusive rocks of 

the volcanic edifice. Clasts of previously brecciated and solidified material are observed, 

suggesting that multiple, successive brecciation events may have been common. Basement 

rocks may also be affected and variably absorbed basement xenoliths are seen, if rarely, 

within the Complex. Such breccias are subsequently intruded into the vent walls or are 

erupted as breccia flows (Parsons, 1 969). The alloclastic breccia fiows defined by Parsons 

(op. cil.) are herein interpreted to be equivaient to the glowing avalanche deposits of 

Vesse11 and Davies (1981). The majority of breccias observed at Farallon Negro are 

breccia flows, although sorne breccia intrusions are encountered. The former are 

characterized by an absence of sorting or bedding, great variety in fragment size and 

angular-to-rounded fragment shapes. Fragments in the breccias of the Farallon Negro 

Volcanic Complex range in size from millimeters to several meters (Fig. 2-1 8). The 

breccias are commonly thick and unstratified. They are heterolithologic, although the main 

variations in the fragments are in texture, colour, degree of weathering, and type and 

percent of phenocrysts, rather than in the overall composition of fragments (Fig. 2-19). 

Breccia units are commonly characterized by a predominant clast-type, e.g., homblende- 

phyric andesite, and the matrix rnaterial is similar in composition to the dominant clast- 



Figure 2-18. 

Illtrstration of the range in clast size in breccias of the 
Farallon Negro Volcanic Conrplex. 

A. Proximal Volcaniclasric Facies b reccia flo ws from south 
of Quebrada de la Chilca in the central area of the Main 
Farallon Negro Stratovolcano. Clasts, e-g.. ieft of field 
assistant, may attain widths of several metres. Stratification 
is marked by thin layers of veiy fine-grained material, 
interpreted to separate successive breccia flow events. 

B. Proximol VolcanicIustic breccia flow from Bajo el 
Espanto which demonstrates the fine-grained nature of clasts 
in some flows. Dark-grey clasts are of the metasedimentary 
S uncho Formation (basement). 





Figure 2-19. 

Proxinla I Volcaniclasric b reccia j l o w  of the central area 
of ihe Main Farallon Negro Stratovolcano. 

A. Typical outcrop pattern from the northem quadrant of the 
Main Farailon Negro Stratovolcano. Clasts are 
predominantly andesitic in composition, and rounded to sub- 
angular, constituting in a clast-supported breccia. The 
irregular contact with an underlying fiow is seen in the 
Iower-right comer. This outcrop is located along the 
northem (main) access road to Bajo de la Alumbrera, 
several km east of "Los Amarillos". 

B. Lithological characteristics of an andesite breccia flow 
exposed in Quebrada de los Leones, south-east of the 
Farallon Negro mine-site. ï h e  breccia is clast-supported and 
the majority of clasts are of homblende-andesite porphy ry 
set in a matrix of sirnilar composition. Minor clasts of non- 
porphyritic material are also observed, e-g., small dark 
angular clast in lower centre of photo. 





Breccia flows and dykes containing basement clasts are observed at Bajo El 

Espanto, in the southeast quadrant of the Cornplex. These flows are poorly stratified and 

are overlain by, and interbedded with, breccias lacking basement clasts and thin basaitic- 

andesite Bows. Breccia-dykes of identical composition and bearing basement clasts are 

observeci intruding the overlying aItoclastic breccia flows. Minor well-rounded clasts of 

granitic basement rocks were encountered in breccias in Quebrada de la Chilca, south of 

Bajo de la Chilca, and in Quebrada el Durazno, north of Bajo el Duramo. 

Lava flows (Fig. 2-20) range in composition from basait to dacite and are of high- 

K calc-alkaline-to-shoshonitic affinity (Chapter 4). Contacts and flow orientations are 

difficult to define in the central portion of the complex due to the abundance of intrusive 

uniis. Fiows are particularly widespread in the western and northwestem portion of the 

complex. 

Proffett (1995) describes a thick (approximately 150 m) andesitic ignimbrite in the 

section north of Alumbrera. A thick flow-banded rhyolite (field term; Fig. 2-2 1)  was also 

encountered south of the FaraIlon Negro mine-site, in the southwest quadrant of the 

complex, where it is overiain by breccias. The Iateral contacts of the rhyolite were not 

mapped, but its thickness and restricted occurrence suggest that it was channelled dong 

a valley incised in the southwest flank of the volcano. Incision and erosion are common 

during dormant phases of stratovolcanoes and periods of dormancy may be twice as long 

as periods of activity (Wadge, 1982). In tropical climates, such as in Guatemala, 

denudation and valley incision are extremely rapid (Vessell and Davies, 1981). The 



Figure 2-20. 

Basaltic flow (field term) in the central part of the Main 
Farallon Negro Stratovolcano. A massive flow is seen 
overlying a breccia flow of the Proximal Volcaniclastic 
Facies outcrop. Located along the southern access road to 
Bajo de la Alumbrera, several km West of Bajo las 
Pampi tas. 





Figure 2-21. 

Flow-banded rhyolite (field term) 80w from the southwest 
quadrant of the cornplex, approximately 7 km southwest of 
the Farallon Negro mine-site. 





Middle Miocene climate at Farallon Negro was probably arid or semi-arid, but erosion 

and incision of the flanks of the stratovoicano may have been relatively rapid. 

A series of poorly-welded andesitic tuffs which were erupted late in the volcanic 

history are encountered on the west and northwest perimeter of the complex (Fig. 2-22). 

Tuffaceous units are also encountered as small, isolated outcrops in the central portion of 

its northwest quadrant. They may have infilled valleys in the volcanic topography and 

were preserved through rapid burial by subsequent breccia-flows. The outcrops at El 

Tobogin, Rio Seco de la Aguada, and to the north of the Farailon Negro mine-site (Fig. 

2-1 6 )  exhibit characteristics typical of pyroclastic surge deposits. These strata drape over 

topographic highs and thicken in depressions (as at El Tobogin), and exhibit well 

developed stratification and unidirectional bedforms such as dunes and cross bedding 

(McPhie et al., 1993). The tuffs at El Tobogh, along the main access road to the Farallon 

Negro mine-site, are cut by basaitic dykes. Ground-surge deposits are interpreted to 

indicate proximity to a volcanic vent (McPhie et al., op. cil.). The location of these 

outcrops in the northwest quadrant of the complex, in addition to the regional NW dips 

of the breccias in the area, would suggest the location of a vent to the SE, Le.. in the 

vicinity of the Alto de la Blenda monzonite stock. 

The postulated Media! Volcaniclasric Facies is represented by a thick sequence of 

unstratified breccia flows which exhibit large-scale layering through the superposition of 

successive flow units, which are commonly separated by partings of very fine-grained 

material (Fig. 2-23). These are best observed in the central portion of the complex to the 

south and east of Bajo de la Aiumbrera, and in a series of outcrops northeast of Bola del 



Figure 2-22. 

Field characrerisrics of poorly-w eided undesire tzfls. Main 
Farailbn Negro Straro volcano. 

A. Regional view to the west of andesite tuffs exposed on 
the western perimeter of the Main Farallon Negro 
Stratovolcano. Uplifted basement blocks of the Sierras de 
HuaIfin and las Cuevas form the horizon. White "glaciers" 
are windblown pyroclastic material transported from the 
Prtna. 

B. Detailed view of above succession. Sampte FAR 206 was 
collected from this unit approximately 1 km to the south and 
yielded an age of 7.49 + 0.09 Ma. The tuffs are overlain by, 
and interbedded with, gravels of the Disfol Volcaniclastic 
Facies. 





Figure 2-23. 

Medial Vo lcaniclasric Facies, Main Farallbn Negro 
Stratovo Icano. 

A. Regional characteristics of the Media1 Volcaniclastic 
Facies in the south-east quadrant of the Main Farailon 
Negro Stratovolcano, to the east of Bajo de la Alumbrera. 
Large-scale layering is the result of the superposition of 
successive fiow units which are commonly separated by 
very fine-grained layers, possibly representing brief 
erosional epiçodes between flow deposition. View to the 
south. 

B. Lithological characteristics of the Medicrl Volcaniclastic 
Facies in the northem Vis Vis river valley, north of the 
point at which the road from Farallon Negro to Vis Vis 
descends into the river valley . Clasts are heterolithologic 
and exhibit a wide range of sizes and degree of rounding. 





Atajo which are interpreted to be preserved in an ME-trending graben (Chapter 6). 

Laharic and debris-flow deposits are also encountered in the West, northwest and north 

quadrants of the complex (Fig. 2-24). No traverses were completed in the southwest 

quadrant, in the region bounded by the Quebrada de la Chilca to the north and the 

approximate longitude of the Farallon Negro mine-site, but it is assurned from traverses 

to the north and east, and from TM images, that this domain is also dominated by units 

of this facies. Units of the Medial Volcanicfastic Facies increase in abundance towards 

the West and northwest perimeters of the complex, where they are interbedded with 

numerous flows and overlain by pyroclastic units (Fig. 2-25). Vesse11 m d  Davies (1  98 1) 

emphasized the episodic nature of the volcanic and sedimentary events in this facies. Only 

eniptive phases of sufficiently large magnitude (volume) would result in the developrnent 

of lahars and alluvial systems. The voicanic stratigraphy at Farailon Negro, in particular 

that of the northwest quadrant, appears to represent a conflation of the IateraIly 

gradational facies environments proposed by the above authors. It is therefore suggested 

that intervening volcanic episodes rnay not have been of sufficient volume to generate the 

sediment supply for the formation of the Medial and Distal facies, although flows 

generated dunng the "low volume" penods may have overlain lahars from a previous 

cycle. The repetition of these cycles resulted in the interbedding of units of the Volcanic 

Core and Media1 Volcaniclas~ic Facies. 

The Distal Volcaniclastic Facies is encountered on the periphery of the Volcanic 

Cornplex. The broad fluvial apron to the north of the Main Farallon Negro Stratovolcano 

(Fig. 2-26) and on the western Banks of the Sierra Duramo is characterized by well- 



Figure 2-24. 

Lahars of the Medial Volcaniclastic Facies in the Main 
Farallbn Negro Stratovolcmo. 

A. Outcrops of lahasic flows in the Quebrada de la ChiIca, 
close to the western perimeter of the Main Farallon Negro 
S tratovolcano. The flows exhi bit irregular larninations, an 
absence of grading and a wide variety of clast-size. 

B. Lithological characteristics of a lahar flow. The deposits 
are poorly sorted, sand-to-boulder mixtures comprising 
rounded to angular clasts and exhibiting diffuse 
stratification. The overlying unit (above the hammer) is a 
recent grave1 deposited during flash flood events in the 
Quebrada de la Chilca. 





Figure 2-25. 

Regional field chorocteristics of volcunic units on the 
periphery of rhe Main Fczrallbn Negro Stratovolcano. 

A. Breccias of the Medial Volcaniclastic Facies interbedded 
with tuffaceous units and massive flows in an unnamed 
quebrada leading to the Loma Morada dacite intrusion on 
the NW perimeter of the Main FaralIon Negro Stratovolcano 
(view to the SW). The stratified units in the foreground are 
brecciaç which are interbedded with pale-grey, unstratified 
tuffaceous units (e.g., the small hills in middle distance at 
the centre of the photo), and with dark brown flows which 
are more resistant and form the ridges on the right and left. 

B. Similar relationships exposed in the Quebrada de los 
Leones, in the southwest portion of the Main Farallon Negro 
Stratovolcano (view to the SW). Breccias of the Medial 
Volcaniclas~ic Facies appear crudel y strati fied. Flo ws are 
massive and dark-brown. Tuffaceous units are pale-grey and 
easily weathered. 





Figure 2-26. 

Distal Volcanic lastic Facies of the Main Farallon Negro 
Strato volcano. 

A. View to the east of the broad fluvial apron on the 
northem fianks of the Main Farallon Negro Stratovolcano. 
The low hummocky topography in the foreground is 
underlain by gravels of the Distal VoZcaniclastic Facies. The 
outcrops in the immediate foreground consist of gravels 
underlain by tuffaceous units. In the Sierra Durazno 
(horizon) gravels of the Distal Facies are the dominant cliff- 
forming units, overlying a thin basaltic 80w at the base of 
the cliff band (not visible at this scale) and red sediments of 
the El Morterito Formation. 

B. The regular series of paraliel ridges in the left-centrai 
portion of the photo form a broad fluvial apron along the 
northem flank of Sierra Durazno and extend to the right into 
the Campo de Arenal (view to the northwest). They are 
under lain by gravels of the Disral Volcaniclastic Facies. In 
the paie-green cliffband, at the front of the ridges and 
extending out of the field of view to the right, an 8.75 Ma 
andesite tuff is interbedded with the gravels. The dark-blue 
ridge to the left and in front of the above band is composed 
of clinopyroxene-phyric basaltic flows. The red-coloured 
ridge and low hills in front of the pale-green cliff band 
(right-side of view) are eroded into a fault-cored, doubly- 
plunging anticline of granitic basernent. Basaltic flows form 
the small dark-brown hills to the right and in front of the 
basernent dome. The northem end of the Sierra de 
Capillitas, which is cut by numerous pegrnatite bodies 
(linear features), is in the foreground. The ridges in the near 
distance are the Sierras de Huaifin (Ieft) and Las Cuevas 
(right). The snow-capped peaks on the horizon mark the 
southem edge of the Puna. 





bedded, coarse, braided-river gravels of volcanic provenance (cf: Fig. 2-1 5). The high 

cliffs forming the western scarp of the Sierra Durazno are composed of similar grave1 

units. A 6.72 Ma andesitic tuff was observed interbedded with these gravels in Quebrada 

de Pozos Verde to the north of the cornplex. This sequence is in the overtumed lirnb of 

a footwall drag-fold related to movement dong the high-angle reverse fault responsible 

for the uplift of the Sierra Duramo. An andesitic tuff interbedded with similar gravels on 

the far-eastem dopes of the Sierra Duramo yielded an age of 8.75 Ma  Abundant river 

gravels are observed along the northem portions of the access road to the Farallon Negro 

mine-site, but the age of these units is unknown. The veneer of alluvial material forming 

the apron mentioned above is probably of much more recent formation than those 

observed in Quebrada de Pozos Verde, although the sedimentary processes have remained 

unchanged. The occurrence of the tuffs interstratified with the gravels illustrates the 

importance of mas-wasting phenornena in the stratovolcanic environment and clearly 

indicates that erosion and extrusion were contemporaneous. 

Intrusive Units 

A generalized sequence of syn-to-post-stratocone intrusion and hydrothermal 

mineralization has been defined by Llambias (1970, 1972) for the main volcanic centre. 

He proposed that the emplacement of irregular andesite stocks and endogenous domes was 

followed by that of numerous sub-vertical to vertical basal tic to andesitic dy kes, 

principally along a northwest-trending belt, but also with a secondas, northeast to east- 

northeast orientation. At the approximate centre of the complex, the Alto de la Blenda 



monzonite was passively emplaced with an associated roughly radiai monzonitic dyke 

swarrn. This intrusion now underlies the highest topography (2950 rn a.s.1.) widiin the 

central complex. Intrusive activity was inferred to have continued with the emplacement 

of numerous stocks, domes and sub-vertical dykes of andesite, andesite porphyry and 

dacite porphyry, followed by rhyodacite porphyry and, finally, by rhyolite and rhyolite 

porphyv. 

This intrusive sequence is only broadly supported by the results of the 

geochronological study conducted herein (see Chapter 5 ) ,  which suggests a more complex 

history. The petrochemistry and age relationships of these rocks will be discussed in detail 

in Chapters 4 and 5, respectively, but the field aspects and the spatial and generalized 

temporal relationships of the rocks are discussed here. A comparison of the sequence of 

intrusive events as inferred from geological relationships by Llambias (1970), and as 

determined by ' O A ~  - " ~ r  geochronology in conjunction with cross-cutting relationships 

observed in this study, is presented in Table 2-2. The units will be briefly discussed from 

oldest to youngest, as defined by the temporal sequence now defined. The names of the 

intrusive units used herein are proposed as a revision of the existing terms and in order 

to establish formal lithodemic nomenclature for the rocks of the Farailon Negro Intrusive 

Suite. Lithodemic names combine a geographical with a lithic, or descriptive, term. Thus, 

geographical qualifiers have been added to several of the original names proposed by 

Llambias (op. cil.), in conformity with the rules of the North American Stratigraphic Code 

(1983). Where necessary, the ba i s  for the choice of geographical qualifier will be 

discussed in the appropriate sections. In addition, chemical data obtained in this study 



Tabie 2-2. 

Cornparison of the temporal sequence of intrusive events in 
the Main Farallon Negro Stratovolcano as proposed by 
Llambias (1970), on the basis of geological reiationships, 
and as defined by this study through a combination o f  ' O A ~  - 
" ~ r  geochronolgy, observed cross-cutting relationships and 
petrochemistry. 



LLAMBIAS (1970) THIS STUDY 

Los Leones Rhyolite 

Macho Muerto Rhyodiicites Macho Muerto Dacite 

Quartz-andesi tes 
of Bajo de Agua Tapada 

Agua Tapada 
Dacite 

Alto de la Blenda 
Monzoni te 

Alto de la Blenda 
Monzonite Stock 

Basaltic-andesi te dykes 

Amphibole Andesites 

La ChiIca Andesites 

La ChiIca Andesite 

Las Casitas Rhyolite 

Sierra Durazno Dyke 

Arroyo Alumbrera Andesite 

AGE 



have permitted more precise classification of several rock-types. Note that the geologicd 

map presented as figure 2-1 1 was cornpleted prior to the erection of the lithodemic 

nomendature and a generalized sequence of intrusive mits was empioyed. 

The majority of the intrusive units in the Main Farallon Negro Stratovolcano 

occupy a northwest-striking "comdor" which transects the central portion of the volcanic 

outcrop (Fig. 2-16). The southwest margin of the corridor is clearly delimited by the large 

La Chilca andesite stock which underlies Bajo la Chilca. The northeast margin is not as 

abrupt, the number of intrusive bodies diminishing gradually away from the margin of the 

Alto de la Blenda monzonite stock. The corridor transects almost the entire diameter of 

the stratovolcano but appears to teminate at Bajo el Espanto, short of the presently 

exposed southeast margin. The history of intrusive activity at Farallon Negro is dominated 

throughout by NW-trending dykes, NW-elongations of intrusive bodies and NW- 

alignments of intrusive bodies. However, a subsidiary NE-trending orientation for dykes 

and the intrusive bodies at Bajo de la Alumbrera, Bajo de Agua Tapada and Bajo el 

Duramo is also observed. Intrusive activity occurred outside of this NW-trending corridor, 

but was relatively minor, with the exceptions of the Bajo el Durazno centre and a 

predominantly N-S oriented dyke swarm in the eastern foothills of the Sierra Durazno, 

east and south of Bajo el Duramo. 

Arroyo A l m  brera Andesire 

Llambias (1970) describes a series of dark-grey to green outcrops of intrusive 

Andesitas anfibolicas in the Arroyo Alumbrera, north of Bajo de la Alumbrera. Their 



occurrence, inmiding brechas moradas which contain clasts of the Andesiras anfibcilicas, 

led Llambias (op. cit.) to conclude that the andesites were emplaced early in the volcanic 

sequence. The Arroyo Alumbrera Andesite (new term) contains coarse hornblende and 

pyroxene phenocrysts and smdler plagioclase phenocrysts in a fine-grained, purple matrix 

(Fig. 2-27). The hornbtende phenocrysts are cornmonly rimmed by a reddish opaque 

alteration assemblage ("opacite"). The unit is strongly magnetic. These outcrops were 

mapped by Proffett (1994, 1995) as the "Coarse Homblende Andesite Unit" which was 

considered to comprise both flows and intrusions. One such flow is the oIdest dated 

volcanic unit at Farallon Negro, yielding an age of 12-56 Ma (see Chapter 5). Proffett (op. 

cir.) does not describe the relationships between the flows and intrusions, but if the latter 

are broadly contemporaneous with the flows they would represent the oldest intrusive unit 

yet encountered in the Farallon Negro Volcanic Cornplex. 

These bodies are assigned the name Arroyo Aizmbrera Andesire because they crop 

out almost exclusively in the vicinity of Arroyo Alumbrera, less than 1 km north of Bajo 

de la Alumbrera. Although the presence of large amphibole phenocrysts is an important 

distinguishing characteristic, the name-qualifier "amphibole" has been dropped in 

accordance with the guidelines for naming lithodemes advocated in the North Arnerican 

Stratigraphie Code (1 983). 

Dit razno Andesite 

Llambias (1970) described a series of granodiorite porphyry intrusions and 

andesitic-to-dacitic dykes in the area of Bajo el Durazno. The grey and greenish-grey 



Figure 2-27. 

Arroyo Ahtrnbrera Andesite. 

Hand sample of FAR 201 illustrating the large dark 
homblende phenocrysts, rimmed by reddish 'opacite', which 
are typical of this unit. Homblende from this sarnple yielded 
an age of  12-56 Ma. 





rocks exhibit hornblende, plagioclase and rare biotite phenocrysts in a fine-grained matrix 

of similar composition. On the basis of geochemical analyses completed in this study, the 

rocks may be classified as andesite, and they are herein assigned to the Dirrazno Andesite 

lithodeme (new term). Llambias (op. cil.) interpreted the contact relationships of the 

southern borders of the Duramo Andesite bodies to be intrusive into the La Chilca 

Andesites (described below). However, the ages of the Durazno Andesite stocks range 

from 8.20 to 8.46 Ma and are statistically (at 20 errors) oider than that of 7.88 Ma 

detennined for the most extensive outcrop of La Chilca Andesite in the southwest 

quadrant of the cornplex. Llambias (op. cit.) recorded that the location of the contact 

between the bodies of Duramo Andesite and La Chilca Andesite in the vicinity of Bajo 

el Duramo is approximate due to the difficulty of distinguishing between the two 

lithologies, because of their inherent similarity and local hydrothermal alteration. Whereas 

the map pattern (see figure 2-16) would indicate an intrusive contact, it is herein 

suggested that the units mapped as La Chilca Andesite in the vicinity of Bajo el Durazno 

by Llambias (op. cir)  may represent phases of the Duramo Andesite. Detailed mapping 

may be necessary to resolve this ambiguity. 

The geographical qualifier of Duramo is maintained for this lithodeme because 

rocks of this type occur exclusively in the vicinity of Bajo el Duramo. Chernical analyses 

completed during this study indicate that the various intrusive units described by Llambias 

(1970) are al1 andesitic. 



S i e m  Duramo Dykes 

A well-developed dyke swarm is observed intruding volcanic and sedimentary 

strata in the foothills of the Sierra Duramo, west and south of Bajo el Durazno (Fig. 2- 

28). The basaltic (field terrn) dykes exhibit well-chilled rnargins and crumbly, pistachio- 

green interiors and are characterized by abundant hornblende and pyroxene phenocrysts. 

Overall the dykes exhibit a consistent N-S strike orientation, although directly east of Bajo 

el Duramo mutually cross-cutting bodies display no preferred orientation. These dykes 

are located outside of the NW-trending intrusive corridor in the central portion of the 

Farailon Negro Complex and may represent feeders to a satellite extrusive centre (see 

beiow). The dykes were not dated in this study but their phenocryst assemblage and 

appearance are similar to several basaltic flows encountered in the Sierra Durazno and 

north of Bola del Atajo. The latter yielded an age of 8.59 Ma, and the dykes are 

tentatively interpreted to be of broadly simiIar age. 

"Sierra Duramo" was chosen for the narne of this Iithodeme as the dykes are 

encountered exclusively in the foothills of this highland. The general term "dyke" is 

suggested until the chernical composition of the unit is confirmeci. 

Las Casifas Rhyolite 

A small stock of flow-banded rhyolite (Fig. 2-29) intrudes andesitic breccias south 

of Alto de la Blenda. Llambias (1970) included this stock with the young rhyolite dykes, 

which he interpreted as representing the last intrusive event at Farallon Negro. It is a pale- 

violet rock characterized by phenocrysts of quartz and plagioclase in a very fine, 



Figure 2-28. 

Sierra Dirrazno Dykes. 

A. Two parallel basaltic (field term) dykes are seen cutting 
sediments of the El Morterito Formation in the structurally 
complex region of the SW Sierra Duramo. A steep-walled 
intrusion of La Chilca Andesite forms the dark ridge on the 
horizon, right-of-centre. Greenish-grey volcanic breccias 
crop out in the left-foreground and are cut by a large barren 
quartz vein (pale-brown outcrops). View to the SE. 

B. Typical outcrop pattern of the Sierra Durazno dykes in 
the SW Sierra Durazno. Pistachio-coloured dyke with well- 
developed chi11 margins cuts sedirnents of the El Morterito 
Formation. View to the south. 





Figure 2-29. 

Las Casitas Rhyolite. 

A. View to the West of the Las Casitas rhyolite plug (pale 
conical hills) intruding flows and breccias of the Proxinzal 
Volcaniclasric Facies. 

B. Flow-banding on the western flank of the Las Casitas 
Rhyolite. 





cryptocrystalhne, matrix. The southwest quadrant of the intrusion is cut by a basaltic dyke 

(Fig. 2-30). Hornblende from this dyke yielded an age of 7.94 Ma, indicating that the 

rhyolite was emplaced relatively early in the intrusive history at Farallon Negro. 

Las Casitas is a tenn that was adopted in the field. Although the locality of Las 

Casitas indicated on Llambias' map is 2.5 km SE of the rhyolite stock, the quebrada that 

branches south off the road between the Farallon Negro mine-site and Bajo de la 

Alumbrera, and which is followed to arrive at the rhyolite outcrops, is rnarked by a 

weathered sign labelled "Las Casitas" . 

La Chilca Andesire 

A series of andesitic intrusions are emplaced in an ellipticai pattern peripheral to 

the Alto de la Blenda Monzonite (described below). The purple-to-grey rocks consist of 

plagioclase and homblende phenocrysts in an aphanitic matrix and intrusions are 

commonly distinguished in the field by the characteristic incised weathering of the flow 

banding (Fig. 2-3 1). Variably-weathering bands on the scale of 10 - 20 cm are continuous 

along strike for several 10's of m. The orientation is generally conformable with that of 

the intrusive body, e.g.. elongated NW-SE in the largest body of La Chilca Andesite, in 

the southwest quadrant of the complex.. Homblende from an outcrop of the largest La 

Chilca Andesite stock yielded an age of 7.88 Ma. On the ba i s  of the similarities in the 

compositions of the La Chilca Andesite and the matrix of the brecha nzoradu (herein 

Proxintal Facies breccia flows), and the transitional contacts between the two rock units, 

Llambias (1970) concluded that they were genetically related and that the La ChiIca 



Figure 2-30. 

View to the east of basaltic dykes cutting the southwest 
margin of the Las Casifas Rhyolife stock. SampIe FAR 254 
was collected from the larger of the two dykes exposed in 
this view and yielded an age of 7.94 + 0.12 Ma. 





Figure 2-31. 

La Chilca Andesite. 

A. Characteristic flow-banding in the largest body of the La 
Chilca Andesite. View to the SW into the floor of the NW 
quadrant of Bajo la Chilca, taken from the ridge forming the 
northern margin of the bajo. 

B. Detail of above. Strong differential weathering is 
observed between the layers, although no changes in 
composition are evident. 





Andesite is the oldest intrusive m i t  in the cornplex and probably represents feeders to 

flows interbedded in the extrusive breccias. Further, the oval pattern defined overall by 

inmisions of this type led to the inference that their emplacement was controlled by the 

ring-fracture of a collapsed caldera Llambias (op. cil.) emphasized that the brechas 

morudas crop out predorninantly inside the lirnits of the proposed ring-fracture whereas 

brechas polimiciicas are located peripheraily. This interpretation is rejected herein The 

lateral transition from the brechas moradas to the brechas polimicticas represents the 

transition from Proximal to Medial Volcaniclas~ic Facies. No annular fracture patterns 

were observed in the field or in TM images and given the long intnisive history recorded 

at Farallon Negro, it is assumed that ring fractures would have channeiled successive 

intrusive phases rather than only one. Many of the La Chilca Andesite bodies were 

intruded in the NW-trending corridor described above, many exhibit NW-trending 

elongation and many of the bodies are aligned along a NW-trending axis. The intrusion 

of these bodies appears to conform to the same structural control as the majority of 

intnisive bodies at Farallon Negro and it is conciuded that the existence of a caldera ring- 

fracture is not supported. 

Agzrila Dykes 

The central portion of the Volcanic Complex is remarkable for the abundance of 

NW-trending dykes. These range from basalt to andesite in composition and are generally 

dark and aphanitic, attaining widths of up to 5 m. The highest concentration of the dykes 

is to the NW of Alto de la Blenda (see below). Llambias (1970) considered these units 



to be older than the Alto de la Blenda Monzonite stock because they are commonly 

truncated by the monzonite and only rarely are dykes observed intruding the rnonzonite. 

While these field relationships are supported by this author, a sarnple of andesite dyke 

(JC-30) collected by J-C. Caelles and A.H. Clark and dated in this study, yielded an age 

of 6.30 Ma, postdating the age of intrusion of the monzonite by a minimum of 0.7 Ma. 

A basaltic dyke from south of Alto de la Blenda gave an age of 7.94 Ma (Fig. 2-30). 

These data suggest that mafic dyke emplacement may have persisted, albeit intermittently, 

through much of the intrusive history at Farallh Negro. Thus, the intrusion of basaltic 

and andesitic dykes overlapped with the emplacement of the La Chilca Andesite, the Alto 

de la Blenda Monzonite and the Agua Tapada Dacite. 

The geographical term Aguila, from Quebrada Aguila, is suggested for this unit 

as this qzrebrada transects the region of greatest dyke concentration. The general term 

dyke is preferred as the unit ranges in composition from basalt to andesite. 

Alto de la Blenda Monronite 

The largest intrusive body at Farallon Negro comprises the Alto de la Blenda 

Monzonite stock and an associated, roughly radial, monzonite dyke swarm. It differs from 

the other intrusions in that it is the only unit that displays plutonic textures, i.e.. it is 

coarse and equigranular rather than porphyritic (Fig 2-32). This intrusion underlies the 

highest topography within the central portion of the Complex (2950 rn). The rocks are 

dark-grey or grey-green and comprise intergrown plagioclase, sanidine, quartz and 

pyroxene with lesser biotite and homblende. Llambias (1970) describes a textural 



Figure 2-32. 

Alto de la Blenda Monzonite. 

A. Photomicrograph in plane-polarized transmitted light to 
illustrate the plutonic, i-e., hypidiomorphic-granulas, texture 
of the monzonite. Equigranular intergrowths of plagioclase, 
sanidine and biotite with accessory oxides display trachytic 
texture in sample FAR 215, located dong the southern 
access road to Bajo de la Alumbrera, approximately 3 km 
east of the Farailon Negro mine-site. 

B. Cathodoluminescence (CL) photornicrograph of a second 
microscopie field of FAR 215 which dernonstrates the 
abundance of primary alkali feldspar (blue, Ti4' -induced CL 
response). Plagioclase exhibits a greenish-yellow, ~ e "  
andor ~ n "  -induced response (the intensity of the green 
has been enhanced during the photographie printing 
process). The distribution and abundance of yellow, MnZ+ - 
induced, fluorescing apatite is clearly revealed in CL. The 
dark patches are predominantly biotite which displays 
quenched luminescence resulting from the high Fe content, 
and Fe-Ti oxides which do not exhibit luminescence. 





transition to a finer-grained, porphyritic marginal facies in the Bajo las Pampitas area. 

Ages of 7.02 and 7.50 Ma were determined for two samples of this unit. 

Llambias (op. cil.) suggested that the monzonite was probably emplaced at 

approximately the same dtitude within the stratovolcano as the other stocks in the area. 

He attributed the plutonic texture of the monzonite to slow cooling, reflecting its larger 

size. It could, however, be argued that the Alto de la Blenda stock was intruded higher 

into the volcanic edifice and that erosion has exposed the deeper, phaneritic portion of the 

stock, whereas the other intrusive units attained lower levels in the volcano. 

Agira Tapada Dacite 

These units were termed "Quartz-andesites of Bajo de Agua T apada" by Llambias 

(1 970). The pale-grey rocks are composed of plagioclase, hornblende and biotite with rare 

quartz phenocrysts in an aphanitic matrix (Fig. 2-33). They were emplaced in the 

northeast portion of the NW-trending corridor and crop out as a series of small or 

medium-sized bodies between Bajo de Agua Tapada in the W and Bajo de la Alurnbrera 

and Bajo el Espanto in the SE. These porphyries are dominantly of dacitic composition 

and are commonly associated with mineralization. They range in age overall from 6.78 

Ma at Bajo de la Alumbrera to 7.39 Ma at Bajo de Agua Tapada. The intrusion of dacite 

porphyries at Bajo de Agua Tapada both predated and overlapped with that at Bajo de la 

Alumbrera. 

The geographic term proposed by Llarnbias (op. c i r )  is maintained, but these rocks 

have been classified as dacites on the basis of geochemical data obtained in this study. 



Figure 2-33. 

Agira Tapada Dacile. 

A. View to the NW illustrating the field characteristics of an 
Agua Tapada Dacite dyke (left-side of field), with chilled 
margins, which trmsects phyllically-altered breccias of the 
Medial Volcaniclnstic Facies in the NW quadrant of the 
Bajo de Agua Tapada prospect. 

B. Hand sample of FAR 238, from the centrai dacite 
intrusive body at Bajo de Agua Tapada, illustrating the 
typical porphyrytic texture of this unit. 





Macho Mzreno Dacite 

A second series of dacite porphyries crops out as stocks and dykes in the NW 

quadrant of the Complex and as irregular, but persistent, dykes in the SE quadrant. The 

largest such intrusion is located at Lomo Morada on the NW periphery of the Complex. 

A series of similar bodies, al1 elongated NW-SE, are aligned in a N W  direction with 

Loma Morada and are herein interpreted to have intruded dong the trace of a normal 

fault. These bodies decrease progressively in size to the southeast of Lomo Morada. A 

large body is also located in the Rio Seco de la Aguada. The units are pale-grey or buff 

and are characterized by phenocrysts of sanidine, attaining 10 cm in length in the Macho 

Muerto body, bi-pyramidal quartz, plagioclase and biotite in an aphanitic groundrnass. 

They commonly exhibit well-developed flow-banding (Fig. 2-34) and were interpreted as 

endogenous dornes by Llambias (1970) and Godeas (1971). Samples from this unit 

yielded ages of from 5.95 to 6.14 Ma. 

The geographical term proposed by Llambias (op. cil.) is accepted. On the basis 

of geochemical analyses cornpleted in this study, the rocks of this lithodeme may be 

classifred as dacite. 

Los Leones Rhyolite 

The youngest intrusive event observed at FaraIlon Negro is recorded by a restricted 

series of NW-trending rhyolite dykes which crop out to the south of the Farallon Negro 

mine-site. The rocks are pale-buff to violet with quartz, plagioclase, sanidine and rare 

chloritized biotite phenocrysts in an aphanitic matrix. The dykes intrude al1 other rock- 



Figure 2-34. 

Macho Mrerro Dacire. 

A. Field characteristics of the Macho Muerto Dacite 
intrusive body (pale unit in foreground). The fiow banding 
is faintly visible as variations in the colour from pale- to 
purple-grey. The hills in the background are underlain by 
flows and breccias of the Proximal Volcaniclasfic Facies. 
View to the West. 

B. Hand-sample (FAR 288) of crowded dacite porphyry 
frorn the peak of Loma Morada, located on the NW 
perimeter of the Main Farallon Negro Stratovolcano. Biotite 
frorn this sample returned an age of 6.14 Ma. 





types. No samples were dated in this study. 

Dykes of this type are encountered in Quebrada de los Leones, south of the 

Farallon Negro mine-site, and Los Leones is proposed as the geographicai qualifier for 

this lithoderne. 

vis vis 

Volcanic and intrusive bodies are encountered in the vicinity of Vis Vis, south of 

the Main Farallon Negro Stratovolcano, and are inferred to have been separated from the 

main volcanic outcrop by uplift along the San Buenaventura, Vallecito and Jaci-Yaco high 

-angle reverse faults (Fig. 2-1 1). The volcanic units consist predominantly of breccias of 

the Medial Vo/canicZastic Facies, identicai to those exposed in the southeast portion of 

the Main Farallon Negro Centre. Two sarnples analyzed in this study are of shoshonitic 

composition and yielded ages of 8.37 and 8.48 Ma 

To the west of the settlement of Vis Vis these units are intruded by a series of 

andesitic stocks (Fig. 2-35), one of which gave an age of 8.37 Ma. They are very similar 

in texture, composition and age to the Durazno Andcsite and are herein assigned to that 

lithoderne. Small monzonite and dacite porphyry bodies intrude basement rocks at Bajo 

de San Lucas and Bajo las Juntas (Fig. 2-1 1). Andesite dykes, with an age of 7.59 Ma, 

are observed at Bajo las Juntas, while the dacite porphyry at Bajo de San Lucas yielded 

an age of 7.35 M a  On the basis of petrological and geochronological data these units may 

be included, respectively, in the Aguila Dykes and Agua Tapada Dacite lithodemes. 

The intrusive units at Bajo de San Lucas and Bajo las Juntas are in alignment with 



Figure 2-35. 

Dzrruzno Andesites ar Vis Vis. 

A. Field characteristics of an intrusion of Durazno Andesite 
to the west of Vis Vis. A steep-walled andesite intrusion 
(centre) is emplaced in breccias of shoshonitic affrnity. The 
ridge on the horizon is the Sierra de Ovejeria and is 
underlain by units of the Suncho Formation. View to the 
norih. 

B. Hand-sample of above (FAR 297) illustrating the fine- 
grained porphyrytic texture typicaI of the Durazno Andesite 
unit. Plagiclase and hornblende are the dominant phenocryst 
phases that c m  be seen at this scale. Hornbtende from this 
sample yielded an age of 8.37 Ma. 





the SE extension of the NW-trending intrusive corridor of the Main Farallon Negro 

Stratovolcano. It is herein proposed that the volcanic and intrusive outcrops in the Vis Vis 

region do not represent a separate volcanic centre but rather the extensively dissected 

remnants of the southem continuation of the stratovolcano. 

Sierra Durazno 

Western Flanks of Sierra Durazno 

The Sierra Duramo has been uplifted and separated from the Main Farallon Negro 

Stratovolcano by movement dong an unnamed high-angle reverse fault which lies to the 

east of Bajo el Duramo. In the cliffs forming the western flank of the northern Sierra 

Duramo, red sediments of the El Morterito Formation are overlain by a pistachio-coloured 

basalt flow with large clinopyroxene phenocrysts in a fine-grained groundmass. The flow 

is itself overlain by a thick succession of volcaniclastic gravels of the Dis~a l  Facies 

(Punaschotter Formation). The southern Sierra Durazno is a structuraily complex zone 

exposing El Morterito sediments and andesitic breccias intruded by a series of basaltic 

dykes (Sierra Ditrazno Dykes) and a small stock of La Chiica Andesite. The structure and 

geology of this region were not resolved in the course of this study. The southern edge 

of the region is rnarked by a series of east-striking, south-side-down, normal faults which 

preserve a thick sequence of Medial Volcaniclasric Facies breccias in a graben. This 

structure was recognized on TM imagery only after the completion of field work and 

hence was not investigated in the field. 



Eastern Flanks of Sierra Durazno 

In the vicinity of the basement dome which forms the eastem flanks of the Sierra 

Duramo, northeast of the Cerro Atajo prospect (Fig. 2-1 1), the volcanic succession is 

relatively thin and consists of massive basalt and basaltic-andesite flows and an andesite 

tuff. The El Morterito Formation is overlain by a sequence of clinopyroxene-phyric 

basaltic flows to the southeast, and by an 8.41 Ma homblende-phyric basaltic-andesite 

flow to the north of the basement dome. The stratigraphic relationship of these units is 

unclear. An andesitic tuff interbedded with gravels of the Distal Volcaniclastic Facies 

which crops out on an escarprnent to the West of the basement dome yielded an age of 

8.75 M a  The relationships of the andesitic tuff to the above-mentioned flows were not 

resolved in the field. On the basis of TM image interpretation, it is suggested that a fault 

may trend NNE through the alluvium-filled valley at the base, and to the east, of the 

outcrop of andesitic tuff. Further structural mapping is required to resolve these 

stratigraphic relationships. No intrusive uniis were encountered in this region. 

The ages and geochemistry of the flows exposed in the Sierra Durazno are similar 

to those of units of the Farailon Negro Volcanic Cornplex. The abundance of dykes in the 

southem Sierra Durazno and the similarities between the dykes and the flow cropping out 

in the cliffs of the north-western Sierra Duramo suggest that the dykes rnay represent 

feeders for that extrusive event. The source of the flows and tuff observed in the eastern 

Sierra Duramo is uncertain. However, they rnay be related to an extrusive source in the 

south-western Sierra Durazno or even in the Main Farallon Negro Stratovolcano, because 

the low viscosity of the meIts of this composition would permit flow to considerable 



distances. Altematively, a yet mrecognized vent may have existed locaily. 

Cerro Atajo 

An 860 m -thick section of volcanic units is observed in the immediate vicinity 

of the Cerro Atajo prospect. They consist predominantly of andesitic pyroclastic breccias 

of the Medial Facies, with thin volcaniclastic layers, overlain by a thick succession of 

breccias (possibly of the Proxintal Volcaniclastic Facies). The Japanese International 

Cooperation Agency (1978) identified six stratigraphic units which comprise, from oldest 

to youngest: andesitic tuffaceous breccia; basalt flow; andesitic tuffaceous breccias with 

rare basalt and granite clasts; andesite tuffs; andesite pyroclastics; and andesite breccias. 

A basaltic-andesite dyke which intrudes the lower units of this sequence was dated in this 

study, yielding a whole-rock age of 8.15 Ma. 

The volcanic succession is intruded by dacite and rhyolite stocks. A large rhyolite 

body was empIaced in El Morterito sediments and overlying volcanics to the West  of 

Cerro Atajo and forms two large, white hills, Cerro Blanco (3367 m) to the south and 

Cerro Blanco Chico to the north (Fig. 2-36). The rock contains abundant quartz 

phenocrysts and minor sieve-textured plagioclase phenocrysts in a very fine-grained 

matrix. The age of intrusion is unknown. A body of dacite porphyry underlies the peak 

of Cerro Atajo. Phenocryst phases include quartz, sericitized feldspar and chloritized 

biotite in an altered quartzo-feldspathic matrix. 

It is herein argued, on the bais  of the chernical composition of the volcanic units 

in the area and the absence of intrusive units of sirnilar compositions which may have 



Figure 2-36. 

Rhyolite intrusions at Cerro Atajo. Cerro Blanco Chico 
(centre) and Cerro Blanco (left) are surrounded by blue-grey 
outcrops of breccias of the Farallh Negro Volcanic 
Complex. Bola del Atajo, underlain by granitic basement, 
forms the high ridge to the right. The distant horizon is 
defined by basement uplifts of the Sierra de Ovejeria View 
to the SW from the summit of Cerro Atajo. 





acted as conduits or feeders, that Cerro Atajo does not represent a major extrusive centre. 

The predominantly pyroclastic nature of the volcanic units suggests that these represent 

the Medial Volcaniclastic facies, albeit distai, of either the Farailon Negro Stratovolcano 

or some yet unrecognized extrusive centre. 

Capiiiiias 

Volcanic breccias of the Medial Volcaniclastic Facies crop out in the Capillitas 

vailey, south and southeast of the Capillitas Mine (Fig. 2-1 1). These conformably overlie 

the El Morterito Formation but are in fault contact with basement granites along their 

south-eastem margin. A series of isolated outcrops of a dacite porphyry flow with large 

biotite phenocrysts occur along the Agua Rica access road. The dacite porphyry is 

interpreted to overlie the breccias. Biotite from the dacite 80w y ielded an age of 9.17 Ma. 

The geology of the Capillitas deposit is presented in more detail in Chapter 3, but here 

i t  should be emphasized that the relationship between the volcanic units and the Capillitas 

diatreme is unclear: a projection of the sediment-volcanic contact, extrapolated from its 

exposure south of Capillitas, would lie approximately 1500 m above the present surface 

of the diatreme. The vertical dimensions of diatremes are inferred to be several tirnes 

greater than their maximum widths and, while the full vertical extent of a pipe is nowhere 

observable, vertical dimensions of up to 860 m are observed (Sillitoe, 1985). It is 

therefore tentatively concluded that is unlikely that the Capillitas diatreme intersected the 

volcanic succession observed in the area. A dacite porphyry dyke which cuts the rhyolitic 

diatreme yieided an age of 5.16 Ma, and emplacement of the diatreme must have predated 



this. 

Agua Rica 

The geoiogy of the Agua Rica deposit is described in detail in Chapter 3. No 

volcanic units are observed, but it is inferred that limited extrusive sequences may have 

overlain the prospect. Intrusive units at Agua Rica include an 8.56 Ma monzonite, a senes 

of undated andesite porphynes associated with mineralization and a post-mineralization 

biotite porphyry. The ages of these units are in broad agreement with those of the Farailon 

Negro Volcanic Complex, but it is inferred that they represent a separate, and probably 

less voluminous, volcano-intrusive centre. 

Synth ais 

A summary diagram ihstrating the locations and stratigraphie relationships of 

dated volcanic samptes from the Main Farallon Negro Volcanic Complex is presented as 

figure 2-37. A large stratovolcano with a possible vent in the vicinity of Alto de la 

Blenda, as proposed by Llambias (1972), generated flows and breccias which 

encompassed the area of present exposure and probabiy extended south to the Vis Vis 

area and, possibly, east as far as Cerro Atajo and even Capillitas. That a subsidiary 

extrusive centre may have existed in the south-western Sierra Duramo is implied by the 

abundance of dykes in the area. Altematively, the generally older ages of the flows distant 

from the Main Farallh Negro Stratovolcano, e.g., the 9.17 Ma dacite in the Capillitas 

Valiey, the 8.75 Ma andesite tuff and the 8.41 Ma basaltic andesite in the eastem Sierra 



Figure 2-37. 

Schematic diagram of the locations and stratigraphie 
relationships of volcanic rocks of the Farallon Negro 
Volcanic Cornplex dated in this study. A. Arroyo 
Alumbrera, B. Quebrada de los Leones, C. northem portion 
of the Main Farallon Negro Stratovolcano, D. Quebrada de 
Pozos Verde, E. north of Bola del Atajo, F. eastem Sierra 
Duramo, G. eastern Sierra Duramo, H. Capillitas Valley, 1. 
West of Vis Vis. 
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Duramo and the 8.59 Ma basaltic flow north of Bola Del Atajo, may imply that extrusion 

occurred from severai discrete centres early in the volcanic history of the region. This 

would have included eruption of the 12.56 Ma basaltic-andesitic flow in the Arroyo 

Alumbrera. S uch possible precursor volcanic units were subsequently covered by the large 

stratocone construction event centred on Alto de ta Blenda, involving almost continuous 

eruption from 8.51 to 7.49 Ma and minor extrusion of pyroclastics until as late as 6.72 

Ma. 



CHAPTER 3 

MINERALIZATION ASSOCLATED WITH THE 
FARALLON NEGRO VOLCANIC COMPLEX 

During the past several years it has become apparent that the Fardon Negro 

Volcanic Complex is host to one, and possibly two, world-class deposits. The Bajo de la 

Alumbrera porphyry copper-gold deposit (752 Mt at 0.51% Cu and 0.65 g/t Au at 0.2% 

Cu cutoff: Northern Miner, June 26, 1995), scheduled to begin production in August, 

1997, may be classified as a "giant" deposit in the sense of Clark (1993). The nearby 

Agua Rica Cu-Au-Mo prospect (802 Mt at 0.61% Cu, 0.035% Mo and 0.24 gh Au at 

0.4% Cu cutoff: J. Mortimer, pers. cornrn., July, 1997) rnay represent Argentina's first 

"super-giant". These deposits, along with producing mines at Capillitas (rhodochrosite, but 

with historical Cu production) and Farallon Negro-Alto de la Blenda (Au-Ag), and 

numerous porphyry Cu-Au and epithermal Au-Ag prospects, are evidence of the 

remarkable endowrnent of base- and precious-metal deposits of this restricred geographical 

region. 

This chapter addresses aspects of the ore-genesis and metallogenesis of Cu and Au 

in the Central Andes and, specifically, in the 26" to 28" S transect of Chile and Argentina. 

The Bajo de la Alumbrera and Agua Rica deposits are described because they are the 

most important deposits under developrnent in the area. The Capillitas and Farallon Negro 

- Alto de la Blenda epithermal deposits are also docurnented because they are the only 

deposits currently in production in the district. The salient characteristics of deposits 

hosted by, and associated with, the Farallon Negro Volcanic Complex are recorded to 



develop a mode1 for the porphyry Cu-Au deposits of this district. The relationship 

between porphyry Cu-Au and epithermal Au-Ag mineralization is d s o  considered. 

Review of Metallogenetic Concepts 

Metallogen es&: Background 

Geologists have long been concemed with the practical and scientific question, 

"Why is ore where it is?". Beginning in the first half of the 19th century, this enquiry led 

to the evolution of the metallogenetic approach to the study of minera1 deposits. Zentilli 

(1974) provides a comprehensive review of the historicai evolution of metallogenetic 

thought. Significant advances have been made in recent years in the investigation of 

conditions goveming ore deposit formation, and the recognition of the association of 

mineralization with specific geological environments and time intervals has generated 

models for the exploration for deposits. However, fundamental questions regarding the 

source of ore metals and the genetic controls on their concentration and distribution 

remain unanswered. 

Metallogen esis: Termin ology 

The study of metallogenesis is rendered confusing by the lack, not only of precise 

definitions, but also of accepted usage of terms. AIthough metaltogenetic analysis seems 

to be largely an exercise in geographic delimitation, it can be conducted using two 

governing parameters: the age of mineralization and the rnetal association. Table 3-1 

presents a series of forma1 definitions for metallogenesis-related terms. A hierarchy of 



Table 3-1. 

Definitions of metallogenesis-related terms 
(after A.G.I., 1987). 



kG.L DEFINITION 
1987 

Metallogeny The study of the genesis of minerai deposits, 
with emphasis on their relationship in space 
and time to regional petrographic and tectonic 
features of the Earth's cnist. The term ha k e n  
used for both rnetallic and non-metallic rnineral 
deposits. 

Metallogenic Epoch A unit of geologic time favourable for the 
deposition of ores, or characterized by a 
particular assemblage of minera1 deposits. 

Metailogenic Province An area characterized by a particular 
assemblage of rnineral deposits, or by one or 
more characteristic types of mineralization. A 
metallogenic province may have had more 
than one episode of mineralization (or 
metallogenic epoch). 

A term used in metaIlogenic studies for any 
geologic feature (tectonic, lithologic, 
geochernicai, etc.) considered to have 
infiuenced the concentration of elements to 
form mineral deposits; an ore control but 
without the implication of economic value. 

Note: Metallogenic = Metallogenetic; Metallogeny = Metallogenesis. 



these terms may be deduced from the literature, as may be an understanding of several 

poorly-defined but commonly used informal terms (e.g.. rnetallogenetic sub-province and 

belt). Sillitoe (1976) provides the most concise outline of the practical usage of these 

terms. Thus, the largest areal domain is that of metallogenetic province. The whole 

Andean orogen is treated as a post-Paleozoic metallogenetic province. Each metdlogenetic 

province results from the temporal superimposition of metallogenefic epochs (De Launay, 

1913). In Sillitoe's hierarchy, the metallogenetic epochs appear to be divisible into 

nietallogenetic siib-provinces; this would, however, contradict the spirit of De Launay's 

work in which the metallogenetic sub-provinces may, and commonly do, transgress 

metaIlogenetic epochs. The introduction of the term nietallogenetic episode, after the 

usage of Clark et al. (I976), rnay provide a more useful temporal subdivision of a 

metallogenetic epoch, maintaining De Launay's (op. cil.) perspective. Sillitoe (1976) 

further introduces the concept of nietallogenelic belts as intermediaiy entities between 

rnetallogenetic provinces and metaIlogenetic sub-provinces. A metallogenetic belt is 

defined (op. cit.), within the context of the Andean orogen, as a longitudinal zone 

identified on the basis of metal content. With greater knowledge of the age relationships 

of a belt or series of belts, they may be subdivided into smaller magmatic-metallogenic 

units formed during restricted episodes of rnagmatic activity, termed rnetallogenetic sub- 

provinces. However, this definition appears to combine the concepts of timing and metal 

association, thus blurnng the distinction between provincial, i.e., areal, and epochal 

parameters. The additional implication of a magmatic origin provides funher potential for 

confusion (and mis-use). Clark and Zentilli (1972) appear to maintain this distinction by 



referring to discrete longitudinal metallogenetic sub-provinces, each of which evolved 

within a specific metallogenetic epoch. However, this also does not allow for the 

transgression of epochs by sub-provinces as suggested by De Launay (1913). 

Ternis used in the following discussion will adhere to the definitions provided in 

Table 3- 1. In addition, metallogenetic episode is used in the place of merallogenefie epoch 

to provide greater breadth in the scale of the temporal divisions. The term metallogenetic 

sirb-province is redefined, within the context of Centrai Andean metallogenesis, to 

represent a definable ennchment of ore deposits within a geographic area which 

transgresses metallogenetic epochs. It is suggested that this hierarchy can be further 

extended to include metallogenetic districts (metallogenetic centres of Zentilli, 1 974), 

which refer to a series of, possibly genetically-related, deposits of similar metal 

association located within a restricted geographic region (e.g.. the Farallon Negro 

metallogenetic district). 

Cu and Au Mefailogenesis of file 260 to 28" S Transecf of the Central Andes 

The Central Andes exhibit one of the greatest endowments of metal deposits in the 

world and it is generally accepted that they constitute the type-area for the study of 

metallogenesis dong a convergent plate boundary. The broad metallogenetic relationships 

of the Central Andes have been well established (Stoll, 1964, 2965; Clark and Zentilli, 

1972; Clark et al., 1973, 1976, 1990; Sillitoe, 1976, 1981, 1988, 1991, 1992). Ail 

discussions of Andean metallogeny eventually lead to the metal tin (e-g., Clark el al., 

1976; Sillitoe, 1976), the Bolivian Sn belt representing a geographically clearly delimited 



gross anomaly (Clark et al., operu cir) ,  which must hold the key to the Andean 

metallogenetic puzzle. However, a discussion of Sn metallogenesis as related to the 

Andean orogen is beyond the scope of this thesis. 

Previous Work 

In a study of the 26" - 29" S transect of northem Chile, Zentilli (1974) identified 

the transect as a segment of a large copper "metalliferous" province (as defined by Spurr, 

1902). The adjoining region of NW Argentina was interpreted as the easteriy extension 

of the major Cu (metallogenetic) province of Chile, with the difference that, in Argentina, 

it is represented by areally-discrete metallogenetic "centres". Zentilli (op. c i r )  and Haynes 

(1975) remarked on the scarcity of pre-Mesozoic, i.e., pre-Andean, mineralization in 

Chile, whereas the Mesozoic and Cenozoic rocks of the Andean orogen are rich in 

metallic ore deposits which are generally related spatially and genetically to shaliow- 

seated plutonism. Thus, Andean magmatism appears to be the first-order control for 

copper mineralization - the regional njerallofecf (see Table 3-  1). Cu rnineralization formed 

during successive, discrete, metallogenetic episodes and becomes progressively younger 

from West to east, giving rise to a series of longitudinal belts or metallogenetic sub- 

provinces. 00th Zentilli and Haynes (opera cil.) concluded that, in this transect, Cu had 

been concentrated to economic leveis in al1 metallogenetic episodes from Early Jurassic 

to Neogene times, invariably in association with granitoid intrusions or associated 

hypabyssal units. They inferred that magmas and metals shared a similar source. The 

copper specialization of the transect also suggested a rather homogeneous source (see 



also: Clark et al.. 1976; Tilton et al., 1981) and a remarkable consistency in the 

conditions of magma generation. 

This concept of the migration of the locus of base and precious metal ore 

deposition with plutonic and volcanic centres to yield a series of narrow and areally- 

discrete longitudinal metallogenetic sub-provinces had previously been advanced by Clark 

and Zentilli (1972) and Ciark el. al. (1973). This orderly progression terminated abruptly 

in the Oligocene, being replaced by the Miocene "break-out" (operu cil.), envisaged as 

an almost-instantaneous extension of magmatic activity up to 250 km to the east of the 

former inner boundary of the orogen, penetrating to approximately 500 km from the Peru- 

Chile Trench. This "break-out" (tectonic perspectives would probably favour "break-in") 

is of major metallogenetic significance, having given rise to intense ore formation in 

Argentins, including the deposits of the Farailon Negro district. 

Sillitoe (1 976) also recognized the spatial, temporal and genetic relationship 

between Andean deposits and intrusive and extrusive rocks of calc-alkaline affinity. 

However, he remarked on the termination or change in characteristics of the longitudinal 

metallogenetic belts at transverse tectonic boundaries. Clark et al. (1 973) also emphasized 

the existence of a significant discontinuity in the now-descending plate at 27" S and 

suggested that it may have been initiated during the Mio-Pliocene "break-out". Zentilli 

(1 974) moreover proposed that the conditions of magma generation north and south of 27" 

S may have been consistently different since the Paleozoic and Sillitoe (1976) concluded 

that the tectonic segmentation of the metallogenetic sub-provinces resuited from long- 

standing discontinuities on the underiying subduction zone. The metallogenesis of each 



tectonic segment has its own peculiarities, aithough an overall consistency in 

metallogenetic zonation from segment to segment is apparent. Sillitoe (op. cir) further 

advanced the important concept that the boundarïes between metallogenetic segments may 

control the location of certain large ore deposits. 

The specific metallogenetic relationships of gold in the Central Andes were 

redefined during the late-1970's and 1980's by the discovery of the Mancunga and El 

Indio belts in northem Chile, although Zentilli (1974) and Clark er al. (1976) had earlier 

emphasized the probability that Au mineraiization may have occurred across the entire 26" 

- 27" S transect and in ail metallogenetic episodes, in contradistinction to Sillitoe's (1972) 

confinement of this metal largely to a belt close to the littoral. Haynes (1975) defines a 

metallogenetic zonation of deposit types in the Copiapo region which are largely 

dominated by Cu and Au. Sillitoe (1991, 1992) identifies three preeminent Cu and Au 

metallogenetic epochs for the Central Andes as a whole (Fig. 3-1) i . :  lurassic-to- 

Cretaceous, copper-dominated deposits, some with associated Au; Paleocene-to-early 

Oligocene, copper-dominated deposits; and Cu and Au deposits of Early Miocene-to- 

Pliocene age. 

This Study 

1 concur with the above-mentioned authors that the Farailon Negro metallogenetic 

district was formed during the Miocene-Pliocene metallogenetic episode and forms part 

of the Andean metallogenetic province. I also agree that an E-W "line" at approximately 

27" S represents a metallogenetic discontinuity. However, 1 would funher argue that this 



Figure 3-1. 

Distribution of significant Cu-Au deposits of the Central 
Andes (after Sillitoe 1991, 1992). Illustrated are the 
principal Au deposits, porphyry Cu deposits in Chile and 
contiguous Argentina and Bolivia and the metallogenetic 
belts delimited by Sillitoe (opera cil.). 
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discontinuity marks the northem boundary of a signifiant metallogenetic sub-province 

(Fig. 3-2) that has experienced not only strong recunent Cu mineralization but also that 

of Au since the late-Mesozoic. Sillitoe's (1976) observation that the "tectonic" 

discontinuities may control the location of large deposits is substantiated dong this 

boundary by the presence of La Candelaria (Lower Cretaceous), El Salvador - Potrerillos 

(upper Eocene-lower Oligocene), La Coipa (upper Oligocene-Lower Miocene) and Bajo 

de la Alumbrera (Upper Miocene), al1 of which are world-class deposits or districts. 

Sillitoe's (1 99 1, 1992) metallogenetic belts (defined by metdlogenetic epochs) continue 

south of this boundary but their character changes from Cu- to Cu-Au- dominated 

assemblages. 

The Jurassic-Cretaceous metallogenetic episode is represented by the Cu-Au 

deposits of La Candelaria and the contiguous Punta del Cobre district which together host 

approximately 650 Mt of at least 1% Cu (A.H. Clark, pers. comm., 1997). La Candelaria 

is a mid-Cretaceous veinlet-, disseminated- and breccia-hosted hydrothermal deposit with 

grades of 1.1% Cu and 0.26 g/t Au (Ryan et al., 1995). The Carrizal Alto district which 

was a major Cu-producing centre in the latter half of the 19th century (Ruiz and Peebles, 

1988) is also included in this episode. The Paleocene-early Oligocene metallogenetic 

episode is represented by the El Salvador and Potrerillos porphyry deposits. Whereas most 

Chilean porphyry Cu deposits of this episode are noticeably impoverished in Au, El 

Salvador (479 Mt at 0.7 - 1.1 2 % Cu, 0.14 - 1 .O7 g/t Au, 1.8 g/t Ag: Colley et al., 1988) 

and Potrerillos (278 Mt at 1.1 - 1.2 % Cu, 0.3 - 1.25 g/t Au: Colley et al., op. cit.) are 

Au-rich. Further, the El Hueso high-sulphidation epithermal deposit (16 Mt at 1.68 - 7.71 



Figure 3-2. 

Proposed Cu-Au metallogenetic sub-province in northem 
Chile and Argentina. 
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g/t Au: Colley et al., op. cit.) is interpreted to be pari of a cogenetic, epithermai-to- 

porphyry, hydrotherrnal system centred on the Cobre porphyry stock at Potrerillos. n i e  

Early Miocene-Pliocene metallogenetic episode is represented by the porphyry Au deposits 

of the Maricunga belt (Vila and Sillitoe, 1991). These deposits are remarkably Cu-poor 

and the district as a whole has generally been interpreted to be lacking in significant Cu 

minerdization. However, recent reports of 2.2 Mt of Cu and 24 million oz. of Au at the 

Aldebaran deposit (Berna Gold Corp., April 7, 1997, press release), place this deposit in 

the "very large" category (Clark, 1993), and the occurrence of massive enargite veins at 

depth in the La Coipa high-sulphidation epithermal Ag-Au deposit, now the second largest 

source of Ag globally, suggests that this region has the potential to host significant Cu 

mineralization. The Early Miocene-Pliocene epoch may be extended eastward to 

encornpass the deposits of the Farallon Negro district. 

1 propose herein that the southern boundary of this Cu-Ait metulfogenefic strb- 

province lies at approximately 30' S. This boundary is marked by Andacollo, a Lower 

Cretaceous gold-bearing porphyry Cu-Mo deposit (440 Mt at 0.7 % Cu, 0.25 g/t Au: 

Reyes, 1 99 1 ), with peripheral vein and stratabound, contact metasomatic gold 

mineralization, and the Upper Miocene gold deposits (with up to 4.5 % Cu: Sillitoe, 199 1) 

of the El Indio belt (Fig. 3-2). The extension of this southem boundary into Argentina is 

tenuous because no deposits of economic significance have been discovered to date in the 

region. However, to the north of the boundary is located the Famatina mining district, 

which includes the Pliocene Nevados del Farnatina porphyry Cu-Mo-Au deposit (300 Mt 

at 0.37 % Cu, 0.3 g/t Au, 0.06 % Mo, 0.6 g/t Ag: Losada-Calderon and McPhail, 1996) 



and the La Mejicana high-sulphidation epithermai Cu-Au deposit (0.25 Mt at 6.1 1 g/t Au, 

64.1 g/t Ag, 1.08 % Cu: op. cir.), together representing the most important copper mining 

district in Argentina in the early-20th century. Moreover, to the south, Au-skarn deposits, 

i.e.. Gualcamayo and Guaiilan, of inferred Miocene age and with historic production are 

located in San Juan Province (Casaceli, 1993 b). 

No other region of the Centra1 Andes appears to be as enriched in Au as this 

transect, with the possible exception of the Cajamarca-Ancash transect of northem Pem. 

Thus, Eocene and older porphyry Cu deposits north of the northem boundary of the 

proposed sub-province are remarkably poor in Au (Zweng and Clark, 1995; Clark et al., 

1990), as are the Miocene-Pliocene porphyry Cu deposits that lie beyond the southern 

border. Gold deposits are known elsewhere in Chile (see Davidson and Mpodozis, 1991). 

but they either represent isolated occurrences, possibly defining metallogenetic districts 

of insufficient geographic extent to constitute sub-provinces, or are relatively srnall. 

It is therefore argued that Chile and Andean Argentina between roughly 27" and 

30" S hosts a definable, world-class, concentration of Cu and Au deposits and constitutes 

a Ctr-Air rnerallogenefic sub-province as defined previously. This concept was adumbrated 

in figure 1 of Gemuts et al. (1992). Although there is an apparent lack of signifiant Au 

and Cu deposits between the well-dernarcated northem and southem boundaries (e.g., over 

approximately 1' of latitude between the currently-defined limits of the Maricunga and 

El Indio belts), it is suggested that ongoing exploration in the cordiliera will continue to 

extend the borders of the Maricunga belt southward (e.g.. the Caserones prospect: 

Davidson and Mpodozis, 199 1; the Nemesis prospect: J. Piekenbrock, pers. comm., 1994), 



and the El Indio belt may persist to the north (e-g.. the El Encierro exploration property: 

Barrick Gold, 1994). The eastward extension of the sub-province into Argentina is poorly 

constrained south of the Farailon Negro district due in part to the underexploration of that 

country, but it is argued that the limits of the sub-province wouId embrace the Nevados 

del Famatina Cu-Au district in La Rioja province. lncreased exploration may uncover new 

deposits which will provide closer constraints on the locations of the eastem and southern 

boundaries in Argentina. 

The definition of this Cu-Au sub-province posits the metallogenetic question of 

why this area is enriched, particularly in Au, relative to other transects of the Central 

Andes. In several papers, Clark (e-g., 1993, 1995) stresses the diffrculty of separating ore- 

genetic from metallogenetic observations and arguments. However, the presence of a great 

number of "giant" porphyry copper deposits in the Andes, with no apparent systematic 

anatomical differences between giant and smaller deposits, implies an inherent 

metallogenetic, rather than ore-genetic control. Clark (opera tir.) concluded that these 

porphyries not only had access to considerably greater volumes of metalliferous 

hydrothermal fluids than porphyries in other environrnents (e.g., North America) but that 

the fluids were more Cu-rich. It could thus be argued that Au foHows Cu, that this 

transect represents a fundamental enrichment in Au, and therefore that any ore-forming 

process operating in this region will generate deposits that will be inherently enriched in 

Au unless deposi tional environments are unsatisfactory . 



Mineral Deposits of the Farallh Negro Volcanic Cornplex 

The 700 km2 region encompassing the FardIbn Negro Volcanic Cornplex and 

associated outlying intrusive centres represents the locus of the greatest metal endowment 

currently recognized in Argentina (Fig. 3-3). It is host to two world-class deposits (Bajo 

de la Alumbrera and Agua Rica), two producing mines (Capillitas and Farallon Negro - 

Alto de la Blenda), five additional porphyry Cu-Au prospects (Bajo de Agua Tapada, Bajo 

el Durazno, Bajo de San Lucas, Bajo las Juntas and Bajo las Pampitas) and an epithemal 

Au-Ag prospect (Cerro Atajo). 

The most important deposits in the region, Bajo de la Alumbrera and Agua Rica, 

and the producing vein systems are descnbed in this chapter. Descriptions of the other 

prospects mentioned above are provided in Appendix A; in addition, several minor 

intrusive and/or aiteration centres that have been proposed in the literature as exploration 

targets but which exhibit little or no alteration-mineralization, are documented for the sake 

of completeness. The salient characteristics of the legitimate prospects are surnmarized, 

followed by the development of a mode1 for the porphyry Cu-Au deposits of the district. 

New laser microprobe 4 0 ~ d 9 ~ r  ages determined during this investigation are recorded in 

the deposit descriptions. A detailed treatment of the laser microprobe 'OA~/~'A~ dating 

method and the age relationships of the igneous and alteration-mineralization history of 

the Farallon Negro Volcanic Complex is provided in Chapter 5. 



Bajo de la Alumbrera 

Location and Access 

The Bajo de la Alumbrera deposit is centrally located within the Farallon Negro 

Volcanic Complex (Fig. 3-3). It may be reached by two grave1 roads: a south branch off 

the main Farallon Negro - Nacimientos access road traverses the Alumbrera plant facilities 

before entering the deposit from the north, while an 8 km road from the FaralMn Negro 

tom-site Ieads to the SW corner of the deposit. The deposit underlies a broad, bowl- 

shaped depression (Fig. 3-4), approximately 1.9 km and 1.2 km in NE-SW and NW-SE 

dimensions respectively. The floor of the depression is at approximately 2,600 m a.s.1. and 

the surrounding ndges attain elevations of 2,800 to 2,900 m a d .  Such depressions are 

locally known as "bajos", and similar topographic features occur at several other porphyry 

prospects in the district. 

Previous Research - Discovery History 

A detailed chronicle of the discovery and history of ownership of the Bajo de la 

Alumbrera deposit is provided by Guilbert (1995). The deposit was discovered in 1949 

during regional reconnaissance mapping by G. Cecione. Geochemical sampling in 1963 

and 1968 by A.M. Mazetti and R. Sisters defined Bajo de la Alumbrera as a disseminated 

porphyry Cu prospect and resulted in the completion of four shallow drill-holes. J.C. 

Caelles and A.H. Clark in 1969 identified the association of hydrothermal biotite and 

magnetite at the core of the deposit (unpubl. data). The prospect was visited by R. Sillitoe 

in 1973 for the United Nations Development Program Plan NorOeste Argentina (UNDP 



Figure 3-3. 

Location map of deposits and prospects hosted in and 
associated with the Farailon Negro Volcanic Cornplex. 
Locations of the mineralized centres are plotted on an 

overlay on a 7,4,1 TM image (path 231, row 79, August 
26, 1986) of the region. 





Figure 3-4. 

Bajo de fa Almbrera 

A. View to the north of the bajo illustrating its bowl-shaped 
morphology. The two conicai dark hills in the centre of the 
bajo (centre of field) are underlain by quartz - rnagnetite 
and potassic aiteration zones (see figure 3-6). They are 
surrounded by the more subdued (pale-coloured) topography 
of the phyllic alteration zone. Propylitic alteration extends 
into the hills rimming the bajo. Arroyo Alzrnrbrera is located 
in the incised valley on the far northem edge of die bajo. 
Photo taken in 1993 from one of the high ridges located 
between Bajo de la Alumbrera and Bajo el Espanto. 

B. View to the east from the hills of the WSW rim. The two 
brown, conical hills, left of centre, middle-ground, are Cerro 
Colorado Norte (on the left) and Cerro Colorado Sur (to the 
right). They are broadly underlain by quartz-magnetite and 
potassic alteration zones, and represent the high grade core 
of the deposit which will be mined early in the production 
history. The arcuate ridge of bleached hills in the foreground 
is underlain by the Los Amarillos porphyry stock (see figure 
5). Photo taken in 1993. 





Plan NOA 1). Sillitoe (1973) was the first to document the importance of the potassic 

aiteration assemblage at Bajo de la Alumbrera and produced the first detailed geological 

and alteration maps of the prospect. Furdier geological mapping was conducted by O. E. 

Gonzalez in 1975 and by Bassi and Rochefort in 1980. The first comprehensive, readily 

available, study of the deposit is that of Stults (1985). His maps, lithologicd descriptions, 

fluid inclusion microthermometry, quantitative alteration plots and geological observations 

constitute the basis for an understanding of the nature of minerakation. The results of 

this investigation, along with those of ongoing research under the supervision of J.M. 

Guilbert at the University of Arizona, form the basis of the latter's 1995 publication. 

In Januaxy, 1992, International Musto Exploration Ltd., a Canadian junior 

company, negotiated an acquisition agreement with Yacimientos Mineros de Agua de 

Dionisio (Y.M.A.D., a state agency with participation by the Province of Catamarca, the 

National University of Tucumin and the National Government). Geologists employed by 

International Musto remapped the deposit (Indri and Carrizo, 1992) and proposed a 

classification of the hypabyssal units (Plaza, 1993) which has confused al1 subsequent 

workers (see below). In Februaiy, 1994, a 50 - 50 joint venture agreement between 

International Musto and Mount Isa Mines Holdings Ltd. (M.LM.) was negotiated to 

develop the deposit. Minera Alumbrera Ltd. was created to oversee the operation of the 

joint venture. J.M. Proffett (unpublished reports) has completed the rnost detailed field 

study of the basic geological and alteration-mineralization relationships at Bajo de Ia 

Alumbrera. Detailed mapping at 1 :2,000 scale dunng 1994 and 1995 generated a well 

constrained, logical nomenclature for geological units and a field-based chronology of the 



intrusive units and alteration-mineralization facies, and also clarified the role of faulting 

in the evolution of the deposit. The results of this work are presented in two private 

reports to Minera Alumbrera Ltd. (Proffett, 1994, 1995). In mid- 1995, International Musto 

Exploration Ltd. sold its 50% interest in Bajo de la Alumbrera to Rio Algom and North 

Ltd. 

Susan Dawson Cook is compfeting a University of Arizona M.S. thesis on the 

rnineralogy and distribution of gold in the ores and Thomas Ullrich, under the supervision 

of Chnstoph Heinrich, is completing a detailed study of the alteration rnineralogy and 

chemistry at U.T.H. Zurich. 1 am aware of no published results from these studies. 

Geological Relationships 

The broad geological relationships at Bajo de la Alumbrera are relatively 

uncomplicated. Alteration-mineralization was intimately associated with the intrusion of 

hypabyssal bodies of porphyritic dacite into the volcanic strata of the Farail6n Negro 

Volcanic CompIex. The general characteristics of the volcanic rocks have been discussed 

previously (Chapter 2). A comprehensive discussion of the nature of the extrusive units 

in the immediate vicinity of the Bajo de la Alumbrera deposit is provided by Stults 

(1985), while Proffett (1994, 1995) has mapped a 500 m section in the hills north and 

northeast of the deposit. This section incorporates the oldest-dated unit at Farallon Negro, 

a 12.6 Ma homblende-phyric basal tic-andesi te from the Arroyo Alumbrera Andesi te 

(Lower Andesite Unit of Proffett, opera cil.). 



Nomenclature of Porphyries 

The nomenclature employed to describe the intrusive units at Bajo de la Alurnbrera 

has evolved during the course of this study. Bassi and Rochefort (1980) identified 

multiple stages of dacitic intrusion but did not map separate units. Stults (1985), Plan 

(1993) and Proffett (1994, 1995) al1 recognized multiple phases of porphyritic dacite and 

developed systems for their classification. The terminologies presented by Stults (1985) 

and Proffett (1994,1995) are logically based on the abundance and composition of 

phenocrysts and are quite similar. with the more detailed mapping of Proffett identifying 

subtle differences in the units recognized by Stults. Their schemes are presented in Table 

3-2. 

Plaza (1993) recognized four dacite porphyry units which he terrned "Pl " through 

"P4", from oldest to youngest. However, this classification appears to have been based 

more on aiteration assemblage rather than on igneous composition. Thus, much of his 

"Pl" (pre-mineraiization porphyry) reflects strong sericitic alteration, and volcanic units 

are also included. "P2" and "P3" appear to be distinguished largely on the basis of 

magnetite content: porphyry with abundant magnetite alteration and with K-feldspar and 

quartz veining was generally mapped as "P2", and that with little or no magnetite 

alteration as "P3". Post-mineralization porphyry dykes were mapped as "P4" and represent 

the only rock-type recognized in the Stults and Proffett nomenclatures. Because of the 

confusion generated by this classification scheme, no atternpt is made to reconcile it with 

those of Stults or Proffett, and it is strongly suggested that its use be terrninated. 



Table 3-2. 

Subdivision of intrusive bodies at Bajo de la Alumbrera 
(after Stults, (1985) and Proffett, (1995)). 



Northwest Porphyry Dykes 
and Late Porphyries 

North Porphyry 

- - - -- - -- - - 

PROFFETT (1995) 

Post-Mineral Porp hyries 

Main Dacite Porphyry Stock 

STULTS (1985) 

Late Dacite Porphyxy Dykes 

Camparniento Porphyry 
Quartz-Eye Porphyxy 
Early P3 Porphyry 
Colorado Norte Pop hyry 

Northeast Porphyry Dyke 

Main-Stage Dacite Porphyry 

I Los Amarilios Porphyry Stock Pre-Main Stage Dacite Porphyry 



Intrusive Units 

Figure 3-5 presents Stuits' (1985) geological map of Bajo de la Alumbrera, 

reinterpreted using the updated nomenclature of Proffett (1995). 

The Los Amarillos Porphyry stock underlies the bleached arcuate ridge located in 

the northwest and west quadrants of the bajo (Fig. 3-4, foreground). Phyllic alteration 

associated with the Main Dacite Porphyry Stock destroyed the primary mineralogy and 

texture of this fine-grained unit, which exhibits relict quartz phenocrysts in a quartz- 

sericite-chlorite groundmass. Primary feldspar and biotite phenocryst outlines are rarely 

observed in thin-section (Stults, 1985). 

The Main Dacite Porphyry Stock underlies the central area of the bajo in the 

vicinity of Cerros Colorado Norte and Colorado Sur, and to the west and southwest of 

those hills (Figs. 3-4 and 3-5). It is a stock-like mass rhat is mineraiized with weak to 

intense potassic alteration, quartz veinlets, and copper mineralization. It was further 

subdivided by Proffett (1995) into four units (Table 3 - t ) ,  viz. Colorado Norte Porphyry, 

Early P3 Porphyry, Quartz-Eye Porphyry and Carnparniento Porphyry, on the ba i s  of 

cross-cutting relationships recorded primarily by truncation of alteration veinlets at 

contacts. Proffett (op. cit.) concluded that the truncation of alteration facies by later 

intrusive pulses which are themselves altered suggests that concomitant aiteration- 

mineralization and intrusion occurred throughout the emplacement of the Main Dacite 

Porphyry. The writer's ' O A ~  - 3 9 ~ r  geochronological studies (Chapter 5) define the age of 

this intrusive unit as 6.83 5 0.07 to 7.1 + 0.13 Ma. It is medium-grey in hand-sample, 

with abundant plagioclase, quartz and biotite phenocrysts in a the-grained-to-aphanitic 



Figure 3-5. 

Geologicai rnap of Bajo de la Alumbrera. Unit contacts 
from Stults (1985) are reinterpreted using the updated 

nomenclature of Proffett ( 1  995). 
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rnatrix. Homblende and apatite phenocrysts with rninor titanite and magnetite are evident 

in thin-section (Stuits, 1985; this midy). 

Stults (op. cil.) recognized a series of dacite porphyry dykes which extend to the 

N, N W  and SE from the central intrusive body. Although he included them in his Main- 

Stage Dacite Porphyry unit, he suggested that emplacement occurred in three broadly 

continuous pulses over an extended period. The North Porphyry (Table 3-2) consists of 

a large dyke-like body with a N-to-NNE strike that crops out in the northem part of the 

bajo. It is composed of phenocrysts of plagioclase, euhedral biotite, biotitized homblende 

and minor quartz in an aphanitic groundmass (Proffett, 1995). The Northwest Porphyry 

Dykes and Late Porphyries (Table 3-2) comprise a swarm of dacite dykes in the NW pan 

of the bajo, extending from the core and continuing out of the deposit to the NW, and a 

series of smail stocks and dykes which intrude the Main Dacite Porphyry. The dominant 

phenocryst phase is plagioclase, occurring with lesser biotite, hornblende and quartz in 

an aphanitic, pale-green matrix (Proffett, op. cil.). A dacite dyke on the NW rim of the 

bajo, interpreted to be of this type, yielded herein an age of 6.78 2 0.15 Ma. 

The Post-Minera1 Porphyries consist of discontinuous dykes which represent the 

youngest intrusive rocks at Bajo de la Alurnbrera (Proffett, 1995). Plagioclase phenocrysts 

are associated with lesser biotite books, hornblende Iaths and prominent quartz eyes in a 

very fine-grained grey matrix. 

Alteration-Mineralization 

The alteration facies observed at Bajo de la Alumbrera consist of strong-to-weak 



potassic alteration and peripheral epidote-chlorite (propylitic) assemblages, both 

overprinted by phyllic alteration (Fig. 3-6). and conforming unusuaily faithfully to the 

mode1 porphyry copper geometry postulated by Lowe11 and Guilbert (1 970). 

Stults (1 98S), following earlier workers (Sillitoe, 1973; Gonzilez, 1 975; Bassi and 

Rochefort, 1980), delimited potassic (orthoclase and biotite), phyllic and propylitic zones, 

and emphasizes the unusual intensity of quartz veining ("flooding") at the core of the 

potassic aiteration zone and magnetite-rich alteration (as signifiant groundmass 

replacement, veinlets and quartz-magnetite veinlets). Proffett (1995) confirmed the 

mineralogy and broad distribution of alteration assemblages presented by Stults (1985). 

He further reemphasized the strong association of Cu-Au mineralization with the potassic 

alteration event. Both authors propose the essential contemporaneity of potassic alteration 

and Main Dacite Porphyry Stock emplacement. Thus, Cu-Au mineralization is spatially 

and temporally associated with potassic alteration (Fig. 3 3 ,  defined by secondaiy biotite 

- K-feldspar - magnetite - quartz t anhydrite - bearing assemblages, forming in "A"- and 

'%"-style veins (cJ, Gustafson and Hunt, 1975; see below) and as replacements. Potassic 

alteration is biotite-rich in andesites and K-feldspar - dominated in dacitic porphyries. 

Epidote - chlorite - albite + magnetite (propylitic) alteration is inferred to be similar in 

age to potassic alteration and forms a halo around the latter. Sericite - pyrite - quartz 

(feldspar- destructive), i.e., phyllic, alteration dated herein at 6.75 + 0.09 Ma, overprinted 

both potassic and propylitic zones and forms a wide halo. 

Hypogene rnineralization comprises chalcopyrite + pyrite + magnetite veins with 

relatively high chalcopyrite - pyrite ratios. Veins at Alumbrera have been classified 



Figure 3-6. 

Map of alteration facies at Bajo de la Alumbrera (after 
StuIts, 1985). 
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Figure 3-7. 

Potussic alrerarion zone at Bajo de la Alrrntbrera 

A. Detail of photo presented as figure 3-4B. View to the 
east. Cerro Colorado Norte (Ieft), Cerro Colorado Sur (right) 
and the low brown hills are undedain by quartz-magnetite 
and potassic alteration, and high-grade Cu-Au 
mineraiization. The change in colour of the outcrops from 
brown to buff is broadly coincident with the interface 
between the quartz-magnetite-potassic and the phyllic 
assemblages. Photo taken in 1993. 

B. Norîh face of Cerro Colorado Norte. Note the intensity 
of fracturing and abundance of green Cu-oxide and black 
Mn-oxide staining along fracture surfaces. This photo is of 
the scarp visible at the summit of Cerro Colorado Norte on 
the above photograph. Photo taken in 1993. 





according to the A-B-D-vein system proposed by Gustafson and Hunt (1975) for 

mineralization at El Salvador, Chile. "Mn veins ( d e r  Clark and Arancibiq 1995; and 

discussed in greater detail below), i.e., early magnetite + quartz veins associated with 

groundmass replacement by magnetite (Fig. 3-8), are aiso recognized. Some chalcopyrite 

and Au deposition overlapped with this event, but mainly postdated it (V.J. Wall, written 

comm., 1996). Nonetheless, the highest Cu-Au grades typically occur in zones of high 

quartz - magnetite vein-density (M. Carrizo, pers. comm., 1994). Mineralization occurs 

as disseminated chaicopyrite associated with fine granular quartz and K-feldspar "A" veins 

which are irregular and discontinuous. Veins mapped as "B"-type at Alumbrera do not 

resemble the typicai "B" veins as documented at El Salvador by Gustafson and Hunt 

(1975), which are rectilinear and characterized by the lack of alteration halos and the 

occurrence of coarse molybdenite and chalcopyrite in bands paraIlel to vein-walls and in 

centre-lines. Proffett (1995) refers to the presence of "B" veins but does not describe their 

mineralogy. Musto geologists appear to have defined "B" veins solely on the presence of 

sulphides along a centre-line (M. Carrim, pers. comm., 1994), and this designation has 

been maintained in subsequent studies. Zn this study, Alumbrera "B" veins are defined as 

rectilinear quartz veins, lacking alteration h'aloes, with pyrite and rare chalcopyrite dong 

centre-lines (Fig. 3-9). Included in this class are massive chalcopyrite veins which also 

lack alteration halos (Fig. 3-1 0). Barren, massive pyrite, "D" veins (Fig. 3 - 1 l), directly 

associated with phyllic alteration, exhibit radial patterns about the Main Dacite Porphyry. 

Gold is intergrown with magnetite, chalcopyrite and pyrite, and also occurs free 

in silicates. Molybdenite is rarely observed except in a peripheral zone coinciding with 



Figure 3-8. 

Early quartz - magne tite alteration 
at Bajo de la Ahmbrera 

A. Wide quartz-rnagnetite vein, in the Ieft-hand area of the 
sample, truncates earlier rnagnetite-only veinlets. The host 
is Main Dacite Porphyry which has undergone strong 
groundmass replacement by hydrothermal magnetite. Small 
quartz-pyrite hairline veinlets cross-cut the above veins. 
Chalcopyrite is disseminated in the sample, but its 
paragenetic relationships are unclear. Core from DDH 48.4 - 
54 (note: these nurnbers refer to Musto grid coordinates 

used in the diamond drill program at Alumbrera This 
coordinate system has been maintained by Minera 
Alumbrera.) 





Figure 3-9. 

rrB" Vein Characte ris tics 
at Bajo de la Alirntbrera 

A A 1 cm-wide (vertical) "B" vein transects the sample. 
"B" veins at Bajo de la Alumbrera are characterized by the 
absence of alteration haloes and by sulphide development 
dong a centre-line. A narrower "B" vein is oriented at 2 
o'clock in the upper half of the sample. The host-rock is the 
Main Dacite Porphyry with large, white piagioclase 
phenocrysts. The dark colour of the rnatrix is a result of 
strong replacement by hydrothermal magnetite. A magnetite 
veinlet is located in the upper-right corner of the sample. 
Core from DDH 48.4 - 54. 

B. Mutually cross-cutting "B" quartz veins with pyrite- 
chalcopyrite centre-lines and lacking alteration haloes are 
cut and displaced by thin pyrite "D" veinlets. The host-rock 
is biotitized andesite. Core from 191 m in DDH 48.4 - 54. 





Figure 3-10. 

'3" Vein Characrer+srics 
af Bajo de la Ahrmbreru 

Massive chalcopyrite veins, such as that illustrated, are ais0 
inciuded in the suite of  "B"-type veins at Bajo de la 
Alumbrera. The host is Main Dacite Porphyry which has 
undergone weak-to-moderate groundmass replacement by 
hydrothermal magnetite.. This intersect retumed grades of 
0,95 % Cu and 1600 ppb Au. Core from 205.3 rn  in DDH 
48.4 - 54. 





Figure 3-12. 

Late "D" Veins 
at Bajo de la Alurnbrera 

A. Thin "D" vein of pyrite with 1 cm wide aiteration halo 
consisting iargely of sencite with minor chlorite (green 
patches). Two narrower, sub-parallel "DM veins with 
irregular alteration halos are located at the lower-right. AI1 
of these veins are cut by gypsum veins (e-g., centre of 
field). The host is strongly biotitized andesite and contains 
disseminated pyrite. Core from 256.5 m depth in DDH 47 - 
63.  

B. Large, 1 cm-wide, "D" vein of pyrite with associated 
phyllic (quartz-sericite-pyrite) alteration halo. The vein 
truncates a 1 cm-wide "B" vein with a pyrite centre-line in 
the right portion of the sample. The D vein structure was 
re-used by a subsequent gypsum vein (rnilky white material 
along the upper edge of the vein). Irregular gypsum veins 
are evident in the bottom portion of the sample. The host 
unit is biotitized andesite and contains disseminated pyrite. 
Core from 158.8 m depth in DDH 47 - 63.  





the outer edge of the copper-gold zone (Proffett, 1995). Late, epithermal-style, quartz - 

calcite - Mn-oxide - Au veins are encountered dong the southem edge of the phyllic zone 

(Stults, 1985). Overall, mineralization has a shell-like distibution, enveloping a low-grade 

core which comprises potassicdly-altered porphyries with quartz - magnetite and "A" 

veins and late, weakly-altered porphynes (M. Carrizo, pers. comm., 1994; Proffett, 1995; 

V.J. Wall, written comm., 1996). 

A preliminary study of fluid inclusions (Stults, 1985) reveals the involvernent of 

at l e s t  two fluids of differing provenance. The earlier fluid, interpreted to be of magmatic 

origin, ranged in temperature from 300" to 700" C and contained from 40 to 62.5 weight 

percent NaCI equivalent, whereas the later ranged from 175" to 400" C and from 1 to 14.5 

wt. % NaCl equivalent, and presumabiy incorporated considerable meteoric water. 

Structure 

Late, steeply- to moderately-dipping normal faults displace the dacite porphyry 

units and early aiteration by a maximum of 200 m and are accompanied by sericitic or 

argillic alteration. A series of NW to NNW-striking faults in the northern quadrant of the 

bajo exhibit west-side-down normal movernent, whereas several faults of similar trend in 

the southwest part of the bujo experienced east-side down normal movement (Proffett, 

1994, 1995). Faulting appears to have been broadly contemporaneous with the waning 

stages of feldspar-destructive alteration. No evidence of significant pre-intrusive or pre- 

alteration-mineralization faulting has been obsewed (Proffett, 1995). 



Agua Rica 

Location and Access 

The Agua Rica deposit is located at an average altitude of 3,300 m a d .  in the 

Sierra de Aconquija, approximately 35 km east of Bajo de la Alumbrera (Fig. 3-3). The 

Agua Rica access road branches from Ruta Nacional No. 63 approximately 1.5 km north 

of the Capillitas deposit and climbs to the east over the crest of the Aconquija Range. The 

deposit has also been known by the names Mi Vida and Cerro Rico. 

Previous Work - Discovery History 

Copper-stained outcrops were discovered in 1966 in Quebrada Agua Rica, 

immediately upstrearn from the present B.H.P. Agua Rica camp, and the property was 

staked by Sr. H e m h  Navarro. The area was visited in 1969 by A.H. Clark and J-C. 

Caelles who observed abundant chalcopyrite veinlets and potassic (secondary biotite) 

alteration in a monzodioritic intrusion in the upper Quebrada Melcho (Fig. 3-12). 

The property was optioned by Compailia Minera Cities Service Argentina S.A. in 

1969. They conducted a two-year exploration program which included geological 

mapping, geochemical sarnpling, opening of a 162 rn adit, and a diamond-drill program 

involving 32 surface and 6 underground holes totalling approximately 8,000 m. Core 

recoveries were generally poor and copper intercepts variable. A resource was delirnited 

of 16 1 million tonnes with an average grade of 1.3 % Cu (Rosin, 1993), but this was 

located beneath a steep-sided valley and apparently overlain by barren country rocks, and 

the property was therefore abandoned in 1972. Koukharsky and Mirré (1976) document 



Figure 3-12. 

Location of mineralized centres and important drainages 
at the Agua Rica deposit. 
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the geological relationships of the deposit as exposed during this exploration program. 

In 1992, American Resource Corp., through its subsidiary Recursos Amencanos 

Argentinos S.A., negotiated an option on the Agua Rica property. They began improving 

access to the property in anticipation of a new drill prograrn. Nivaldo Rojas (B.H.P. 

Minerais Exploration Manager for Argentina) and I visited the property in August 1993 

and collected samples for lithogeochemical analysis. In early 1994, Recursos Americanos 

granted B.H.P. Minerals the right to earn a 70 % joint venture interest in the project. 

Exploration drilling began in mid- 1994 to confirm resource estirnates. In June, 1995, 

Northem Orion Explorations Ltd. acquired 100 % of Recursos Americanos and thereby 

gained a 30 % interest in the Agua Rica deposit. As of January 1997, a total of 40,000 

rn of diarnond drilling had been completed by B.H.P. and a further 25,000 m is planned 

for 1497. Drilling, road construction, extensive metallurgical testing, resource and reserve 

estimation, engineering, and environmentai and prelirninary feasibility studies are 

undenvay (Quin and Nikic, 1997). On the basis of results from the first 39 drill-holes 

completed by the B.H.P. - Northern Orion joint venture, Northem Orion (Quin and Nikic, 

1996) released a geological resource estimate for the deposit of 1,206 million tonnes at 

0.5 1 % Cu, 0.22 g/t Au and 0.032 % Mo. Recent press releases (Quin and Nikic, 1997) 

indicate average grades of up to 6.1 g/t Ag in a supergene enrichment zone. An updated 

reserve estimate of 802 Mt at 0.61% Cu, 0.035% Mo and 0.24 g/t Au at a Cu cutoff grade 

of 0.4% has been released by B.H.P. (J. Mortimer, pers. comm., July 1997). 

Published information on geological relationships at Agua Rica remains sparse 

(e.g., Koukharsky and Mirré, 1976; Quin and Nikic, 1996, 1997). The following 



description draws on persona1 observations made during visits in 1993, 1994 and 1996, 

on discussions with B.H.P. geologists Claudio Deveaux, John Mortimer, Nivaldo Rojas 

and Pablo Marcet, and on a written communication (July 1997) by Martin Leake. 

Geological Relationships 

The Agua Rica deposit incorporates four aiteration-mineralization zones, viz. Morro 

Alumbrera, Seca (Mi Vida), T rampeadero and Melcho (Fig. 3-12), centred on intrusive 

units ernplaced in Paleozoic metasedimentary and granitic rocks of the Aconquija Range 

(Figs. 3-13 and 3-14). No volcanic units have been encountered. The cornplicated 

intrusive history, involving several porphyry bodies and multiple stages of igneous and 

hydrothermd breccias, has yet to be compietely discemed. 

The large Melcho rnonzonite stock crops out in the Quebrada Melcho (Fig. 3-12) 

and was emplaced at 8.56 2 0.48 Ma (Chapter 5). It exhibits comptex textural and 

compositional variations but is generally equigranular, consisting of a medium-grained 

intergrowth of orthoclase, biotite and homblende, with minor magnetite, apatite and 

titanite. Brecciated zones are encountered dong what is interpreted as the northem 

boundary of the stock exposed in the north branch of Quebrada Melcho. This breccia also 

contains clasts of andesite porphyry and has experienced variable hydrothermal alteration, 

sulphide veining and fracturing. A series of andesite porphyry bodies are exposed in the 

area. Coarse-grained biotite-plagioclase bearing porphyries crop out to the West of the 

mine camp. They occur at the boundary between the breccia pipe (see below) and 

basement units. Fresh samples were not available for dating.. The porphyry commonly 



Figure 3-13. 

Geology of the A g m  Rica deposit. 

Note: "Breccia A" is the diatreme pipe and "Breccia B" 
represents undifferentiated hydrothermal and igneous 

breccias. This map is based on prelirninary mapping by 
B.H.P. geologists in 1994. 
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Figure 3-14. 

The Agira Rica Deposif 

View to the SE of the area of the Agua Rica deposit. The 
bleached scar in the foreground is the Morro AIumbrera 
area, a zone of advanced argillic alteration which is thought 
to be underlain by porphyry-style rnineralization. The main 
valley transecting the photo (right-of-centre) is Quebrada de 
las Minas (see figure 3-12). The B.H.P. camp is located on 
the north (left) bank of this qtrebrado (buildings are visible). 
The siopes scored by drill-roads behind and to the left of 
camp are referred to as the Trampeadero area. The dopes to 
the right of camp also scarred by drill-roads represent the 
Seca (Mi Vida) area The rnineralized area termed Quebrada 
de las Minas is located between the two. The Melcho area 
is located off the photo to the right, in the valley behind the 
ridge above (to the right) of Seca. Photo taken in 1996. 





occurs as mineralized clasts in the breccia Porphyry Cu-Mo-(Au) systems underlying the 

Seca (Mi Vida) and Trampeadero areas are interpreted by project geologists to be centred 

on intrusions of this type. Relatively fresh andesite porphyry, grey, medium-grained and 

with abundant plagioclase, biotite and hornblende phenocrysts, has been encountered 

dunng regional mapping of the high ridges to the west of the deposit, but its relationship 

to the andesite porphyries at Agua Rica is unclear. A late barren, dyke-like body of biotite 

porphyry crops out on a spur between the Agua Rica camp geology office and the 

dormitory facilities. It constitutes a large, isolated outcrop which cuts the mineralized 

hydrothermal breccia and is interpreted by project geologists to be the youngest intrusive 

event at Agua Rica (J. Mortimer, pers. cornm., 1997; M. Leake, pers. comm., 1997). 

A complex series of breccias interpreted to include diatreme, hydrothermal, 

tectonic and crackle facies (Quin and Nikic, 1996) is encountered in the central portion 

of the deposit (Fig. 3-15). Mapping of the different facies is difficult (P. Marcet, pers. 

comm., 1996); the degree of mineralization and alteration is highly variable, suggesting 

multiple brecciation events. The breccias contain clasts of al1 the rock units exposed in 

the area, but excluding the Iate biotite porphyry, in addition to "vuggy silica" and clasts 

of completely silicified rocks. The highest concentration of andesite porphyry clasts is 

encountered in the hydrothermal breccia pipe emplaced in the Seca - Trampeadero area. 

The breccias range from clast- to rnatrix-supported. In general, the matrix consists of rock 

flour but a rhyolitic matrix has been observed in core (C. Deveaux, pers. cornm., 1994). 

The contacts of the breccia pipes with the porphyries and basement are largely 60' 

to vertical. The breccia-basernent contact is observed in a 162 m adit driven into the south 



Figure 3-15. 

Field and lithological characreristics of breccias 
al Agua Rica 

A. View to the N W  along Quebrada de las Minas, upstream 
from the confluence with Rio Agua Rica (to the SW of 
camp). Dark outcrops are of breccia with dominantly 
basement-derived clasts in a rock-flour matrix. The siopes 
to the Ieft are the northem extension of the Seca (Mi Vida) 
area. Note that aiteration is camouflaged by vegetation, 
surface weathering and the growth of lichen on outcrop. 
Photo taken in 1993. 

B. Clast-supported diatreme breccia pipe. Clasts are of 
metasedimentary basernent units in a rock-flour matrix. 
Photo taken in 1994, along the access road north of camp. 





wall of Quebrada de las Minas, below the camp. Although complicated by faults, the 

contact is intrusive and numerous breccia dykes cut the Pdeozoic rocks. The 

metasediments are strongly fractured and oxidized in proximity to the contact and host 

numerous quartz veins which are tmcated by the breccia The northem contact between 

breccias and basement, observed in several north-trending qtrebrudizs to the north of the 

deposit, is dso marked by strong dicification of the basement rocks and abundant, wide, 

quartz - pyrite 5 rnolybdenite veins, which do not continue into the breccia. 

Alteration - Mineraiization 

The Agua Rica deposit comprises at least four or, including Misterioso, five 

contiguous mineralized centres. The centre of the deposit is marked by a NW-trending 

zone of quartz - alunite alteration surrounded by an argillic zone (Fig. 3-16). Outcropping 

porphyries exhibit sericitic alteration but some zones of strong alunite alteration are 

observed. Hypogene alunite from this zone (Fig. 3-1 7) yie1ds an age of 5.35 0.14 Ma. 

As mentioned above abundant quartz (+ pyrite and molybdenite) veining is observed in 

the basement, close to the contact with the breccia. Quartz stockworks with pyrite and 

sericitic alteration (phyllic assemblages) are observed at Morro Alumbrera, and quartz 

stockwork veining is also exposed in the slopes above Quebrada de las Minas, north of 

the confluence with Quebrada Melcbo, as well as in road-cuts in the irnmediate Seca area. 

Abundant clasts of "vuggy silica" are observed in the breccias outcropping in Quebrada 

de las Minas, below the camp. 

Until early- 1996, project geologists ddi not recognize potassic alteration 



Figure 3-16. 

Alteration map of the Agua Rica deposit based on 
preliminary mapping by B.H.P. geologists in 1994. The 
view presented in figure 3-14 was taken to the NW (top- 
left), outside of this map area and looks down the mis of 
the quartz-alunite alteration zone towards the SE (boaom- 
right). 
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Figure 3-17. 

Quariz - altinite alteration 
ut Agua Rica 

A. View to the NNW in Quebrada de las Minas, 
downstream from the confluence with Rio Agua Rica. Camp 
buildings are visible below large dark outcrops in the upper- 
central portion of the photo. The drill roads in the 
foreground expose outcrops of hydrothermal breccia with 
predominant andesite porphyry clasts and which has 
undergone strong quartz-dunite alteration related to the 
high-sulphidation epithermal event. The slope in the right- 
foreground is part of the Trarnpeadero area. Photo taken in 
1994. 

B. Photornicrograph, taken in crossed-polarized transmitted 
light, of hypogene alunite crystals (large, clear-to-pale 
yellow) lining cavities in hydrothermal breccia (FAR 325). 
This sample was collected along the uppermost drill-road 
visible on the slope in the right-foreground of the above 
photo. 





assemblages at Agua Rica However, secondary biotite, disseminated and in veinlets, and 

K-feldspar veining is clearly evident at the hand-sarnple scale in brecciated Melcho 

monzonite and andesite porphyry along the north branch of the Quebrada Melcho. Thin- 

section study reveals the complete obliteration of pnmary textures by K-feldspar, albite 

and biotite (Fig. 3- 18). Secondary biotite from this area yielded an age of 6.29 + 0.06 Ma. 

This alteration assemblage is seen to be overprinted by later phyllic assemblages in 

outcrops located upstream in the same quebruda. A whole-rock sample of this alteration 

assemblage yielded an age of 6.10 + 0.04 Ma. Further, during a visit in April, 1996, 

abundant zones of relict secondaxy biotite aiteration in breccia clasts were observed along 

newly-constructed driI1-roads in the Mi Vida area. The inferred potassic core to the intact 

Seca porphycy system has been encountered 200m below the present topography (M. 

Leake, pers. comm., 1997). Drill-core from the Morro Alumbrera area also revealed 

brownish patches of secondary biotite alteration and thin chlorite + quartz + pyrite 

veinlets in units mapped as meta-sediments by the B.H.P. geologists. This alteration is 

inferred to be associated with a discrete porphyry system underlying Morro Alumbrera. 

Minor quartz-magnetite veinlets were observed in the zone of potassic alteration 

in Quebrada Melcho. Massive. banded, secondaiy magnetite with quartz was encountered 

at depth in one deep hole in the deposit, but no Cu or Au grades are associated with it 

(P. Marcet, pers. comm., 1996). 

A generalized cross-section through the central portion of the deposit is presented 

as figure 3-19. The hypogene sulphide rnineralogy is complex and includes pyrite, 

chalcopyrite, molybdenite, covellite, chalcocite, sphalerite and galena. Late quartz-enargite 



Figure 3-18. 

Potassic alleration in Que brada Melcho, Agua Rica 

A. Photomicrograph (plane-polarized light) of sarnple FAR 
324 from the upper Quebrada Melcho, showing secondary 
biotite alteration of andesite porphyry. The irregularly 
shaped patches of finely granular secondary biotite are 
recrystallized frorn original interstitial igneous biotite and 
homblende. A biotite separate frorn this sample yielded an 
age of 6.29 & 0.06 Ma. 

B. Cathodolurninescence (CL) photomicrograph of FAR 324 
(a different field-of-view from that pictured above) which 
dernonstrates the abundance of matrix alkali-feldspar, 
interpreted to be largely secondary and identified by the 
blue, ~ i "  -induced CL. A large oscillatorily-zoned 
plagioclase phenocryst is located in the centre of the 
photograph and exhibits a greenish-yellow, ~ e "  andor ~ n "  
-inducecl CL response. Large apatite microphenocrysts 
dernonstrate a bright yellow, Mn" -induced response. The 
dark patches are predominantly biotite which displays 
quenched luminescence as a result of high Fe content. 





Figure 3-19. 

Generalized E-W cross-section (view to the north) through 
the centre of the Agua Rica deposit (after Quin and Nikic, 

1997). 





veinlets are observed. Covellite is the most important hypogene copper minerd at Agua 

Rica, occurring as disseminations in andesite porphyry and filling open spaces in breccia. 

Hypogene chalcopynte is rare. 'The distribution of Au is poorly understood, but it is 

associated with clasts of "vuggy silica" and andesite porphyry in the breccia and with 

intense stockwork veining in the porphynes. Higher Au grades are generally associated 

with higher Cu grades. Molybdenite occurs disseminated and in quartz veins associated 

with the porphyry-style mineraiization. Massive sphalerite and galena are observed filling 

cavities in the breccia. 

Koukharsky and Mirré (1 976) describe two ore mineral assemblages at Agua Rica: 

termed "A" and "Btf. Association A consists of disseminated and stockwork pyrite, 

chalcopyrite, bomite, molybdenite and magnetite, and is associated with the potassic 

alteration facies. Association B is found disseminated, in veinlets, in cavities and 

cementing breccias, and comprises pyrite, covellite, bomite, enargite, rnolybdenite, galena, 

sphalerite, marcasite, rhodocrosite and native sulphur. It is related to sericitic alteration 

and is interpreted to post-date assemblage A. Breccia-type mineral ization, a sub-type of 

assemblage B, consists of brecciated material cemented by fine-grained sulphides; vugs 

within the cernent contain coarsely-crystailine covellite, sphalerite, galena and pyrite, with 

minor bomite, enargite, rhodocrosite and native sulphur. The "A"-type mineralization is 

associated with the porphyry event and the "B"-type assemblage with the syn- to post- 

breccia high-suiphidation epithermal event. 

Supergene enrichment has generated a Ieached cap and chalcocite-coveliite 

enrichment blanket at Agua Rica. The enrichment zone roughly mimics present 



topography. 

A NW-striking structural zone appears to have controlled the location of Quebrada 

de las Minas. E-W-trending structures are also observed, and intersections of these 

structures may have channelled porphyry intrusion at Agua Rica. This structural pattern 

is observed on TM imagery for the portion of the Aconquija Range immediately 

surrounding the deposit. Significant late, i.e., post-epithermal, structural dissection of the 

deposit is observed (J. Mortimer, per. comrn., 1997). 

Geological Evoiution of the Agua Rica Deposit 

The following discussion of the geological evolution of the Agua Rica deposit is 

based largely on a sequence of diagrams of a genetic model, developed by N. Rojas, that 

was pinned to the wall of the Agua Rica camp geology office in April, 1996, and 

subsequent discussion with John Mortimer, as well as my ideas and interpretations. The 

ages of alteration events associated with the formation of porphyry Cu-Mo-(Au) 

mineraiization were determined on samples from the Quebrada Melcho centre located 

south of the main centre of economic hydrothermal activity, i-e.. Seca - T rarnpeadero. The 

mineralization exposed in Quebrada Melcho is uneconomic (J. Mortimer, pers. comm., 

1997). The development of the Agua Rica project was not sufficiently advanced at the 

time of the field investigation for this research to provide samples of alteration 

assemblages related to the porphyry mineralization in the Seca - Trarnpeadero area for 

geochronological study. Therefore, the ages of hydrothermal alteration events at Quebrada 

Melcho are inferred to be representative of the local porphyry Cu-Mo-(Au) mineralizing 



event and, thus, contemporaneous with mineraiization at the Seca and Trampeadero 

centres. As the development of the project continues, these relationships will, no doubt, 

be modified. 

A three-stage evolution is proposed for the development of the Agua Rica deposit: 

A. Formation of Porphyry Cu-Mo-(Au) deposits 

Intrusion of the Melcho monzonite was followed by the emplacement of 

a series of andesite porphyry stocks in the Cambro-Ordovician basement of the 

Aconquija region. No extnisive units are recognized at Agua Rica, but it is 

assumed that volcanism occurred at this time, and that the intrusions probably 

represent hypabyssai bodies associated with the waning stage of eruptive activity. 

The 8.56 Ma Melcho monzonite stock pre-dated porphyry-style alteration- 

mineralization by severa! m. y., and is thought to be a precursor to the mineraiized 

porphyries of Seca and Trampeadero (M. Leake, pers. comm., 1997). 

Hydrothermal systems, centred on the andesite porphyries, resulted in the 

deveiopment of potassic alteration assemblages at 6.29 Ma, attended by stockwork 

and disseminated Cu-Mo-(Au) mineralization. Koukharsky and Mirré (1976) 

document propylitic assemblages but these have been completely overprinted in 

the central area of the deposit within the lirnits of mapping by B.H.P. Phyllic 

alteration overprinted the potaçsic assemblage at 6.10 Ma. 

B. Upli/r afid Erosion of the Aconqrtija Range 

Rapid uplift of the Aconquija Range resulted in the unroofing of the 

porphyries, probably while they were still hot, and caused the lowering of the 



water-table. The explosive interaction of magma and meteonc water resulted in the 

formation and emplacement of the breccia bodies, which probably intersected the 

paleo-surface. ï h e  superposition of near-surface conditions on a cooling porphyv 

environment resulted in the establishment of meteork convection cells followed 

by the formation of argillic-dunitic aiteration assemblages at 5.35 Ma, possibly 

accompanied by remobilization and concentration of Cu and Au. The breccias 

were probably generated by multiple explosive events. The occurrence of 

mineralized clasts and sulphide-cemented breccias suggest that epithermal 

mineralization and brecciation may have overlapped temporaily, although it 

appears that the bulk of epithermal-style alteration-mineralization post-dated 

breccia pipe emplacement. 

C. Supergene Enrichrnent 

Continued uplift of the Aconquija Range created a barrier to regionai 

weather systems, resul ting in greater precipi tation on the southem and eastern 

slopes of the range, a situation that prevaits today. Ongoing erosion and incision 

of river systems generated a topography which was probably very similar to that 

presently observed. This resulted in the exposure of the mineralized centres, 

permiiting supergene copper leaching and enrichment. 

Final uplift, erosion and river incision resulted in the present topography. 

The level of exposure of the deposits suggests that the supergene sulphide 

enrichment blanket has been partially removed at Seca and Trampeadero, but 



almost completely smpped from the Melcho centre. 

Thus, major uplift and erosion, probably episodic, are inferred to have played a 

key role dunng the evolution of the hydrothermal systems, causing the superimposition 

of different styles of aiteration and mineralization, as evidenced by the overprinting of 

epithermai assemblages on higher- temperature porphyry-style mineralization. 

Capilfitas 

Location and Access 

The Capillitas mine (Figs. 3-3 and 3-20) is the world's largest source of gem- 

quality rhodochrosite. It is situated 85 km south of Santa Mana and 65 km NW of 

Andalgala on Ruta Nacionai No. 63, between 3,300 and 3,500 m a.s.1. Capillitas is 

approximately 15 km WNW of Agua Rica and 25 km E of Bajo de la Alumbrera. 

Previous Work 

A detailed account of the Capillitas mine is presented by Mirquez Zavalia (1988). 

It has the longest history of any of the prospects in the district, and Stone tools found in 

the Ortiz Vein workings are thought to date back to the Inca Empire. The veins were 

certainly worked by the Spanish in the 17th century. An English Company, the Capillitas 

Copper Company, acquired the mine in 1902. After the construction of extensive 

infrastructure, including an unsuccessful 27.5 km long cable car from Capillitas south to 

the town of Muschaca for the transport of ore, the mine was abandoned due largely to the 

metallurgical complexity of the ore. It was thereafter worked sporadically until 1947, 



Figure 3-20. 

Capilliras deposit 

A. View, to the West, of the Capillitas rhyolite diatreme 
(buff-coloured outcrops) ernplaced in Ordovician granites of 
the Capillitas Range. Cerro de la Rosario is the highest 
point of the diatrerne, upper-IeEt of centre. Morro Pan de 
Amcar, the small rounded knob of olive-coloured outcrop 
on the SE (left) edge of the diatreme is underlain by dacite 
porphyry. Sulphide veins transect the rhyolite pipe and 
extend into the granitic basement. Numerous abandoned 
workings are marked by dump piles (e.g., on the north face 
below Cerro de la Rosario and to the right of Morro Pan de 
Azucar). Photo taken in 1994 from the access road to the 
Agua Rica deposit. 

B. View, to the east, of mining operations on the north flank 
of the Capillitas diatrerne. Many of the buildings were 
constructed in the middle of this century by Fabricaciones 
Militares. They are now IargeIy abandoned. The large 
building, left-of-centre, houses the rhodochrosite sorting 
facilities and the office of the mine engineer. Dark rocks 
capping the flat-topped dumps in front of this building are 
reject rhodochrosite that oxidizes rapidly once exposed to 
the eIements. The olive-coloured flat knob on the near 
horizon, right-of-centre, is Morro Pan de Azucar. 





when it was taken over by Fabricaciones Militares. They worked the deposit for three 

years, but the compIexity of the ore continued to be a major sturnbling block, and 

eventually rhodochrosite was the only mineral that could be exploited economically. 1 

could find no record of the histoncal copper production from Capillitas in the literature, 

but 1986 tonnes of rhodochrosite were extracted between 195 1 and 197 1 (AngeleIli er al., 

1974). The mine is presently being worked by Compaiiia Victor Contreras S.A. for gem- 

quality rhodochrosite. Reserves of 5390 tonnes rhodochrosite existed in 1979 (JICA, 

1979), when production averaged 3-5 tonneshonth. The current mine engineer States that 

reserves are sufficient for six months of exploitation, but no systematic exploration for 

new reserves is planned. This has, however, been the most productive ore deposit in the 

region. Estimated metallic reserves (Rosin, 1993) are 0.3 Mt at 2.5% Cu, 2 g/t Au, 160 

g/t Ag and ca. 8% Pb + Zn, with local grades of up to 25 g/t Au in the Capillitas Vein 

(mine staff, pers. comm. 1994). 

The bibliography on the area is volurninous. Information presented herein is based 

on Angelelli (1950), various reports (1978 to 1981) by the Japanese International 

Cooperation Agency, Marquez Zavalia (1 988), and persona1 observations. 

Geological Relationships 

The deposit is located within the uplifted basement block which constitutes the 

Sierra de Capillitas. The host-rock is the Ordovician (McBride et al., 1976) Capillitas 

granite. It has been intruded by a rhyolitic diatreme of the magmatic breccia type 

described by Sillitoe (1985). The pipe is oval in plan, 1,500 rn by 800 m, and etongated 



SW-NE (Fig. 3-21). It consists of a texturally-zoned body of rhyolitic tuffs. The core 

consists of massive rhyolite tuff which grades outwards into a flow-banded unit with 

elongated pumice lapilli, the flow-banding dipping steeply towards the centre of the pipe 

(Fig. 3-22). Several zones of brecciated, flow-banded tuff occur dong the outer contact 

of the pipe. The breccia is matrix- to ch-supported. Blocks are angular and consist 

mainly of flow-banded rhyolite which range up to 2 m in diameter. Rare rounded clasts 

of altered granite occur. In general the contact with the granite is sharp, but some contacts 

are sheared. Minor argillic alteration of the host-rocks is developed within 10m of the 

contact, in addition to thin, fracture-controiled zones of silicification. A rhyolite plug 

intruded the southwest portion of the Capillitas pipe. It is flow-banded dong the contact 

with the granite but becomes more massive towards the centre of the pipe. Late-stage 

dacite porphyry dykes and a larger dacite porphyry intrusive body cross-cut the pipe (Fig. 

3-23). K-feldspar from one of the dykes yielded an age of 5.16 2 0.05 Ma. The J.I.C.A. 

reports present two K-Ar dates of 5.0 5 0.5 Ma for biotite from dacite and muscovite 

from rhyolite at Capillitas. No details are provided on sample location, but 1 assume that 

these represent intrusive rather than mineraiization ages. A. H. Clark (pers. comm., 1995) 

reports outcrops of pebble breccias in the vicinity of Morro Pan de Azucar. 

The El Morterito Formation lies disconformably on top of the pianated basement 

to the south of the deposit. Volcanic breccias and flows crop out to the south, overlying 

the El Morterito strata, and dacites which yield an age of 9.17 & 0.08 Ma form a NE- 

trending lem to the east of Capiflitas. 

The deposit has traditionally been interpreted as having been emplaced prîor to 



Figure 3-21. 

Geology of the Capillitas deposit. 
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Figure 3-22. 

Field characre ris f ics of fow -banded rhyolire rz  f l  
at CapiZiitas 

View to the east of flow-banded rhyolite tuff at the summit 
of Cerro de la Rosario. Flow-banding is parallel to the 
contact with the granite and dips moderately to steeply to 
the east, towards the centre of the pipe. Peaks of the 
Aconquija Range are seen on the horizon. 

Figure 3-23. 

Lithological characreristics of docite porphyry dykes 
at Capillitas 

Outcrop of a dacite porphyry dyke which crops out on the 
north edge of the breccia pipe (see Fig. 22). The rock 
consists of very large K-feldspar and smaller plagioclase, 
biotite and chloritized hornblende phenocrysts in a fine- 
grained quartzo-fetdspathic matrix. These dykes represent 
the youngest intrusive event dated in the Farallon Negro 
Volcanic Cornplex. 





uplift of the Sierra de Capillitas. Marquez Zavdia (1988) provides a genetic mode1 which 

involves the emplacement of a volcanic neck with associated overlying volcanic cornplex, 

multiple pulses of intrusive activity, the intrusion of a sub-volcanic stock which initiated 

circulation of hydrothermd fluids and provided a source for metals, the emplacement of 

the veins, uplift of the Sierra de Capillitas and concomitant tilting of the paleosurface 

("basement peneplain") to the present attitude, and finally erosion. This interpretation is 

partially rejected by the writer. The contacts of the breccia pipe and the parallel flow 

banding dip steeply towards the centre of the pipe. The present orientation of the planated 

surface is 30' to the SE. Breccia pipes are generally intruded as vertical bodies, and are 

only rarely inclined at more dian 15' to the vertical (Sillitoe, 1985). If the breccia pipe 

were ernplaced pnor to the uplift the contacts would be expected to dip as much as 30' 

to the NW. In Mirquez Zavalia's (1988) interpretation, she neglects to incline her post- 

uplift schematic diagram by the full 25-30' of tilting necessary for restoration of the 

planated basement surface. 

On the basis of geological and geochronologic relationships at Agua Rica, diatreme 

emplacement is postulated to have immediately post-dated uplift of the Aconquija Range. 

The timing of uplift is constrained by the ages of 6.10 2 0.05 Ma for pre-uplift phyllic 

alteration and 5.35 2 0.14 Ma on post-uplift alunite at the Agua Rica deposit. It is 

suggested herein that the age of uplift of the Capillitas Range is similar. Uplift had 

commenced, and the Capillitas diatreme pipe emplaced, prior to the intrusion of dacite 

dykes at 5.16 5 0.05 Ma. 



Mineraiization 

The Capillitas deposit appears to be transitionai between the "acid-sulphate" and 

"adularia-sericite" types of epithermal systems (Hedd et al, 1987). Mineralization consists 

of Cu, Pb and Zn, with As, Sb, 4 u  and Ag and trace amounts of W, Sn, Bi and Ge, in 

rhodochrosite-quartz-alunite gangue. It is analogous to the Anaconda vein ("D vein") 

system at Butte, Montana (Sales and Meyer. 1949) and the Santa Bbbara vein system, 

southeastern Peru (Wasteneys, 1990). Hypogene ore minerals consist of pyrite, enargite, 

tennantite, chalcopyrite, chalcocite, sphalerite, galena, rnarcasite, native gold and silver, 

and arsenopyrite. Supergene minerals include: chalcocite, chalcanthite, brocanthite, 

goslarite, anglesite, linarite, melanterite, malachite, azurite and cuprite. Alteration involveci 

silicification and argillitization with minor sericitization in the igneous units and weak 

silicification in the granites. The deposit comprises 19 veins with two principal strikes, 

ENE and WNW. The veins average 50 - 70 cm wide and extend Iaterally for 100 - 800 

m, cutting the Capillitas pipe and extending into the granite. There is no change in nature 

of mineralization or tenor of ore with change in host lithology. 

Marquez Zavalia (1988) documents seven mineralization stages. The first is 

characterised by quartz and pyrite. The second and third stages appear to be the main 

sulphide mineralization events, with pyrite-pyrrhotite-arsenopyrite-galena-sphalerite- 

marcasite-quartz-alunite veins forming in the second stage. Chalcopyrite, enargite and 

tennantite formed, in addition to the above rninerals, during the third stage. The fourth 

stage was marked predominantly by a change in gangue mineralogy to carbonates, mainly 

rhodochrosite, and the emplacement of minor W, Sn, Bi and Ge. The fifth stage is 



characterized by the formation of quartz-pyrite-sphalente-rnarcasite--site 

veins. Sixth-stage veins consist of chaicopyrite-rhodochrosite and the final stage is 

restncted to barren quartz veins. The aiteration of vein envelopes is not documented. The 

change from alunite-dominated to carbonate-dominated gangue mineralogy indicaies 

neutralization of the rnineralizing solutions with time. A preliminary study of fiuid 

inclusions in quartz (Marquez Zavalia, 1988) suggests formational temperatures of 

between 240 and 270" C. 

Vein geometries tend to be lenticular with pods of mineralization separated by fine 

stringers of pyrite. They exhibit many features of open-space filling, suggesting the 

development of mineralization in extensional structures. Structural reactivation is indicated 

by the presence of minor slip surfaces with slickenslides and zones of brecciation. Post- 

mineralization faulting has disrupted the continuity of the veins. 

FaraIkh Negro and Alto de la BIenda Vein System 

Location and Access 

The Farallon Negro and Alto de la Blenda vein system is located 25 km south of 

Los Nacimientos and approxirnately 8 km west of Bajo de la Alumbrera (Fig. 3-3). It is 

the basis of the only active (1997) metallic mining operations in this region. 

Previous Work 

Although interna1 Y.M.A.D. reports are presumed to exist, no recent detaiied 



descriptions of the vein system have been published. Malvicini and Llambias (1963) 

described the mineraiogy and ongin of the manganese minerais at Farallon Negro, Blenda 

and Los Viscos. Llarnbias (1970) aiso b d l y  refers to the manganese vein mineralization. 

McBride (1972) dated supergene cryptomelane from the Farallon Negro mine (sampies 

collected by J-C. Caelles and A.H. Clark). 

Geological Relationships 

The Farallon Negro - Alto de la Blenda mine is at present the most productive 

hard-rock gold-silver operation in Argentina. Reserves as of early- 1993 were 6 16.71 1 

tonnes (proven), with an additional 180,000 tonnes (probable), with grades of 5.77 gA Au 

and 104.70 g/t Ag. The deposit cm be classified as an adularia-sericite type epithermal 

system (Heald et al., 1987). The deposit is hosted by andesite breccias and the Alto de 

la Blenda monzonite stock of the Farallh Negro Volcartic Cornplex, and comprises a 

system of sub-parallel veins with minor cross-over splays. The main rnineralized structure 

is the Farallon Negro Vein, which strikes NW-SE over a distance of roughly 8 km, with 

a width of 1 to 19 m. The parallel Alto de la Blenda Vein is located 500 rn to the nonh 

and extends over a length of 3 km before it joins the Farallon Negro Vein to the SE. The 

most productive portions of the system, within and close to the stock, are hosted by 

pyrite-bearing andesite porphyry dykes which intrude the monzonite and andesite breccias. 

Sirnilar veins are also encountered in Los Viscos and Macho Muerto. 

Veins strike NW-SE and dips range from 60%E to vertical. Alteration consists of 

argillization and sericitization and is rnuch more extensive in the hanging-wall (up to 5 



m wide) than in the footwall (avg. 80 cm). Phyllic alteration has been dated herein at 6.55 

+ 0.14 Ma, and was thus broadly contemporaneous with the development of phyllic - 

alteration assemblages at Bajo de La Alumbrera. 

Mineralization 

Mineralization in the Farallon Negro and Alto de la Blenda vein system consists 

of Au, Ag and Mn with minor base metal sulphides. In the Farallon Negro Vein there is 

evidence for an early pulse of galena and sphaierite deposition, followed by Mn- 

carbonates (rhodochrosite and manganocaicite). Oxidation of the vein system resulted in 

the present Mn-oxide - dorninated vein assemblage. Free Au occurs lining cavities and is 

also associated 4 t h  zones of abundant pyrite. The supergene overprint appears to be 

variable along the length of the vein systern. Quartz - manganese oxide associations 

grading 6 glt Au and 90-1 10 glt Ag in the SE part of the camp pass through a transitional 

zone into a carbonate-dominated assemblage grading 3-4 g/t Au and 40-70 g/t Ag to the 

NW (N. Montenegro, pers. comm., 1994). The transition zone is Iocated at the Farallon 

Negro ("black cliff") that was the locus of early mining activity (Fig. 3-24). 

Intense oxidation of the upper parts of the veins has resulted in enrichment of both 

manganese and the precious metals. Pyrolusite is the primary oxide in the Farallon Negro 

mine, whereas cryptomelane predominates at Alto de la Blenda. Cryptomelane, dated by 

the K-Ar method by McBride (1972). yielded an age of 2.7 + 0.8 Ma. 



Figure 3-24. 

View to the south of the Farailon Negro rnining operation. 
The large, bleached rock face exposed in the right half of 
the photograph was the site of the original mining 
operations. The face once exposed black, Mn-oxide-rich 
vein material, presenting a black cliff (jkrallon negro), from 
which the mine took its name. This section of the FardIon 
Negro Vein is now abandoned, but the SE extension of the 
vein (not shown) was being mined sporadically in 1994. 
Current production is from the parallel Alto de la Blenda 
Vein Iocated approximaiely 500 m to the north (Ieft). 





Characteristics of Porphyry Cu-Au systems at Faralldn Negro 

Detailed deposit descriptions including geologicai and alteration facies maps of the 

remaining prospects in the region are presented in Appendix A. The descriptions are based 

on fieId visits undertaken in 1993 and 1994 and data collected from the fiterature, where 

available. 

From these descriptions, and those in this chapter, a mode1 for a "typical" Farallon 

Negro porphyry Cu-Au deposit rnay be deduced. The deposits are centred on hypabyssal 

stocks of andesitic-to- dacitic composition in which multiple intrusive pulses are 

commonly recorded. Alteration-minerdization, associated with the waning stages of 

intrusive activity, progressed frorn early quartz-magnetite/propylitic, through 

potassic/propylitic, to phyllic, with the formation of epithermal-style veins and associated 

alteration occurring in the final stage. Supergene oxidation and enrichment, where 

represented, post-dates epithermal-style mineraiization. A lateral and vertical traverse from 

the core to the boundary of the systern would encounter the following sequence of 

alteration assemblages: quartz-magnetite, potassium-silicate, phyllic, propylitic, unaltered 

(with some overlap between alteration zones). Mineralization is zoned, both laterally and 

vertically, from Cu-Au in the core to base metal-dominated assemblages (Pb-Zn- Ag) on 

the periphery. Epitherrnal veins are Iocated peripherally about the top of the deposit. The 

characteristics of the Farallon Negro porphyry deposits conform to widely accepted 

models of porphyry deposits (i.e.. Lowe11 and Guilbert, 1970; Sillitoe, 1973, 1979; 

Gustafson and Hunt, 1975). 

Evidence for the occurrence of earIy magnetite-rich alteration-mineralization is 



preserved in a significant number of porphyry Cu, Cu-Au and Au-only deposits (Sillitoe, 

1979; Cox, 1986; Clark, 1993), but it has probably been widely modified or even 

obliterated by superimposed K-silicate-sulphide facies (Arancibia and Clark, 1990, 1996; 

Clark and Arancibia, 1995). Au is commonly emplaced with the magnetite alteration, 

aithough it widely exhibits a stronger correlation with Cu and potassic alteration ( e - g ,  

Island Copper, Bajo de la Alumbrera). 

The alteration-rnineralization assemblage appears to be host-rock dependent with 

quartz-magnetite 5 albite 2 Au being common in andesitic-to-more felsic lithologies (e-g. ,  

porphyries of the Farallon Negro District) and more cornplex assemblages of magnetite - 

intermediate to sodic plagioclase - Ca amphibole 5 quartz in basaltic units (e.g., Island 

Copper: Arancibia and Clark, 1996). The absence of hydrothermal feldspars and micas in 

zones of intense magnetite-quartz alteration in the Farallon Negro District, e.g., Bajo las 

Pampitas, may imply that extrerne Fe-metasomatism was accompanied by leaching of Na, 

Ca and K, and the apparent absence of aibite in the quartz-magnetite assemblage of the 

majority of porphyry deposits of the region would suggest variabilty in the intensity of 

dkaii-leaching attending magnetite alteration. 

Such sulphide-deficient alteration facies are thought to represent high PO,: j H S  

ratios in the magma (Clark, 1993; Arancibia and Clark, 1990; Clark and Arancibia, 1995). 

High magmatic oxygen fugacities favour the development of early, high-temperature, 

highly oxidized, Fe-rich aqueous brines, which would readily precipitate chloride- 

cornplexed Au upon cooling but would permit the widespread loss of Cu and S to the 

overlying environment. It has been proposed (Clark, 1993; Clark and Arancibia, 1995; 



Arancibia and Clark, 1996) that this early alteration assemblage and the associated veins 

be termed "M-veins" (for "magnetite"), by analogy with the A, B, and D veins defined 

at El Salvador by Gustafson and Hunt (1975). Clark and Arancibia (op. cil.) concluded 

that strong magnetite alteration associated with Au-rich porphyry systems is related to the 

magmatic source of the calc-alkaline lavas, possibly reflecting quenching and vesiculation 

of underplating basaltic melts (A.H. Clark, pers. comm., 1997) and to the mechanism of 

extraction of Cu, Au and S from the magmas. 

Hydrotherrnal magnetite was first formally documented at Bajo de la Alumbrera 

by Sillitoe (1973). The majority of other porphyry-style deposits at Farallon Negro also 

demonstrate this assemblage (e.g.. Bajo el Durano, Bajo de Agua Tapada, Bajo de San 

Lucas, and Bajo Las Parnpitas). In each of these deposits, dense, commonly sheeted zones 

of magnetite and quartz-rnagnetite veinlets occupy a broadly central position (Figs. 3-25 

and 3-26). In general at Farallon Negro, there appears to be a progression from early 

magnetite-rich to later sulphide-rich vein and disseminated mineralization assemblages, 

but, as at Island Copper (Arancibia and Clark, 1996), there is a temporal and spatial 

overlap between magnetite precipitation and the developrnent of the potassium silicate 

assemblage. 

At Farallon Negro, hydrothermal magnetite has commonly been assigned to the 

potassic alteration event even though the substantial magnetite-quartz alteration lacks K- 

bearing minerals and therefore records extreme potassium leaching from intermediate or 

felsic rocks. At Bajo de la Alumbrera, neither Stults (1985) nor Proffen (1995) recognizes 

a separate, early magnetite-quartz alteration event, but rather confiates the magnetite 



Figure 3-25. 

Cornparison of  al teration zoning of porphyry centres 
associated with rocks of the Farallon Negro Volcanic 

Corn plex. 
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Figure 3-26. 

Meguscopic aspects of magnerite-rich alteratiori- 
nr ineralimtion. 

A. Groundmass flooding of secondary magnetite and 
associated intense fine stockwork rnagnetite vein 
development in a sarnple from the adit in Cerro Colorado 
Norte at Bajo de la Alumbrera The original porphyritic 
texture is obscured by the intense hydrothermal alteration. 
Later pyrite and pyrite-chalcopyrite veins cut the sarnple. 

B. Strong development of sheeted quartz-magnetite veins 
from the core of Bajo las Pampitas. the original constituents 
have been completely replaced and this rock is now 
composed entirely of quartz and magnetite . 





alteration with the potassic aiteration event ( c j  Perello er al.. 1995; Arancibia and Clark, 

1996). At Bajo de Agua Tapada, Suchomel (1985) also assigned hydrothermal magnetite 

alteration to the potassic alteration event, even though magnetite-quartz represented the 

bulk of the "potassic alteration". At Bajo el Duramo (Figs. 3-3 and 3-25), Allison (1986) 

documents magnetite alteration as an early, core, alteration assemblage that developed 

simultaneously with potassic and biotitic assemblages, al1 of which were considered to be 

related to Cu-Au rnineralization. Elsewhere in the district, quartz-magnetite alteration is 

significant at Bajo de San Lucas, where potassic alteration is marked predorninantly by 

the development of secondary biotite, and hydrothermal potassium feldspar has not been 

observed in thin section. At Bajo las Pampitas, strongly-developed, sheeted quartz- 

magnetite veins underlie the north slope of the central rhyodacitic porphyry stock. This 

is the most intense zone of magnetite-quartz alteration (fig. 3-26) observed in the Farallon 

Negro district. Secondary biotite is limited and no hydrothermai K-kldspar was observed 

in this study, although Sillitoe (1 973) reports secondary biotite and K-feldspar as common 

constituents of the potassic zone at Bajo las Pampitas. 

In the porphyry systems at Farallon Negro, it appears that "true" potassic 

alteration, normally characterized by the presence of K-feldspar (Meyer and Hemley, 

1967; Lowe11 and Guilbert, 1970; Gustafson and Hunt, 1975; Beane, 1982). is 

volumetricdly significant only at Bajo de la Alumbrera. Moreover, the relative volumes 

of rnagnetite-quartz versus K-silicate-bearing assemblages at the other porphyry centres 

suggest that Fe-metasomatism was overail more important than K-enrichment. The spatial 

and temporal relationships between Cu-Au rnineralization and potassic alteration 



assemblages observed at Bajo de la Aiumbrera may suggest that the overprinting of an 

initial rnagnetite-quartz assemblage by a potassic assemblage is a necessary process in the 

formation of econornic porphyry Cu-Au deposits in the Farall6n Negro region. 

Relationship between porphyry Cu-Au and epithermal Au-Ag mineralization at 

FaraiIbn Negro 

Background 

In Sillitoe's (1973) paper addressing the characteristic features of the "tops" and 

"bottoms" of porphyry Cu deposits, the relationships between porphyry Cu deposits and 

epithermal precious metal deposits are exploreci, with a strong reliance on the geology and 

chronoIogy of the Farallon Negro deposits. 

Porphyry deposits are considered to be related to intrusions which are normally 

located beneath a comagmatic pile, which is transected by a column of hydrothermal 

alteration representing the upper portions of the porphyry copper system. In such deposits, 

disseminated or stockwork Cu (5 Au 2 Mo) mineralization is associated with an intrusive 

stock emplaced at depths greater than 2 km. Epithermal Cu, Pb, Zn and precious-metal 

mineralization is considered to represent a peripheral and late-stage CO-product of 

porphyry Cu developrnent. Epithermal deposits are generated at relativeiy shallow cmstal 

depths, probably less than 1.5 km, typically in sub-aerial volcanic terranes. 

Two broad categories of epithermal deposits are widely recognized (Bonham, 

1986; Heald et al., 1987; White and Hedenquist, 1990), viz.: high sulphidation I acid- 

sulphate; and low sulphidation / adularia-sericite. These are defined on the b a i s  of 



mineralogical relationships, which imply generation from two very different fluids, 

respectively strongly acid and nearly-neutral. A strong temporal and genetic connection 

between porphyry and epithermal deposit types is increasingly revealed by geological 

research (e-g., Sillitoe, l989a; Perello, 1994; Arribas et a!., 1995; Losada-Calderon and 

McPhail, 1996; this study). High-sulphidation type gold deposits are commonly located 

above mineralized porphyry-hosting stocks whereas low-sulphidation type deposits tend 

to occur distally. 

Exampies 

Sillitoe (1989a), elaborating on the relationships he outlined in 1973, presents a 

detailed description of the relationships between porphyry-style and epithermal-style 

mineralization in the Western Pacific island arcs. He describes a sub-class of the low- 

sulphidation epithermai deposit type, cornmon amongst Philippine deposits, in which 

sericitic alteration of the wall-rocks is much more intense than the adularia-sericitic 

alteration assemblages of typical low-sulphidation deposits. Deposits of this sub-class 

possess a more intimate spatial relationship with intrusive rocks, comrnonly porphyiy Cu- 

bearing stocks, than that exhibited by adularia-sericite type deposi ts elsewhere in the 

Pacific island arcs, possibly indicating formation at greater depths. The low-sulphidation 

vein system at FaraIlon Negro - Alto de la Blenda shares characteristics with this class 

of deposits. 

Telescoping is comrnon in the deposits of the Westem Pacific island arcs. Rapid 

erosion of overlying volcanic rocks during the life of the magmatic-hydrothermal systems 



resulted in the displacement of rnineralized stocks much nearer the paleo-surface at the 

time of late-stage epithermd gold deposition than when they were emplaced. Sillitoe (op. 

cit.) documents a very narrow time interval between porphyry Cu-related K-silicate 

alteration assemblages and associated low-sulphidation epithermal mineralization (e.g.. 0.2 

m.y. at Ladofam, Papua New Guinea). 

Perello (1994) documents similar, albeit more protracted, temporal relationships 

for the Tombulilato district, North Sulawesi, Indonesia. Porphyry Cu-Au mineralization, 

associated typically with magnetite-bearing K-siiicate assemblages, was emplaced in the 

district between 2.93 and 2.36 M a  Associated overlying high-sulphidation epithermal Cu- 

Au-Ag and peripheral low-sulphidation Au-Ag mineralization was emplaced within 1 - 

2 m.y. of the porphyry event. Continuous syn-mineralization uplift and erosion are 

envisaged to have been responsible for telescoping of the systems. Arribas et al. (1995) 

argue for a genetic relation between the Far Southeast porphyry Cu-Au and the Lepanto 

high-sulphidation Cu-Au epithermal deposits in northern Luzon, Philippines. On the b a i s  

of the intimate spatial association between the two deposits, the identical ages on K- 

silicate alteration minerals and alunite associated with the epithermal system, and the 

abbreviated duration of hydrothermal activity, they invoke a mode1 in which the two 

deposit types evolved from a single magmatic-hydrotherma1 systern, thus implying a 

magmatic source for the metals in the epithermal deposit. 

In Chile. Vila and Sillitoe (1991) briefly describe the overprinting of high- 

sulphidation epithermal rnineralization on porphyry-style stockworks in deposits of the 

Maricunga Belt (e.g.. Marte and La Pepa), but the geochronological database is 



insuficient to evaluate the precise temporal relationships. Preliminary results frorn the 

Ph.D. research of John Muntean at Stanford University suggests that both deposit-types 

were emplaced within a restncted period of tirne (J. Muntean, pers. comm., 1997). 

Colley et al. (1989) suggest a cogenetic ongin for the contiguous low-sulphidation 

Silica del Hueso (El Hueso) epithermal and PotreriIlos porphyry Cu-Au deposits, northem 

Chile. This observation is supported by the similar ages of the deposits, the downward 

extension of sub-vertical, gold-bearing, silicified zones into die Potrerillos deposit and the 

interpreted Iocation of the SiIica del Hueso deposit topographically and structurally above 

the porphyry deposit afler restoration dong a local thrust fault. Losada-Calderon and 

McPhail (1996) conclude that the Nevados de Farnatina Cu-Mo-Au porphyry and La 

Mejicana Cu-Au high-sulphidation epithermal deposits are transitional and genetically- 

related. The epithermai mineralization is located peripherally to the porphyry 

rnineralization. Detailed mineralogical, fluid inclusion, stable isotope and thermodynamic 

modelling studies reveal almost identical conditions of formation for late-stage porphyry- 

related veins and the deeper-level veins of the epithermal system, suggesting a common, 

magmatic, fluid source. Porphyritic dacites and rhyodacites of the Mogote Formation were 

emplaced at 5.0 Ma during the uplift of the Farnatina Ranges (McBride, 1972; Losada- 

Calderon et al., 1994). Quartz-sericite alteration assemblages were dated at 4.0 Ma in the 

porphyry system, broadly contemporaneous with the emplacement of epithermal 

mineralization at La Mejicana at 3.6 Ma. 



Farallon Negro District 

The spatiai relationships described between porphyry and epithermai deposits in 

other districts are maintained at Farallon Negro. High-sulphidation epithermal systems are 

clearly observed overprinting porphyry-style mineralization at Agua Rica, and possibly 

overlie deeper porphyry systems at Cerro Atajo and Capillitas. Low-sulphidation 

epithermai veins at Farallon Negro - Alto de la Blenda are located peripherdly to the 

Bajo de la Alumbrera porphyry Cu-Au deposit. Given the lack of detailed geochemical 

studies on the deposits, no clear genetic relationships can be postulated, but the spatial 

and temporal relationships strongly suggest a genetic link between the deposit types. 

The greatest geochronological detail is available for the Agua Rica deposit. 

Porphyry Cu-Mo-(Au)-related potassic alteration assemblages dated at 6.29 Ma are clearly 

seen to be overprinted by phyllic alteration assemblages dated at 6.10 Ma. Uplift and 

erosion of the porphyry deposit resulted in the telescoping of mineraiizing environments 

and the superposition of high-sulphidation epithermal mineralization at 5.35 Ma. 

Epithermal mineralization which appears to be transitionai between high- and low- 

sulphidation types at Capillitas is interpreted to have accornpanied dacitic dyke 

emplacement at 5.16 Ma. Sericitic assemblages at Cerro Atajo are dated at 5.45 and 5.1 1 

Ma. These dates suggest that epithermal mineralization, at least in the eastem rnineralized 

centres, was a late-stage event in the evolution of the Volcanic Complex. 

Porphyry Cu-Au and low-sulphidation epithermal mineralization within the main 

body of the Farallon Negro Volcanic Complex appears to be older than that docurnented 

for the peripheral deposits. Phyllic aiteration at Bajo de la Alumbrera is dated at 6.75 Ma 



and appears to have been followed very shortly by the emplacement of the Farallbn Negro 

- Alto de la Blenda vein system at 6.55 Ma 1 would argue that the Farallon Negro - Alto 

de la Blenda vein system rnay represent a member of the sub-class of low-sulphidation 

epithermd deposits postulated by Sillitoe (1989a), which apparently form at a greater 

depth than typicd low-sulphidation epithermal deposits. The absence of high-sulphidation 

epithermal mineralization in the volcanic lithologies of the Farallon Negro Volcanic 

Cornplex proper may be due to the level of erosion of the cornplex: any high-sulphidation 

epithermal deposib which may have formed have not been preserved. Further, the 

apparent tectonic stability of the Main Farallon Negro Stratovolcano precluded the 

catastrophic uplift documented in the surrounding regions (e.g.. at Agua Rica in the 

Aconquija range) and the subsequent superposition of porphyry Cu and epithermal 

environments. 



CHAPTER 4 

PETROLOGY AND WHOLE-ROCK GEOCHEMISTRY 

OF THE FARALLON NEGRO VOLCANIC COMPLEX. 

The igneous rocks of the Farallon Negro-Capillitas district exhibit compositions 

ranging from basalt to rhyolite and, as was tentatively proposed by Caelles (1979) and 

Dostai et al. (1977), can be divided into calc-alkaline and shoshonitic suites on the basis 

of geochemical data, employing the K20 vs. SiO, diagram of Peccerillo and Taylor 

(1 976). 

The shoshonitic suite includes volcanic units which are predominantly mafic-to- 

intermediate in composition and are largely indistinguishable from the calc-alkaline suites 

on the basis of macro- or microscopie observations. High-K calc-alkaline rocks 

predominate in the district, with volcanic units ranging from basaltic flows to dacitic 

pyroclastics, and hypabyssal intrusive bodies ranging from basaltic dykes to rhyolitic 

plugs. The high-K calc-alkaline units constitute the greater part of the Main Farallon 

Negro Stratovolcano. 

In this chapter, geochemical criteria are developed for the distinction of the 

shoshonitic and calk-alkaline rocks. Thirty-nine representative rock samples were analyzed 

for 10 major elements and 21 minor or trace elements. Fifteen of these were selected for 

further trace element and rare-earth element (REE) analysis. Petrographic studies were 

performed on these samples. The igneous suite is herein compared to selected regional 

volcanic suites and the Farallon Negro shoshonitic suite is discussed in relation to 

comparable suites in other segments of the Central Andes. 

Definition of the nature and petrochemicd relationships of the Farallon Negro 

rocks is critical both to petrogenetic modelling of this step of Central Andean evolution 



and to clarification of metallogenetic relationships. 

Previous Work 

The major and rninor element geochemistry of the Farailon Negro Volcanic 

CompIex has been investigated in severai previous studies (viz. Dostal et ai., 1977; 

Caelles, 1979; S tuhs, 1985; Suchomet, 1985; Allison, 1986). Dostal et ai. (1 977) observed 

that the rocks from the Farallon Negro area exhibit geochemical features characteristic of 

the shoshonite suite (e.g.. K 2 0 : N a 0  ratios close to unity). The generally high K 2 0  

contents of the rocks were considered to represent part of a chemical zonation involving 

broadly increasing magrnatic potassium content with increasing distance from the trench 

and with greater depth to the Wadati-Benioff zone. Dostal ef al. (op. cil.) concluded that 

the Farallon Negro volcanic rocks constitute part of an evolutionary trend associated with 

long-lived subduction-related magrnatic activity. This mode1 was based largely on the 

major element chemistry, in the absence of systematic changes observed in the trace or 

REE patterns. However, Dostal et al. (op. cit.) noted that the limited REE data for the 

Farallon Negro rocks were comparable to those of shoshonites from Fiji (Gill, 1970) and 

New Guinea (Jakej: and Gill, 1970). Caelles (1979) reported whole-rock analyses of 10 

samples from the Farallon Negro area. He concluded that the Farallon Negro Volcanic 

Complex consisted predominantly of high-K calc-alkaline andesites with rninor high-Al 

basalts and dacites (after the classification of Taylor. 1969). 

Suchome! (1985) presented nine partial whole-rock analyses. He noted that the 

high K,O:N-O ratios, in combination with relativeiy low SiO, contents, are suggestive 



of dkalic or shoshonitic affi~nities. However, he emphasized the mineralogical differences 

with respect to "typical" shoshonites, namely greater modal homblende, biotite and quartz, 

accompanied by an absence of modal sanidine and olivine. Suchomel (op. cil.) concluded 

that the Farallon Negro rocks probably represent a suite that is transitional between high- 

K calc-aikaline and shoshonitic. 

Stults (1985) also remarked on the high K and total-alkali contents of the Farallon 

Negro rocks. Analyses of eight samples were presented, in partial duplication of 

Suchomel's (1985) data. Using the classification scheme of Joplin (1968), he concluded 

that, although some of the Farallon Negro rocks could be included within the shoshonite 

group, most of the rocks of the complex are of calk-alkaline affkity. He observed that the 

intrusive rocks have chemical and mineralogical parameters typical of 1-type granitoids, 

specificaily the presence of modal hornblende and titanite. The moderate or high 

magnetite content places the Farallon Negro rocks firmly in Ishihara's magnetite series 

(Ishihara, 198 1). Stults (1 9 8 5 )  ernphasizes that porphyry Cu mineralization at Farallon 

Negro conforms with a worldwide correlation of Cu rnineralization with 1-type, magnetite 

series granitoids. 

In Allison (1986), data for 16 sarnples (including those presented by Stults (1985 

and Suchomel (1985)), as well as data frorn Caelles (1979), form the ba i s  for a detailed 

discussion of Farallon Negro petrochemistry. She notes the high potash and relatively high 

total-alkali contents of the rocks, and emphasizes the chemical similarities between 

Farallon Negro rocks and worldwide shoshonites. While she suggests that the Farallon 

Negro rocks rnay be transitional between high-K calc-alkaline and shoshonite suites, she 



concludes that the hi& potaçh contents, the &O:-O ratios, minor element geochemistry 

and normative mineralogies favour a shoshonitic classification. 

Two additionai whoie-rock analyses of sarnpies from Farallon Negro are presented 

in Kay et al. (1988) in a discussion of regional patterns of Neogene magmatic chemistry 

in Chile and Argentina. 

Analytical Techniques 

Major and trace elements for 38 samples (i.e.. al1 except FAR 201) were analyzed 

by inductively-coupled plasma emission spectrometry (ICP) for 35 elements, by atomic 

absorption (AA) for Rb and by titration for Fe0 (ACME Analyticai Laboratories Ltd., 

Vancouver, B.C.), following the procedures outlined by that Company. Sample FAR 201 

was analyzed for major elements by X-ray fluorescence (XRF) on fused glass beads at the 

Department of Earth Sciences, Memorial University of Newfoundland (M.U.N.). Fifteen 

of the above whoie-rock specimens were selected for further trace element (30 elements 

including REE) analysis by inductively-coupled plasma mass spectrometry (ICP-MS) at 

M.U.N. 

The following discussion of the geochemistry of igneous rocks at Farallon Negro 

incorporates analyses recorded by Dostal et al. (1977), Caelles (1  979), Allison (1 986) and 

Kay sr al. (1988). In the work of Dostal et al. (1977) major and trace elements (Rb, Sr, 

Ba and Zr) were analyzed by XRF. Ni, Co, Cr and V were analyzed by emission 

spectroscopy and REE were determined by instrumental neutron activation (INA). In 

Caelles (1979), major elements were analyzed by XRF and trace elements were 



determined by emission spectroscopy by the author at Queen's University, Kingston, 

Ontario. Of the sarnples documented by Allison (1986). nos. AA-1, AA-2, AA-4, AA-5, 

AA-7, AA-8, AA-12, AA-13, AA-14, AA-I 5 and AA-16 were analyzed in Mendoza, 

Argentina, by the Direction Generai de Fabricaciones Militares. SiO, was determined by 

gravimetry, P,O, by colorimetry and the balance of elernents by atomic absorbtion 

spectroscopy. Sarnples AA-3, AA-6, AA-9 and AA-IO were analyzed in Tucson, Arizona 

by Skyline Labs Inc. using AA; Fe0 was determined by titration. Kay et al. (1988) 

analyzed major elements by electron microprobe on glasses fused frorn rock powders. Rb 

and Sr were determined by XRF. AI1 remaining trace elernents were analyzed by M A A .  

Al1 analyses were carried out at Corne11 University, Ithaca, New York. 

Discrepancies among the various analytical techniques may account for scatter in 

some of the data. 

Presentation of Data 

New geochemical data for 39 sarnples from the Farallon Negro area are presented 

in the appendices at the end of this thesis. Appendix B includes: a table of analyzed 

samples with their geographicd coordinates (where available; Table 8-11 and a sample 

location map; a table of whole-rock analyses in order of increasing sarnple number (Table 

B-2); a table of the extended trace element analyses (Table B-3); and a table of whole- 

rock analyses organized by rock-type for ease of group cornparison (Table B-4). Appendix 

C includes normative data. Appendix D presents duplicate analyses for selected samples 

and an international standard. Previously published partial whole rock-analyses (Dostal 



et al., 1977; Caelles, 1979; Allison, 1986; Kay et a!., 1988) are presented in Tables E- 1 

to E-4 in Appendix E; these data have been included in the diagrarns presented in this 

chapter. Appendix F comprises petrological descriptions of the samples, presented in a 

series of tables organized by rock-type. Samples were considered "fresh" if LOI (loss on 

ignition) was < 5 wt % @. Müller, pers. comm., 1995; Mùller and Groves, 1995). Altered 

sarnples (FAR 206, 309, 310, 312 and 337) are not included in diagrams. Because LOI 

was not reported in the previously published analyses, it  was impossible to estimate the 

degree of aiteration of the samples. Al1 samples have been included in the diagrams, but 

alteration may account for some of the scatter observed in the trends. 

Chemicai Ciassification 

The K20 + N%0 vs. SiO, ("TAS") plot (Irvine and Barager, 1971; Fig. 4-1) 

indicates that the igneous rocks at Farallon Negro are dominantly of sub-alkaline affinity. 

Severd samples which plot within the alkaline field are those analyzed in other studies. 

Several of the samples presented in Dostal et ai- (1977), Caelles (1979) and Allison 

(1 986) exhibit anomalously high N%O contents (see Fig. 4-4). possibly accounting for the 

observed patterns. Sub-alkaiine rocks may be assigned to two commonly recognized 

suites, calc-alkaline and tholeiitic, which can be distinguished on the basis of the degree 

of Fe-enrichment. A temary diagram of N 4 O  + K,O (A) vs. Fe0 + 0.8998 x Fe,O, (F) 

vs. Mg0 (M), the "AFM" diagrarn, is used to distinguish the two suites. This diagram 

(Fig. 4-2) indicates that the majority of the compositions of the analyzed samples fa11 in 

the cale-alkaline field and roughly conform to the calc-alkaline trend, although a 



Figure 4-1. 

Total-Alkalies vs. SiO, diagram for rocks of the Farallon 
Negro Volcanic Compiex (boundary between sub-alkaiine 

and aikaline rocks after Irvine and Barager, 1971). 
circles = this study 
diamonds = Dostai et al. (1977) 
triangles = Caelles (1979) 
squares = Allison (1986) 
asterisks = Kay ef al. (1988) 





Figure 4-2. 

AFM diagram for rocks of the Farallon Negro Volcanic 
Complex (boundary between tholeitic and calc-alkaline 

rocks after Irvine and Barager, 1971). 
circles = this study 
diamonds = Dostal et al. ( 1  977) 
triangles = Caelles ( 1  979) 
squares = Allison (1986) 
asterisks = Kay et al. (1988) 





significant nurnber of sarnples plot in the tholeiitic fieId (ie., FAR 203, 207, 216, 218, 

21 9, 222, 224, 229, 267, 302, 308 and FJ2). 

Shoshonites 

Background 

The shoshonite clan of igneous rocks was first described and defined by Iddings 

(1895). He observed that a series of volcanic rocks from the Absaroka Ranges of the 

western United States exhibits notably potassium-rich compositions in basic members and 

unusual mineral assemblages, including a plagioclase-alkali feldspar matrix. He proposed 

that these volcanic units be named the absarokite-shoshonite-banakite series, after the 

narnes of local aboriginal tribes. These concepts were further developed by Joplin (1 96S), 

who argued that such potassic volcanic rocks represent a distinct magma series which she 

named the shoshoniïe association. She suggested that shoshonites occur predominantly in 

mature (convergent margin) volcanic arcs and at greater distance from oceanic trenches 

than tholeiitic or calk-alkatine rocks. This relationship was documented in the Papua New 

Guinea Highlands by JakeS and White (1969) and Mackenzie and Chappell (1 972), in Fiji 

by Gill (1970) and in the Andes by Caelles et al. (1971) and Dostal et a1.(1977). 

Morrison (1980) defined shoshonites (sensu stricto) as potassic igneous rocks 

occurring in subduction-related tectonic settings and which can be further defined on the 

basis of major element chemistry. Following the formation of low-K tholeiite and calc- 

alkaline series, they were considered to represent a more evolved stage of arc 

development. They are located far inboard of the trench and at a greater height above the 



Wadati-Benioff zone. Momson (op. cil.) tabulated chemicai cnteria for the recognition 

of shoshonites which include: near-saturation in silica (for basalts, hypersthene and olivine 

in the nom); low Fe-enrichment; high total-alkalies (N%O + &O) > 5%; high K20:Nq0 

ratios (> 0.6 at 50 w t  % SiO,, > 1.0 at 55 wt. % SiO,); low TiO, (< 1.3 wt. %), high, 

but variable, A120, (14-19 wt. %); and a strong enrichment in P, Pb, LILE and LREE. 

Shoshonitic rocks associated with continental margins are predominantly basaltic andesites 

and andesites. 

High-K rocks such as  shoshonites have been formaily incorporated in numerous 

classification schemes (Pecerillo and Taylor, 1976), including that recommended by the 

KJGS Subcommission (LeMaître et al., 1989: used in this study). 

Shoslr mi ta  al Farallon Negro 

Unaltered samples from the Fardlon Negro Volcanic Complex exhibit a complete 

range of composition from low-K calc-alkdine, through medium-K and high-K caic- 

alkaline, to shoshonitic (Fig. 4-3). However, the majority of the volcanic units are high-k 

caic-alkaiine. Eighteen samples from Farallon Negro c m  be classified on the basis of 

whole-rock geochemistry as belonging to the shoshonite clan. These samples are evaluated 

in Table 4-1 using Morrison's (1980) criteria for shoshonite classification. 

Shoshonites are considered to be distinguished petrographically by porphyritic 

textures with phenocrysts of plagioclase, clinopyroxene, olivine, phlogopite andor 

amphiboles in a very fine-grained, commonly glassy, groundmass, consisting rnainly of 



Figure 4-3. 

K,O vs. SiO, diagram for rocks of the FaralIon Negro 
Volcanic Complex [after LeMaitre (1  989) and Peccerillo 

and Taylor (1  976)]. 
circles = this study 
diamonds = Dostal et al. (1977) 
triangles = Caelles (1979) 
squares = Allison (1986) 
asterisks = Kay et al. (1988)  





Table 4-1. 

Classification of Farallon Negro Volcanic Complex 
Shoshonites 

(after Morrison, 1980). 
* : "enriched", indicating a concentration greater 

than the mean of the Farailon Negro 
sample population. 

= : equivalent to the mean of the Farallon Negro 
sarnple population 

plag: plagioclase; bio: biotite; hbl: homblende 







alkali feldspar (sanidine), plagioclase, and clinopyroxene (Morrison, 1980). The Farallon 

Negro shoshonites are generally porphyritic. Plagioclase is the dominant phenocryst phase 

with lesser amphibole, biotite, apatite and oxides, and rare pyroxenes, quartz and titanite 

in a glassy-to-trachytic-textured matrix (Appendix E). The Farallon Negro shoshonites are 

petrographically indistinguishable from the associated calc-alkaline units. Déruelle (1 978) 

aiso noted that in the Plio-Quaternary volcanic succession of the Central Andes the 

shoshonitic and calk-alkaline rock associations cannot be distinguished petrographicaily. 

The majonty of the shoshonite units at FaralMn Negro are extrusive. They appear 

to have formed early in the volcanic history of the complex: those that have been dated 

represent sorne of the oldest samples. The " * ~ r / ~ ~ A r  dates cluster around 8.3 - 8.4 Ma, 

with the exception of sample FAR 206 which is 7.5 Ma in age. Intrusive units of 

shoshonitic affinity are associated with the Bajo de la Alumbrera, Bajo de Agua Tapada 

and Bajo el Duramo alteration-mineralization centres (Allison, 1986). 

SampIes FAR 203, 205 and 206 were collected along an east-west transect through 

the volcanic edifice along Quebrada de los Leones (Fig. 4-4). FAR 203 is stratigraphically 

the lowest of these, and FAR 206 the highest. These shoshonites are observed to be 

intercalated 

are samples 

302 was CO 

with high-K calc-alkaline units (e.g., FAR 204 and 207). FAR 296 and 299 

collected south of the main volcanic complex, to the east of Vis Vis. FAR 

lected along the north dope of Cerro Blanco Chico near the Cerro Atajo 

prospect (Fig. 4-5). 

Five samples of intrusive units documented by Allison (1986) belong to the 

shoshonite clan. Of these, AA-7 is a weakly-propylitized andesite porphyry (Suchomel, 



Figure 4-4. 

Location map for shoshonitic samples from the 
Farallon Negro Volcanic Comptex. 





Figure 4-5. 

Harker variation diagrams for major elements plotted 
against Si02 for Farailon Negro rocks. 

circles = this study 
diarnonds = Dostai et al. (1977) 
triangles = Caelles ( 1  979) 
squares = Allison (1986) 
asterisks = Kay et ai. (1988) 





1985) from Bajo de Agua Tapada, AA-15 and AA-16 are weakly-propylitized Main-Stage 

dacite porphynes (Stults, 1985) from Bajo de la Alumbrera and AA-9 and AA- I I  are 

andesite potphynes from Bajo el Durazno. However the unpublished theses of Stults 

(1985), Suchomel (1985) and Allison (1986) do not provide detailed sample locations or 

descriptions, thereby rendering the structurai and temporal interpretation of these sarnples 

difficult. 

Abundances of major and minor elements in the FaraIl6n Negro Volcanic CompIex 

As s h o w  previously (Fig. 4-3), a plot of K,O vs. Si02 demonstrates that Farallon 

Negro suite comprise low-, medium-, and high-K calc-alkaline, as welI as shoshonitic 

units ranging in composition from basaltic to rhyolitic. SiO, contents Vary from 44.60 to 

80.94 wt. %, the highest values undoub tedly recording al teration. Covari ations of major 

elements with SiO, are displayed in the Harker diagrams of figure 4-5. Most elements 

forrn coherent linear trends which might indicate either magma mixing or fractional 

crystallization. The exceptions are NqO and K,O which plot in a scattered fashion, and 

Mg0  which shows rninor scatter. TiO,, Al,03, F%O,*, MnO, MgO, Ca0 and P20, al1 

decrease with increasing silica, whereas K,O increases. This would be consistent with the 

fractionation of plagioclase, pyroxenes and Fe-Ti oxides with apatite. Some of the scatter 

in the observed trends is due to what appear to be systematic differences in eIement 

concentrations at a given SiO, content in sorne of the data presented by Allison (1986). 

TiO,, Al,O,, Fe,03* and P,O, from her database are al1 systematically lower than in the 

rest of the sample population. Some anornalously high concentrations of N+O are also 



noted in Caelles' (1979) analyses, while his sarnple JC-34A demonstrates radically 

different Mg0 and C a 0  contents from any other Farallon Negro sample analyzed. 

Harker diagrams for rninor and trace elements are displayed in figure 4-6. Of the 

"K-group" (usage after Matthews et al.. 1994) elements, Rb shows a broadly increasing 

trend with increasing SiO, while Ba and Sr plot in a scattered fashion. The "compatible 

group" elements, Sc, Co, and V, show decreasing trends. V decrease is interpreted as 

evidence for magnetite fractionation (Garcia and Jacobson, 1979). Cr and Ni are scattered, 

Cr ranging from 2 to 88 ppm and Ni from 7 to 41 ppm. The chalcophile elements, Cu and 

Zn, demonstrate broadly decreasing trends with SiO,, although there is abundant scatter 

in the Cu vs. SiO, plot. The "Ti-group" elements Nb and Zr show no distinguishable 

trends. Of the "Th-group" elements, Th shows a weak increasing trend whereas Pb is 

scattered. Among the rare earths, La and Ce exhibit scattered patterns but Y decreases 

with SiO, content. 

"Primary" magmas are those which have compositions which are considered to be 

in equilibrium with a mantle peridotite source. Relatively undepleted, but not primary, 

magmas are defined as "primitive". There are no absolute criteria for the definition of 

"primitive" magmas except that they represent the most likely parental compositions in 

a suite of mafic rocks (i-e.. the least depleted in compatible elernents). High levels of Mg, 

Cr and Ni are generally interpreted to be indicative of more primitive compositions. 

Sample JC-34A (see above) is an alkali-olivine basalt unit which has the most primitive 

composition recorded at Farallon Negro. It is markedly K-poor (K,O = 0.21 wt. %). The 

stated sample location (27" 21' N; 66" 37' W: Caelles, 1979) is to the north of Bajo de 



Figure 4-6. 

Harker variation diagrams for minor elements ploned 
against Si O,. 

circles = this study 
diarnonds = Dostal et al. (1 977) 
triangles = Caelles (1979) 
squares = Allison (1986) 
asterisks = Kay et al. (1988) 







la Alumbrera. FAR 201, a high-K basaltic andesite, represents the rnost primitive 

composition ( i e . ,  highest Cr, Ni and Mg) among those analyzed in this study. However, 

this composition does not approach those suggested as either primary (Swinarner, 1989) 

or primitive (Wasteneys, 1990). It represents the oldest mapped flow at Bajo de la 

Alumbrera and is the oldest dated sample at Fardion Negro. The spatial and temporal 

reiationships between the two above sampIes are unknown. 

CIPW norms for samples at Farallon Negro are presented in Appendix B. A 

unifonn ratio for FqO,/FeO of 0.25 was adopted in the norm calculations because ferric 

and ferrous iron were not determined separately for al1 rocks. The norm calculation is 

particularly sensitive to the oxidation state of iron, but no consensus on standard 

procedure has been achieved. Brooks (1976) suggested standardking the analyses of 

basaltic rocks at an Fe,O,/FeO ratio of 0.15, whereas Middlemost (1989) proposed 

ernploying a range of oxidation ratios for volcanic rocks drawn frorn the literature. This 

study implies that an average ratio of 0.35 may be appropriate for rocks of FarallOn Negro 

composition. Cox er al. (1979) suggest choosing the ratio of the least oxidized sample 

frorn a suite and adjusting the rest of the database to this value. The absence of reponed 

values for Mn0 and P20, in the data of Dostal er ai. (1977) skews the norm calculations 

of those samples. 

Al1 but 10 of the samples are hypersthene-normative, and the majority of these are 

silica-oversaturated, containing quartz in the norm. Dérueile (1 978; Table 4- 1)  cited 

normative hypersthene as a characteristic of Andean shoshonitic lavas. Seven samples, the 

majority of which are absarokites, are forsterite-normative. Four of these samples (JC-30; 



AA- 1; AA-4; and, AA-5) are silica-undersaturated and contain both olivine and nepheline 

in the norm. JC-34A is the sole silica-saturated rock, with olivine and hypersthene in the 

norm. 

Incompatible elernent (including REE) signatures at Farallh Negro 

"Spider diagrarns" (usage afier Rollinson, 1993) of incompatible elements for 15 

samples from Farallon Negro are presented in figures 4-7 and 4-8. Analyses were 

normaiized to mid-ocean ridge basalt (MORB) using standard values suggested in the 

Newpet software package from the Department of Earth Sciences, Mernorial University 

of Newfoundland (1992). Enrichment is observed in the large-ion lithophile elements 

(LILE: Cs, Rb, Ba, Th). Cs is highly variable. LILE are strongly partitioned into the first 

melt increments during srnall degrees of partid melting. Among the high-field-strength 

group of elements (HFSE: Ti, Y, Zr, Nb, Hf), strong negative anomalies are observed for 

Hf, Zr and Ti, and a weaker negative anornaly for Nb. Light rare earth elements (LREE: 

La, Ce, Nd) are enriched at Farallon Negro. These elements are mantle-incompatible and 

are preferentially enriched in the first rnel t increments during low degrees of partial 

melting. The middle rare earth elements (Sm, Eu, Gd, Dy) exhibit relatively flat trends, 

although a slight enrichment relative to the heavy rare earths (HREE; Er, Yb, Lu, Y) may 

reflect the involvement of homblende as a crystallising phase. The HREE exhibit weakly- 

fractionated (flat) trends. 

Differences in the spider diagram patterns exhibited by the high-K calc-alkaline 

and shoshonitic series rocks at Farallon Negro are negligible. In general, the shoshonitic 



Figure 4-7. 

"Spider diagram" for High-K Caic-Alklaline Senes Units 
at Farallon Negro. 

[MORB normalisation as per Newpez Software - MLM 
1992. Normalisation factors: Cs (0.013), Rb (1.12). Ba 
(14.3), Th (0.185), U (0.075), K (955), Nb (3.58), La 
(3.96), Ce (1 1-97)? Sr (1 22), Nd (1 O.96), Hf (2.87), Zr 
(go), Sm (3.62), Eu (1.31). Ti (9000), Gd (4.78), D y  
(5.98), Y (34.2), Er (3.99), Yb (3.73), LU (0.56)] 





Figure 4-8. 

"Spider diagrarn" for Shoshonitic Series Units 
at Farallon Negro. 

[MORB normalisation as  per Newpei Software - MUN 
1992. Normalisation factors: Cs (0.013), Rb (1.12), Ba 
(14.3), Th (0. las), U (0.075), K (955) ,  Nb (3.58), La 

(3.96), Ce (1 1.97), Sr (122). Nd (10.96), Hf (2.87), Zr 
(go), Sm (3.62), Eu (1.3 1), Ti (9000), Gd (4.78), Dy 
(5.98), Y (34.2), Er (3.99), Yb (3.73), Lu (0.56)] 





samples plot at the upper end of the range delimited by the dataset, but exhibit identical 

trends to those of the high-K cdc-alkafine series, with the exception of less extreme 

negative Hf and Zr anomalies, 

Petrography 

Al1 of the rocks anaiyzed for major and minor elements, as well as those selected 

for " ~ r / ~ ~ ~ r  age determination, were examined in thin section to dari& the petrographic 

character of the igneous rocks of the district. These features are summarized by rock-type 

in Table 4-2. The mineralogy of individual samples, with brief descriptions of selected 

samples, are reported in Appendix E. 

Because the shoshonitic suite at Fardlon Negro is largely indistinguishable £Yom 

the high-K calc-alkaline units on the basis of macro- or microscopie observation, they are 

included in the following general discussion of petrographic characteristics, rather than 

in a separate discussion of the shoshonitic suite. (Note: petrographic descriptions are not 

available for the samples analyzed by Dostal el al. (1 977), Caelles (1 979), Allison (1 986) 

and Kay et al. (1988), with the exception of JC-34A.) 

The dominant phenocryst phase in both volcanic and intrusive units is plagioclase. 

An contents range from An,, to An,,, estimated using the Michel-Levy technique. 

Plagioclase crystals are comrnonly well zoned and twinned, and sorne exhibit sieve 

textures (Fig. 4-9). Mafic minerals include clinopyroxene, orthopyroxene, homblende and 

biotite. Pyroxenes (Fig. 4-10) are common phenocryst phases in volcanic and intrusive 

basaltic and basaltic andesitic units, but are only rarely observed in intrusive andesites. 



Table 4-2. 

Surnmary of the mineralogical relationships of Shoshonitic 
and High-K Calc-Alkaline volcanic and intrusive suites, 
Farailon Negro. 



Shoshonitic and High-K Cale-Aikaline Volcanic Units, Farallon Negro 

Basaltic Andesite Dacite 
Andesite 

PHENOCRYSTS 

Clinopyroxene fivinneci rare 
zoned 
rarely glomerophyric 

not obsemed not observed 

Orthopyroxene not observed rare not obsemed not observed 

PIagioclase An17 - An62 An17 - An68 An 1 1 - An60 An1 l - An58 
tWi~ed h v i ~ e d  tWi~ed 
zoned zonai zoned 

rninor sieve text. 

Ho mblende 

Biotite 

Qu= 

Apatite 

brown & green browvn & green green 
euhedral euhedral 

opacite xims opacite rims 

no t observed 

rare minor euhedral euhedral 

rare rounded not observed 
embayed 

microphenocrysts microphenocrysts microphenocrysts microphenocrysts 

Other opaques opaques +/- opaques opaques 
titanite 

MATRIX 
fine - med. gIass~ g lass~  
grained trachjrtic trachytic 
same as phenocxyst 
phases 



High-K Cale-Alkaline Hypabyssal Intrusive Units, Farallh Negro 

Basaltic Andesite Dacite Rhyolite 
Andesite 

PHENOCRYSTS 

Clinopyroxene t\vimed rare 
glomerophyric 

rare not observed 

Orthopyroxene not observed rare not observed not observed 

Ptagioclase îsvinned 
zoned 

Homblende subhedral 

Biotite 

Apatite 

Other 

rare 

An12 - An65 An 16 - An54 al tered 
twinned twinned sieve testure 
zoned zoned 
glomerophyric gtornerophyric 

brown & green minor 
euhedral or 
opacite relict 

rninor euhedral 
irregular 

not observed 

not observed 

not obsewed minor rounded rounded 
rounded em bayed embayed 
embayed 

microphenocrysts microphenocrysts microphenocrysts minor 

opaques opaques titanite not observed 
ti tani te 
rare dk. feld. 

MATRM 
fine - med. fine grained fine grained cryptocrystalline 

- -  - 
grained felsic g w Y  
feldspathic trac hytic 



Figure 4-9. 

Pe lrographic characreristics of plagioclase in rocks of the 
Farallbn Negro Volcanic Con1 plex. 

A. Complex twinning and oscillatory zoning in 
g1omerocrystic plagioclase (An,, - An,,) in FAR 338, a 
massive basaitic-andesite (field term) flow frorn the northern 
portion of the Main Farallon Negro Stratovoicano. 

B. Partially sieve-textured plagioclase in FAR 244, a 
porphyrytic andesite dyke located on the NW rim of Bajo de 
la Alumbrera. The composition of the plagioclase 
phenocrysts ranges from An,, to Small paie-green 
homblende crystals can also be seen and were separated for 
the geochronological study (see Chapter 5). 

Note: al1 photomicrographs are herein presented in pairs 
with plane-polarized transmitted light views displayed on the 
Ieft and cross-polarized transmitted light on the right. 





Figure 4-10. 

Petrographic characreristics of clinopyroxene in rocks of the 
Farallon Negro Volcanic Conrplex. 

A. Large, twinned and zoned clinopyroxene crystal in FAR 
308, a thick, massive basait flow overlying sediments of the 
El Morterito Formation on the eastern slopes of the Sierra 
Duramo. Small crystals of orthopyroxene are visible in the 
lower-right corner. 

B. Sieve-like (possi bly skeletal growth) and corroded-rim 
textures in clinopyroxene in JC-34a, an alkali-olivine basaft 
(Caelles, 1979) collected to the north of Bajo de la 
Alumbrera. 





Hornblende is abundant in volcanic and intrusive basaltic andesites and andesites and less 

common in volcanic basalts and intrusive dacites. Two varieties of honblende, green and 

brown, are observed (Figs. 4-11 and 4-12). The two phases do not coexist. Some 

homblende crystais are corroded and many are rimmed by dark oxides ("opacite": Fig. 4- 

11). Biotite (Fig. 4-13) is observed in volcanic and intrusive basaltic andesites, andesites, 

dacites and, rarely, in volcanic basalts. Alkali-feldspar phenocrysts are rare but this 

minerai is locally observed in the matrix. Accessory phases include apatite, quartz, 

titanite and oxides (magnetite and ilmenite, cornmonly as intergrowths). Apatite and 

oxides are observed in al1 rock-types with the exception of the alkali-olivine basalt, which 

lacks apatite, and units of rhyolitic composition, in which they are both absent. Apatite 

generally occurs as srnall, euhedral, rod-shaped crystals within plagioclase and homblende 

and throughout the matrix. It is abundant, attaining 1-2 modal % in some samples. Quartz 

phenocrysts are usually rounded and embayed (Fig. 4-13). Quartz phenocrysts are 

observed in volcanic and intnisive andesites, intrusive dacites, rhyolites and rarely in 

volcanic basaitic andesites. Titanite is a common constituent of volcanic and intrusive 

andesites and intnisive dacite but has not been observed in the less silicic units. 

Groundmass phases are identical to the phenocrystic rninerals, but interstitial g l a s  is 

common. 

Sample JC-34A (Caelles, 1979) is the only sample of alkali-olivine basah 

encountered so far at Farallon Negro and the only rock to contain relict olivine 

phenocrysts. Whereas Llambias (1970) reports rare olivine in volcanic flows and sills, 1 

was unable to locate either the source of JC-34A or of Llambias' samples. Clinopyroxene 



Figure 4-11. 

Pe rrograph ic charucteristics of homb iende in rocks of the 
FaraiIbn Negro Volcanic Conzplex (A). 

A. Euhedral, green homblende in FAR 295, an andesite 
intrusive (Duramo Andesite) emplaced in shoshonitic 
breccias of the Media! Volcuniclasfic Facies which crop out 
West of the settlement of Vis Vis. 

B. Thick oxide-rich rim ("opacite") mantling a large 
homblende crystal in FAR 201, an andesite flow (Arroyo 
Alumbrera Andesite) from the Arroyo Alumbrera, north of 
Bajo de la Alumbrera. This sarnple is the oldest dated rock 
in the Main Farallon Negro S tratovolcano. 





Figure 4-12. 

Perrographic characterisrics of homblende in rocks of rhe 
Farallbn Negro Volcanic Conip fex (23). 

A. Euhedral brown hornblende with a thin oxide-rich rim 
("opacite") in FAR 31 1 ,  a basaltic andesite flow which 
overlies the El Morterito Formation approximately 12 km 
NNW of the Cerro Atajo deposit. 

B. Subhedral brown homblende laths mantled by thin oxide- 
rich layers ("opacite") in FAR 296, a shoshonitic breccia of 
the Media2 Volcanicfastic Facies which crops out West of 
the settlement of Vis Vis. 





Figure 4-13. 

Perrographic characteristics of biotite and qzrarfz 
phenocrysts in rocks of the Petrographic characreris!ics of 
hornblende in rocks of the Farallon Negro VoIcanic 
corn plex. 

A. EuhedraI biotite phenocrysts in FAR 338 (see figure 4-9). 
A sieve-textured plagioclase phenocryst is visible to the 
right of the centrai biotite crystal. Abundant high-relief, 
pale-green apatite microphenocrysts are seen in the matrix. 

B. Rounded and embayed - or skeletal - quartz phenocryst 
in FAR 244 (see figure 4-9). 





is the dominant phenocryst phase in this rock. It exhibits well-developed mning and 

twinning with sieve-like and corroded-rim textures suggestive of disequilibrium. Olivine 

is present as large, altered phenocrysts and is comrnonly glomerophyric. Accessory 

opaques are observed. The matrix was largely glassy and is now altered. 

Disequilibnum features, while not abundant, are fairly common at Farallon Negro. 

Mafk enclaves in more silicic units (Fig. 4-14) are interpreted to represent the 

comrningling of two separate melt phases. Plagioclase represents a thermal record of 

magma chamber processes. Sieve-textured plagioclase (Fig. 4-9) has been observed in 

severai high-K calc-alkaline samples from Farallon Negro (e.g., FAR 244, 28 1, 3 1 1, 3 12 

and 338). In contrast, no sieve textures have been observed in rocks of the shoshonitic 

suite. The sieve-textured cores represent the initial state of disequilibriurn whereas the 

outer, clear and commonly euhedral rim of the plagioclase represent renewed equilibrium 

growth (Tsuchiyama, 1985; Kontak et a/. , 1986). Thermal disturbances within plagioclase 

grains are indicated by numerous resorption surfaces which are visible using Nemarski 

differential interference contrast microscopy (Fig. 4-1 5). Mafic inclusions, sieve-textured 

plagioclase and multiple resorption surfaces are commonly cited as evidence favouring 

magma mixing (MacDonald and Katsura, 1965; Eichelberger, 1974; Gerlach and Grove, 

1982; Singer et al., 1993). It is evident that a certain degree of magma mixing took place 

for the calc-alkaline rocks at Farallon Negro, but the observed chemical variations suggest 

that it  did not play a significant role in the generation or evolution of the shoshonitic units 

(see Wasteneys, 1990). Rather, the curving depletion array displayed by the latter rocks 

on the Mg0 vs. SiO, Harker diagram (Fig. 4-5) suggests normal fractionation processes. 



Figure 4-14. 

Mafic enclave (FAR 65) in the central andesite porphyry at 
Bajo el Durazno. The enclave displays a fine-grained chiIIed 
margin and the host andesite exhibits gradation in colour 
and composition from pale, more felsic, at the contact to 
dark, more mafic, with increasing distance from the enclave. 
Minor copper oxides (bright green) can be seen above the 
coin. 





Figure 4-15. 

Nemurski diljerenfiol inteflerence contrust n~icroscopy 
photomicrographs of resorpfion surfaes iin plagiocluse. 
Etching of polished thin-sections with fluorobonc acid 
preferentially dissolves more caicic zones and provides a 
highly resolved microtopographicd image of the zond 
variations in An content within minera1 grains. Oscillatory 
zoning is marked by the ordered progression of sub-parailel 
"high-relier' and "low-relief1 layers. Resorption episodes are 
marked by irregular and/or rounded surfaces, which 
commonly appear as bright layers in the images and truncate 
oscillatorily-zoned lay ers. 

A. Large plagioclase phenocryst from FAR 338 (see figure 
9). The plagioclase composition in this sample ranges 
overall from An,, to An,,. Rounded resorption surfaces are 
evident in the central portion of the grain. 

B. Large plagioclase phenociyst from FAR 244 (see figure 
9). The average plagioclase compositions range from An,, 
to An3,. Irregular resorption surfaces are particularly evident 
in the top-left quadrant of the crystal. 





Corn parison to selected regional volcanic suites 

The emplacement of Miocene voIcanic units far to the east of the Peru-Chile 

trench in northwestern Argentina is not unique to the Farailon Negro Volcanic Complex. 

Severai broadly contemporaneous centres (e-g., Pocho and San Luis) are located in the 

eastemmost ranges of the Sierras Panrpeanas (Fig. 4-16). With the ongoing efforts of the 

federal and provincial geological surveys to remap areas of NW Argentina, additionai 

centres of similar age are becoming better known (e-g., Las Animas volcanic centre: 

Gonzalez et al., 1989; Gonzalez, 1990; San Lorenzo volcanic complex: Gonzdez, 1995; 

O. Gonzalez, pers. comm., 1995; El AIisal volcanic complex: Martinez and Chipulina, 

1996). 

The Upper Miocene (4.5 - 7.9 Ma) potassic Pocho volcanic centre, Cordoba 

Province, is the best studied of these eastern complexes: detailed mapping and 

geochemical and petrographic investigations have been published (e-g., Kay and Gordillo, 

1994). The San Luis centre, San Luis Province, is less well documented. In this section, 

the geochernistry of the Farallon Negro Volcanic Complex will be compared with those 

of the Pocho (data from Kay and Gordillo, 1994) and San Luis (data from Brogioni, 1987) 

volcanic centres. To provide a more comprehensive regional context, general cornparisons 

will also be made with suites from the Ojos del Salado region in Chile, west of Farallon 

Negro (Baker et al., 1987), and from the Argentine Puna to the north (Kay er ai., 1994). 

Major and trace elements 

Table 4-3 highlights the enrichment or depletion of selected elements, exhibited 



Figure 4-16. 

Location map of the Farallon Negro, Pocho, San Luis, Las 
Animas and El AlisaI voIcanic centres. 





Cornparison of selected major and trace element 
concentrations for 

the Farallon Negro and other regionai suites. 
(Data from: Farallon Negro: This study; Dostal el al., 
1977; Cades ,  1979; Allison, 1986; Kay et al., 1994; 

Pocho: Kay and Gordillo, 1994; San Luis: Brogioni, 1987; 
Ojos del Salado: Baker et al., 1987; Piina suites: Kay er 

al., 1994). 
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by the other Neogene centres, with respect to the Farallon Negro samples. The major 

element signature at FaralIon Negro is most similar to those of the suites from Ojos del 

Salado and the Miocene Puna. At a given SiO, content, the Puna suites are enriched in 

TiO, and Mg0 relative to those from Farall6n Negro. They exhibit similar compositional 

ranges for FqO,, M n 0  and, with the exception of the Puna shoshonites, for Cao. 

Variable enrichments and depletions are observed for Al,O,, N;sO, K,O and P,O,. Of 

interest are the K,O contents, which are similar for al1 suites with the exception of the 

Pirno intraplate and back-arc cdc-aikaiine suites, which are relatively depleted in K,O. 

Overall, the Farailon Negro samples appear to be depleted in N-O with respect to the 

other suites. The Pocho and San Luis suites are enriched in Al,O, and Na20 and depleted 

in F ~ O '  and MgO, but show equivalent ranges of Ca0  and K,O. 

The Pocho voicanic field, on the eastern side of the Sierra de Cordoba, Cordoba 

Province, Argentina (Figs. 4-16 and 4-17), is situated approximately 700 km from the 

Peru-Chile Trench in the Central Andean "flat-slab" segment at approximately 32' S. It 

lies approximately 180 km above the Wadati-Benioff Zone (Isacks, 1988). The field 

comprises a series of volcanic necks, small flows and pyroclastic beds of basaitic 

andesitic-to-dacitic composition. Two generaI eruptive sequences are outIined: an older 

(7.5 2 0.5 Ma) high-K calc-dkaline series; and a younger (5.3 2 0.7 Ma) shoshonitic 

series (Kay and Gordillo, 1994). 

The San Luis volcanic centre is located dong the eastern side of the Sierra de San 

Luis, San Luis Province, Argentina (Figs. 4- 16 and 4-1 8)) approximately 650 km from the 

Peru-Chile Trench at approximately 33' S, and approximately 160-180 km above the 



Figure 4-17. 

Geological map of the Pocho volcanic centre 
(after Kay and Gordillo, 1994). 
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Figure 4-18. 

Geological map of the San Luis volcanic centres 
(after Sruoga et al., 1996). 





Wadati-Benioff Zone (Isacks, 1988). The volcanic units crop out in an 80 km-long NW- 

trending belt. The field consists of a series of small volcanic cones, flows and pyroclastics 

which are associated with linear fracture systems in the west and calderas to the east. The 

rocks are predominantly alkaiine, and include andesites, latites, latite-andesites and 

trachytes (Brogioni, 1987, 1990). Andesitic volcanism commenced as early as 9.5 5 0.5 

Ma at the Diente Verde centre (Sruoga et al., 1996) and was succeeded by extensive 

pyroclastic activity around 2.6 2 0.7 Ma in the eastern area (Ramos et al., 1991). Intrusion 

of W-trending dykes continued until 1.9 2 0.2 Ma (Rarnos ef al., op. cil.). 

A N%O + K,O vs. SiO, plot (Irvine and Baragar, 1971; Fig. 4-19) indicates that 

both the San Luis and Pocho suites are more alkaline than that from Farallon Negro. The 

majority of San Luis sarnples plot in the alkaline field whiie the Pocho samples straddle 

the boundary between the alkaline and sub-alkaline fields. In the AFM diagram (Fig. 4- 

20), the Pocho and San Luis sarnples plot in the calc-alkaline field and tend to cluster 

close to the alkali apex. Samples frorn San Luis range from medium-, through high-K 

calc-alkaline to shoshonitic (Fig. 4-21), whereas those from Pocho are dominantly 

shoshonitic (ranging from absarokite to highly-potassic dacites), with only minor high-K 

calc-al kaline compositions. 

The trace element signature of the Farallon Negro rocks is most similar to that of 

the Pocho volcanic complex. The FaralIon Negro, Pocho and Puna intraplate suites 

display the flatîest REE patterns. In general, the other suites are variably enriched in the 

LREE, and slightly depleted in the HREE, but Eu and Tb values are sirnilar for a11 suites. 

The Puna shoshonites demonstrate the greatest enrichment in LREE, aithough their HREE 



Figure 4-19. 

Total alkalies vs. SiO, diagram for rocks of the Farallon 
Negro, Pocho and San Luis volcanic suites. 

(after Irvine and Barager, 1971) 
diarnond = Farallon Negro 
circle = Pocho: Kay and Gordillo, 1994. 
square = San Luis: Brogioni, 1987. 





Figure 4-20. 

AFM diagram for rocks of the Farallon Negro, 
Pocho and San Luis volcanic suites. 

(after Irvine and Barager, 1971) 
diarnond = Farailon Negro 
circle = Pocho: Kay and Gordiilo, 2994. 
square = San Luis: Brogioni, 1987. 





Figure 4-21. 

KZO vs. SiO, diagram for rocks of the Farallon Negro, 
Pocho and San Luis volcanic suites. 

(after LeMaitre, 1986 and Pecerillo and Taylor, 1976) 
diamond = Farallon Negro 
circle = Pocho: Kay and Gordillo, 1994. 
square = San Luis: Brogioni, 1987. 





signature is similar to that of Farallon Negro. The LILE are enriched in the Puna 

shoshonites, but show both enrichment and depletion in the other suites. Th is enriched 

in al1 suites except Pocho. Rb is similar in concentration in al1 suites with the exception 

of the Puna shoshonites. The HFSE are enriched in the Pima shoshonites. In generai, Cr, 

Ni, Co and Sc are enriched in al1 but the Pocho suite, where they show depletion relative 

to Farallbn Negro rocks. 

Comparative extended REE plots (using the normalization factors presented in Kay 

and Gordillo, 1994) for the Pocho and Farallon Negro suites are provided in figure 4-22. 

Both the Farailon Negro high-K calc-alkaline and shoshonite trends resemble the Pocho 

shoshonite trend. The patterns are identicai, with the exception of the variable Cs and 

lower Sr at Farallon Negro. In contrast, the patterns displayed by the Pocho high-K calc- 

alkaline suite differ from the Farallon Negro suite in that the latter is enriched in Th, U, 

Rb and Cs, but significantly depleted in Sr. Similar REE patterns are reported for the 

Quatemary Cerro Tuzgle volcanic centre (24" S, 66.5" W: Coira and Kay, 1993). 

Trace-element ratio diagrarns have been employed by Kay et al. (1988), Coira and 

Kay (1993), Kay et al. (1994), and Kay and Gordillo (1994) to place constraints on the 

source of the magmas in NW Argentina. A plot of BdLa vs. L d Y b  is presented as figure 

4-23. Note that Farallh Negro, Pocho and Pirna shoshonite suites exhibit arc-like BaLa 

ratios, whereas the Puna back-arc calc-alkaline and intraplate suites display oceanic island 

basalt (0IB)-Iike chemistry. High BaLa ratios at Pocho were interpreted as evidence for 

higher alkaline-earth contents in the source region (Kay and Gordillo, 1994). The Farallon 

Negro and Pocho suites exhibit the lowest LalYb ratios (flat REE patterns), consistent 



Figure 4-22. 

Comparative REE plots for Farallon Negro and Pocho high- 
K caic-alkaline and shoshonitic suites. (Normalization 
factors from Kay and Gordillo, 1994: norrnalization for Ba, 
Sr, U, Th, Ta and REEs with respect to Leedy chondrite. 
Cs, Rb and K are normalized to ocean ndge basalt K D I  I .  
Factors (ppm) are: Cs (0.0 l3), Rb (0.325), K ( 1  l6), Ba 
(3.77), Sr (14), U (0.01 5), Th (0.05), Ta (0.02), La (0.378), 
Ce (0.976), Nd (0.716). Sm (0.23), Eu (0.0866), Tb 
(0.0589), Yb (0.249), Lu (0.0387). Eiements are plotted in 
alkali, alkaline earth, high field strength (U, Th, Ta) and 
REE groups to show intergroup relationships.) 



Pocho - High-K Calc-Alkaline 

(Kay and Gordillo. 1994) ' 

Pocho - Shoshonites 

(Kay and Gordillo. 1994 



Figure 4-23. 

BalLa vs. LdYb for regional voicanic suites. 
diamond: Farallon Negro, this study; 
triangle: Pocho, Kay and Gordillo, 1994; 
inverted triangle: Puna back-arc calc-alkaline, 

Kay et al., 1994; 
asterisk: Puna intraplate, Kay er ol.. 1994; 
circle: Puna shoshonite, Kay et al., 1994; 
square: Ojos del Salado, Baker e t  al., 1987 





with a negligible role for gamet in the magma source regions. This is in clear 

contradiction to the research of Dostal et al. (1977), in which the Farallon Negro rocks 

exhibited steep LaNb ratios, and it is suggested that theit limited database was 

insufficient to effectively evaluate the petrochemical relationships of the Farallon Negro 

transect. A plot of Ba/Ta vs. La/îa is presented as figure 4-24. High LalTa ratios are 

generaily interpreted to represent greater contributions by the subducted slab (Kay et al., 

1994), and it is inferred that the Ojos del Salado rocks incorporate considerably more 

slab-derived material than the Farallon Negro, Pocho and Puna intraplate suites, consistent 

with the more westerly location of the former. 

Cornparison to Shoshonitic Suites in other regions of the Central Andes 

The distinction between the high-K calc-alkaline and shoshonite suites of this 

region, including those of the FardIbn Negro centre, appears to be based solely on their 

compositions relative to a discriminant line on the K,O vs. SiO, plot of Pecerillo and 

Taylor (1976; figure 4-21). Thus, in contrat to the shoshonite suites of the western United 

States, there are no distinguishable field or petrographic characteristics that can aid in 

their ~Iassification. This is also the case for the shoshonitic rocks studied by Déruelle 

(1978) from the Central Andes in general. The impression is that, whiie shoshonitic rocks 

abound in the Central Andes, they merely represent members of a broader compositional 

continuum from high-K calc-alkaline to shoshonitic. The orthodox model, i.e., that 

shoshonitic rocks form well in board of subduction zones and generally represent late 

episodes of magmatism in arc history (e.g., Joplin, 1965), would suggest that rocks of this 



Figure 4-24. 

Ba/Ta vs. LdTa plot for regional volcanic suites. 
diamond: Farallon Negro, this study; 
triangle: Pocho, Kay and Gordillo, 1994; 
inverted triangle: Pimu back-arc calc-alkaline, 

Kay et al., 1994; 
asterisk: Pima intraplate, Kay er al., 1994; 
circle: Puna shoshonite, Kay et al.. 1994; 
square: Ojos del Salado, Baker et al., 1987 





petrogenetic affinity should abound in Bolivia, Peru and Argentina However, published 

analyses for Bolivian and Peruvian shoshonites are scarce and, although slightly more 

numerous, those for Argentine shoshonites are derived from two small, isolated centres. 

In this section, the most potassic n i t s  at Farallon Negro are cornpared to other 

shoshonitic rocks from the Central Andes. The latter (Fig. 4-25) are: Pocho, Argentina 

(Kay and Gordillo, 1994); San Geronimo and Cerro Negro de Chorillos, Argentine Puna 

(Déruelle, 1991; Schreiber and Schwab, 1991; Kay et al., 1994); La Poma, Argentine 

Pima (Kay et al., 1994); Picotani Group, Peru (Sandeman, 1995); Cerro Morornoroni 

Formation., Peru (Kontak et al., 1986); Tacaza Group, Peru (Wasteneys, 1990); two 1 1 

Ma shoshonite sarnples from southern Peru documented by France (1 985); S illapaca 

Group, Peru (Aramaki et al., 1984; France, 1985); Quaternary shoshonites, SE Peru 

(Cariier et al., 1992; Soler et al., 1992); Abaroa Formation, NW Bolivia (Jiménez et al., 

1993); a limited SW Bolivian suite (Kussmaul et al., 1977); and a suite of Cretaceous 

intrusive rocks of shoshonitic affinity, viz. the Linga Group, of the Peruvian Coastal 

Batholith (LeBel el al., 1985). 

A rgenlin e s/z osh onite suites: 

Pocho 

Aspects of the Pocho volcanic suite have been discussed previously. The rocks are 

characterised by up to 30-40% of feldspar, clinopyroxene and amphibole phenocrysts in 

a finely-crystalline or devitrified glassy groundmass. Plagioclase is the dominant 

phenocryst phase. Accessories include titanomagnetite, apatite and titanite. Geochemical 



Figure 4-25. 

Location map for Andean shoshoni tic sui tes. 
Note the location marked "Prrna shoshonite suites" 

denotes the general location of the San Geronimo, Cerro 
Negro de Chorillos and La Poma suites. 
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and petrochemical modelling indicate that the Pocho rocks can be largely explained as 

products of fractionai crystallization of melts generated over a subduction zone. A model 

involving the stoping and eastward transport of blocks of basal continental lithosphere 

within an asthenospheric wedge is proposed to explain their distinctive, depleted-lower- 

cnistal trace element and isotopic signatures (Kay and Gordillo, 1994). 

San Geronimo and Cerro Negro de ChorilIos 

The San Geronimo (24" 14' S; 66" 30' W) and Chonllos (24" 16; S; 66" 24' W) 

centres are located on the Puna. over 500 km from the Peru-Chile Trench and 

approximately 200 km above the Wadati-Benioff zone. They are underlain by intermediate 

Iithospheric thicknesses (Whitman sr al., 1992). Ages of 2 Ma for an andesite from 

Chorillos and 0.78 Ma for a basaltic andesite frorn San Geronimo are quoted in Coira et 

al. (1993), but no details of the dating method, errors or source are provided. These units, 

representing low-volume flows ternporally and spatially associated with extensional or 

strike-slip faults dong or near the El Toro lineament, include absarokite, shoshonite and 

banakite compositions. Phenocryst assemblages, constituting approximately 10 modal % 

of the rocks, include olivine and clinopyroxene in the absarokites and shoshonites and 

orthopyroxene and homblende in the banakites. Ti-rich phlogopite occurs in some 

shoshonites and banakites. Plagioclase is not recorded as a phenocryst phase, but quartz 

and sieve-textured feldspar xenocrysts, both rimmed by clinopyroxene, occur in a11 rock- 

types. The mineralogy and geochemistry are interpreted to indicate partial melting of a 

mica-bearing peridotite, storage at deep crustal levels with possible assimilation of lower 



crustal material, and contamination at upper-crustal levels through the incorporation of 

quartz and feldspar xenocrysts (Déruelle, 199 1). 

The La Poma fiows (24" 40' S; 66' 10' W) are located dong faults near the 

boundary between the Puno and the Cordillera Oriental. They occupy a location with 

respect to the trench and the Wadati-Benioff Zone sirniIar to that of the San Geronimo 

and Chorillos suites and are inferred to be sirnilar in age (Coira et al., 1993; Kay et al., 

1994). Their petrology is sirnilar to that of the other Puna shoshonites, with olivine and 

Ti-rich clinopyroxene phenocrysts, rninor hornblende which is extensively resorbed, and 

quartz xenocrysts rimmed by clinopyroxene (Hormann et al., 1973). These units are 

interpreted to have been emplaced in an extensionai graben setting (Hormann et al., op. 

c&). 

Peru viun s/ros/ronit e suites: 

Linga Group 

The Linga Group (LeBel et al., 1985) consists of a suite of Cretaceous intrusive 

units which demonstrate shoshonitic chemical affinities at SiO, contents greater than 59 

wt %. Units of the suite crop out in the Coastal Batholith of souîhem Perm In the 

Arequipa segment of the batholith, this suite forms the western part of the Caldera 

intrusive cornplex. The rocks consist of diorites, granodiorites and granites. The diorites 

are fine-grained but are locally porphyritic. Plagioclase is the rnost abundant mineral, 

intergrown with Iessor amounts of ortho- and clinopyroxene, Fe-Ti oxides and biotite, and 

with interstitial K-feldspar and quartz. Granodiorites exhibit a sirnilar mineralogy, but with 



green homblende rather than orthopyroxene. Granites contain less biotite and amphibole 

and greater amounts of quartz. These rocks are postulated to have formed by low pressure 

fractionai crystaiIization within the continental cmst, yet there is iittle evidence for crustd 

assimilation. The isotopic signature of the infened parental magmas is similar to that 

proposed for the "primary" magmas to the Recent Arequipa and Barroso Formation 

volcanic units which crop out nearby. 

Picotani Group 

The shoshonites of the upper Oligocene - Lower Miocene Picotani Group make 

up the Queuta Formation (Sandeman, 1995). They crop out in the northern and central 

areas of the Picotani Meseta (14" 30' S; 70" W) in the Inner Arc of S.E. Peru (Clark et 

aL, 1983, 1984, 1 WO), located approximately 550-600 km frorn the Peru-Chile Trench. 

This formation represents the Iowermost unit of the Picotani Group and is dated at 24 Ma. 

The rocks consist of olivine-, plagioclase- and, less commonly, clinopyroxene- 

glomerophyric, shoshonitic to high-K calc-alkaline basalt and basaltic andesite flows. 

Olivine is altered. Clinopyroxene is commonly sieve-textured and resorbed. Plagioclase 

phenocrysts are also Iocally sieve-textured and exhibit thermal resorption surfaces 

(Sandeman, 1995). These petrological characteristics are interpreted to record mixing of 

absarokitic magmas with the felsic products of crustal anatexis (Sandernan el ai., 1995). 

They are postulated to have been generated through an episode of anomalous 

asthenospheric flow caused by the foundering of a detached mass of an oceanic slab that 

had becorne coupled with the overriding crustal plate, with upwelling in its wake. 



Isothermai decompression rnelting of the rising plume of asthenosphenc mantle is inferred 

to have produced the high-K calc-alkaline and shoshonitic rnelts in the Inner Arc. 

Relatively thin orogenic crust and weakly extensionai tectonics are posnilated for this time 

(Sandeman et al.. op-cil.). 

Cerro Moromoroni Formation 

This shoshonitic suite crops out near the village of Antauta (14" 17' S; 70" 18' W) 

in the Imer Arc of southern Pem. These mafic lavas, petrologically distinctive and 

geographically isolated from coeval units, are assigned to the Cerro Morornoroni 

Formation of the Picotani Group by Sandeman (1995). The shoshonitic rocks make up a 

small (4.5 km'), eroded volcanic edifice. The suite has been dated (K-Ar) at 23.7 2 0.6 

Ma on a whole-rock sample of unaltered absarokite. This is comparable to a ' O A ~ ~ A ~  date 

of 23.81 2 0.23 Ma on sanidine reponed in Sandeman et al. (subrnitted). The suite 

inciudes absarokites and shoshonites. The rocks consist of olivine, plagioclase and 

orthopyroxene phenocrysts in a fine-grained matrix of similar composition, but with 

opaques and glass. K-feldspar is reported in the rnatrix. Sieve-textured plagioclase 

phenocrysts are observed in the shoshonite members. Shattered quartz xenocrysts mantled 

by clinopyroxene coronas are observed in three-quarters of the samples studied. On the 

basis of chemical and textural variations, Kontak et al. (1986) invoke a cornplex history 

originating with partial melting of a REE- and LILE-enriched gamet peridotite source, an 

early period of high-pressure crystallization closely followed by a second period of 

relatively shallow-level fractionation, and mixing of the magma with a felsic liquid 



generated by partial melting of the crust Mixing of the two melts probably occurred in 

a shallow magma chamber. 

Tacaza Group 

Shoshonitic voIcanics, predorninantly rnafic-to-intermediate in composition, 

comprise the bulk of the upper Oligocene - lowemost Miocene Tacaza Group in the 

Santa Lucia District (15" 40' S; 70" 41' W) of the Main Arc of southem Pen. The Tacaza 

Group ranges in age from 23.5 to 3 1 Ma (Wasteneys, 1990). An extensional stress regime, 

responsible for the development of pull-apart basins, was prevalent at this tirne and the 

orogenic crust probably did not exceed 20-25 km in thickness. The suite consists of 

absarokites, shoshonites and banakites. These rocks are composed of olivine-, 

clinopyroxene- (Ti-rich in the absarokites) and plagioclase (commonly sieve-textured in 

the shoshonites) phenocrysts with abundant apatite rnicrophenocrysts and accessory Fe-Ti 

oxides in a trachytic, widely glassy matrix. The rocks are typically nepheline-normative 

but lack feldspathoid minerais. Wasteneys (1990) concluded that magma mixing was not 

of primary importance in the generation of the shoshonitic magmas, which are interpreted 

as the products of clinopyroxene- and plagioclase-dorninated fractionation of mantle- 

derived absarokitic magmas with minimal crustai interaction. The subsequent transition 

from andesite-dominated shoshonitic suites to dacitic-to-rhyolitic calc-alkaline assemblages 

probably records a significant thickening of the continental crust (Sandernan et al., 1995). 



11 Ma shoshonites 

France (1985) documents two sarnples of shoshonitic affinity from Cerro 

Contoripifia (16'18' S, 69'41' W) and Cerro Quenamichi (16'3 1' S, 69'39' W), 

approximately 25 km south of the town of Ilave, south of Lake Titicaca in the Main Arc 

of southem Pem. These samples returned K-Ar dates of 11.8 2 0.2 and 11.1 + 0.4 Ma, 

respectively. It is unclear to which stratigraphic formation these samples belong. 

Sillapaca Group 

A suite of shoshonitic rocks crops out dong the southern shore of Lake Titicaca, 

in the vicinity of the town of Puno in southern Peru (15'49' S, 70'05' W). They consist 

of olivine-clinopyroxene - phyric shoshonites, some of which also contain biotite and 

homblende. They range in age from 5.5 2 0.2 Ma (France, 1985) to 5.97 + 0.20 (Kaneoka 

and Guevara, 1984). Also assigned to this group are the Umayo Basalts, approximately 

horizontal, massive and vesicular basalt (absarokite) in the area of Laguna Umayo (1 5'43' 

S, 70'08' W), 18 km northwest of Puno. Sarnpies from this locality have been dated by 

K-Ar methods by McBride (unpublished data, 4.93 + 0.2) and France (1985, 5.06 + 0.54). 

Quaternary shoshonites 

An array of nearly thirty srnaII Quatemary shoshonitic centres defines a narrow W- 

to NW-trending belt in the Inner Arc domain of southeastern Peru (Carlier et al., 1992), 

approximately 550-600 km from the Peru-Chile trench. In the northwestem segment of 

the belt they are approximately 100 km above the Bat-slab segment of the Wadati-Benioff 



zone whereas in the southemrnost segment they lie approximately 225 km above the 30"- 

dipping slab. Phenocryst phases consist of olivine, clinopyroxene and phlogopite. ï h e  

rocks contain xenocrysts of quartz with pyroxene coronas, sieve-textured andesine and 

destabilized biotites and aggregates of bronzite, augite and minor phlogopite, forsterite and 

plagioclase. The magmas were ernplaced dong normal faults. They are interpreted to 

have been generated by the mixing of mantle-derived mafic potassic melts with crustal 

felsic peraluminous melts, followed by fractional crystallization. 

Bolivian slr oslr on ite suites: 

Abaroa Formation 

Nepheline-normative, intermediate-to-mafic shoshonitic voIcanics are the major 

members of the Abaroa Formation in the Berenguela Region of the northwestern Altiplano 

of Bolivia ( 1 P  15' S; 69" 15' W). The Abaroa Formation lavas yield K-Ar ages of 20.8 

+ 0.5 Ma (plagioclase separate), 14.6 Ma (augite) and 13.5 5 0.4 Ma (whole-rock) - 

(Jiménez et al., 1993). The rocks range in composition from basalt to andesite and 

dernonstrate shoshonitic and alkalic tendencies. They consist of clinopyroxene, olivine and 

plagioclase phenocrysts in a fine-grained matrix rich in plagioclase. Nepheline occurs as 

a trace minerai. Oxyhomblende and phlogopite are common in the more silicic units. 

These rocks are interpreted to have formed by small volume partial melting of a m a d e  

source with major olivine and feldspar fractionation. The subsequent change in 

composition to younger "normal" high-K calc-alkaline rocks is attributed to crustal 

thickening and to a change in overall tectonic regime (Jiménez et ai.. 1993). 



SW Bolivian shoshonite suite 

A series of iavas from southwestern Bolivia (approximately 22' S; 68' W) c m  be 

assigned to the shoshonitic clan. They have a restricted range of SiO, content (6 1.57-68.29 

wt. %). These dacites are highly porphyritic and contain phenocrysts of plagioclase, 

biotite, quartz, hypersthene and rare sanidine. The quartz is commonly rounded, embayed 

and rimmed by fine-grained pyroxene. This suite is interpreted to have been generated by 

partial melting of different crustal zones, with changes in observed composition (e-g.. 

higher K,O and SiO, contents) caused by varying composition of the source rocks. 

Tensional faults provided feeder channels for the eruptives (Kussmaul et al., 1977 ). 

Major and Trace EIements of Central Andean S/t oslr onitic Suites 

An N-O + K,O YS. SiO, plot (Iwine and Barager, 1971; Fig. 4-26) demonstrates 

the alkaline tendencies of the Tacaza, Chorillos and La Poma suites. The Pocho, San 

Geronimo and Sillapaca suites plot along the alkaline-subalkaline boundary. The AFM 

diagram (Fig. 4-27) demonstrates that al1 suites belong to the calc-alkaline clan sensir lam. 

The K,O vs. SiO, diagram (Fig. 4-28) demonstrates the shoshonitic character of the suites 

(as defined by Pecerillo and Taylor, 1976) although it is evident that the samples assigned 

to the shoshonite clan by Kussmaul et al. (1 977) in SW Bolivia would more appropriately 

be classified as high-K cale-alkaline. 

Published whole-rock analyses for the Central Andean shoshonite suites are 

presented in Appendix F. Of the major and trace elements, revealing trends are 

demonstrated by TiO,, Mg0 and Cr. A plot of TiO, vs. SiO, is presented as figure 4-29. 



Figure 4-26. 

Total alkalies vs. SiO, diagram for rocks of the 
Central Andean shoshonite suites. 
(after Irvine and Barager, 1971) 

filled diamond: FasaIlon Negro, this study 
empty diamond: Pocho, Kay and Gordillo, 1994 
hai f-fi lied square: Cerro Negro de Choril los, 

Déruelle, 199 1; Schreiber and Schwab, 
1991; Kay el al., 1994 

fil  led square: San Geronimo, DérueIIe, 199 1 ; 
Schreiber and Schwab, 199 1; Kay et al., 
1994 

empty square: La Poma, Kay et al., 1994 
empty triangle: Cerro Moromoroni, Kontak er al., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul et 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez et 

al., 1 993 a 
cross: Linga Group, LeBel et al., 1985 
filled circle: Sillapaca Fm, Aramaki et al., 1984; 

France, 1985 
half-fiiled circle: 1 1 Ma shoshonites, France 1 985 





Figure 4-27. 

AFM diagram for rocks of the Andean shoshonite suites. 
(after Irvine and Barager, 1971) 

filled diamond: Farailon Negro, this study 
empty diamond: Pocho, Kay and Gordillo, 1994 
half-filled square: Cerro Negro de Chorillos, 

Déruelle, 199 1; Schreiber and Schwab, 
1991; Kay et al., 1994 

filled square: San Geronimo, Déruelle, 199 1 ; 
Schreiber and Schwab, 199 1; Kay et ai., 
1994 

empty square: La Poma, Kay et al., 1994 
empty triangIe: Cerro Moromoroni, Kontak et al., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul el 

al., 1977 
empty inverted triangle: A baroa Group, Jiménez el 

ai., 1993a 
cross: Linga Group, LeBel et QI., 1985 
filled circle: Sillapaca Fm, Ararnaki et al., 1984; 

France, 1985 
half-filied &le: 1 1 Ma shoshonites, France 1985 





Figure 4-28. 

K,O vs. SiO, diagram for rocks of the Centrai Andean 
shoshonite suites. 

(after LeMaitre, 1986 and Pecerillo and Taylor, 1976) 
filled diamond: Farailon Negro, this study 
empty diamond: Pocho, Kay and Gordillo, 1994 
half-filled square: Cerro Negro de Chorillos, 

Déruelle, 199 1 ; Schreiber and Schwab, 
1991; Kay et al., 1994 

filled square: San Geronimo, Déruelle, 199 1 ; 
Schreiber and Schwab, 199 1; Kay et al., 
1994 

empty square: La Poma, Kay et al.. 1994 
empty triangle: Cerro Moromoroni, Kontak et al., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul et 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez et 

al., 1993a 
cross: Linga Group, LeBe1 er a/., 1985 
filled circle: Sillapaca Fm, Aramaki et al., 1984; 

France, 1985 
half-filled circle: 1 1 Ma shoshonites, France 1985 





Figure 4-29. 

TiO, vs. SiO, diagram for rocks of the Central Andean 
shoshonite suites. 

filled diamond: FardIbn Negro, this study 
empty diamond: Pocho, Kay and Gordillo, 1994 
half-filled square: Cerro Negro de Chorillos, 

DémelIe, 199 1; Schreiber and Schwab, 
199 1; Kay et al., 1994 

filled square: San Geronimo, Déruelle, 1 991; 
Schreiber and Schwab, 199 1 ; Kay er al., 
1994 

empty square: La Poma, Kay sr al., 1994 
empty triangle: Cerro Moromoroni, Kontak el ai., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul el 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez el 

al., 1993a 
cross: Linga Group, LeBel et al., 1985 
filled circle: Sillapaca Fm, Aramaki et a!., 1984; 

France, 1985 
half-filled circle: 1 1 Ma shoshonites, France 1985 





A well-defined break in the data separates high-Ti from low-Ti shoshonites. The majority 

of the Chorillos lavas from the Argentine Puna plot in the high-Ti field. Samples from 

the Sillipaca Group of southern Peru plot in the high-Ti field with the exception of the 

Urnayo basalt. A sarnple of the Tolaocco Fm. from the Santa Lucia District plots within 

the high-Ti field, as does one sample from the SW Boiivian suite. In general, the high-Ti 

shoshonites are confined to the younger suites (i.e., younger than 5.5 Ma). In the Santa 

Lucia District, Wasteneys (1990) documents an enrichment of TiO, with tirne which may 

suggest a range of parental magma compositions. The chernical differences between the 

Pliocene (ToIaocco Fm.) and upper Oligocene (Tacaza Group) shoshonites in that area 

reflect the great increase in crustal thickness in the Mio-Pliocene and irnply the 

importance of extensional tectonisrn in the ascent of mafic magmas. The relative 

enrichment in HFSE such as Nb, Zr and Ti in the Tolaocco Fm. compared to the upper 

Oligocene shoshonites suggest a more ocean island basalt (0IB)-Iike source and, possibly, 

the partial melting of Iess metasomatized mantle peridotite. This rnay have developed 

through the less efficient transfer of fluids into the mantle wedge above a more rapidly 

descending Late Miocene slab. The crust was much thicker in the Late Miocene than in 

the Oligocene and hence a significant extensional tectonic event probably occurred to 

allow the mafic magmas to reach the surface. The chemistry of the SW Bolivian suite 

rnay also indicate a progression to higher TiO, contents with tirne. The one high-Ti 

sample is h m  the Soniquera volcano (67"15'W, 22'02' S) and appears to represent the 

youngest sarnple in this suite, although more information on the ages of the units would 

be required to confirm this inference. 



Figure 4-30 illustrates the relationships of Mg0 and SiO, contents in these K-rich 

rocks. It is evident that, at a given SiO, content, samples from the Inner Arc and the 

Argentine Puna show higher Mg0 contents than the Main Arc suites. This difference is 

broadly duplicated in the Cr us. SiO, plot (Fig. 4-3 1). These trends are interpreted herein 

to indicate the involvement of more primitive parental magmas in the Inner Arc and the 

Argentine Puna suites than in the Main Arc. The lowest Mg0 and Cr contents are 

observed for the Tacaza, Pocho and Fardon Negro suites, al1 components of the Main 

Arc. The Main Arc and Inner Arc (Fig. 4-32, Clark es ai., 1983, 1984, 1990) are delimited 

as magmatic domains on the basis of the overall igneous petrochemical assemblage. Main 

Arc volcanic and plutonic rocks are ultimately of m a d e  origin but display a significant 

range of contributions from the upper and rniddle continental crust and exhibit both cale- 

alkaline (low- to high-K) and weakly alkaline (shoshonitic) affinities. The Inner Arc is 

aerially restricted and also incorporates peralkaline rocks and moderately to strongly 

peraluminous, intermediate to acidic, volcanic and intrusive suites. 

A plot of BalLa vs. LaNb is presented as figure 4-33. The Puna shoshonites 

demonstrate much steeper REE trends (high La/Yb ratios) than the Pocho or Farallon 

Negro suites, with the Picotani Group showing intermediate LdYb ratios. With respect 

to B d a  ratios, al1 rocks show arc-like ratios, with the exception of the San Geronimo 

and several members of the Chorillos suites. A plot of Ba/Ta vs. La/Ta is presented as 

figure 4-34. Higher La/Ta ratios are generally interpreted to represent greater contributions 

by the subducted slab (Kay er ai., 1994). On this basis, it is inferred that the La Poma 

suite incorporated considerabiy more slab-derived material than the Pocho, Farallon 



Figure 4-30. 

Mg0 vs. SiO, diagrarn for rocks of the Central Andean 
shoshonite suites. 

filled diamond: Farallon Negro, this study 
empty diamond: Pocho, Kay and Gordillo, 1994 
haif-filled square: Cerro Negro de Choriilos, 

Déruelle, 1 99 1 ; Schreiber and Schwab, 
1991; Kay et al., 1994 

filled square: San Geronimo, Déruelle, 199 1; 
Schreiber and Schwab, 1991 ; Kay et al., 
1994 

empty square: La Porna, Kay et al., 1994 
empty triangle: Cerro Moromoroni, Kontak sr al., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul el 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez et 

al., 1993a 
cross: Linga Group, LeBel et al., 1985 
filled circle: Sillapaca Fm, Aramaki et al., 1984; 

France, 1985 
half-filIed circle: 1 1 Ma shoshonites, France 1985 





Figure 4-31. 

Cr vs. SiO, diagram for rocks of the Central Andean 
shoshonite suites. 

filled diamond: Farallon Negro, this study 
empty diarnond: Pocho, Kay and Gordillo, 1994 
half-filled square: Cerro Negro de Chorillos, 

Déruelle, 1991; Schreiber and Schwab, 
199 1 ; Kay et al., 1994 

filled square: San Geronimo, Déruelle, 199 1 ; 
Schreiber and Schwab, 199 1; Kay el al., 
1994 

empty square: La Poma, Kay et al., 1994 
ernpty triangle: Cerro Moromoroni, Kontak et al., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
astensk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul er 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez et 

al., 1993a 
cross: Linga Group, LeBel et al., 1985 
filled circle: Sillapaca Fm, Aramaki et al., 1984; 

France, 1985 
half-filled circle: 1 1 Ma shoshonites, France 1 985 
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Figure 4-32. 

Map showing the aereal extent of the Central Andean 
Main and Inner Arc domains. 

[Clark et al. (1983, 1984, 1990) and Sandernan (1995)] 



after Clark et al. (1 983, 1984. 1990) 
and Sandemam (1 995) l 
A.M. Sasso, 1997 
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Figure 4-33. 

BdLa vs. LafYb diagram for rocks of the 
Central Andean shoshonite suites. 

filled diamond: Farallon Negro, this study 
ernpty diarnond: Pocho, Kay and Gordillo, 1994 
half-filled square: Cerro Negro de Chorillos, 

Déruelle, 199 1 ; Schreiber and Schwab, 
1991; Kay et al., 1994 

fiiled square: San Geronimo, Déruelle, 199 1; 
Schreiber and Schwab, 1991; Kay et al., 
1994 

empty square: La Poma, Kay et al., 1994 
empty triangle: Cerro Moromoroni, Kontak et al., 

1986 
filled triangle: Picotani Group, Sandeman, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Boiivia, Kussmaul er 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez ei 

al., 1993a 
cross: Linga Group, LeBel et al., 1985 
filled circle: Siilapaca Fm, Aramaki et al., 1984; 

France, 1985 
half-filled circle: 1 1 Ma shoshonites, France 1985 





Figure 4-34. 

B f l a  vs. La/Ta diagram for rocks of the 
Centrai Andean shoshonite suites. 

filled diamond: Farallon Negro, this study 
empty diarnond: Pocho, Kay and Gordillo, 1994 
half-filled square: Cerro Negro de Chorillos, 

Déruelle, 199 1 ; Schreiber and Schwab, 
1991 ; Kay et al., 1994 

filled square: San Geronimo, Déruelle, 199 1 ; 
Schreiber and Schwab, 1991; Kay et al., 
1994 

empty square: La Poma, Kay et al., 1994 
empty triangle: Cerro Moromoroni, Kontak el al., 

1986 
filled triangle: Picotani Group, Sandernan, 1995 
asterisk: Tacaza Group, Wasteneys, 1990 
filled inverted triangle: SW Bolivia, Kussmaul et 

al., 1977 
empty inverted triangle: Abaroa Group, Jiménez et 

al., 1993a 
cross: Linga Group, LeBel et al., 1985 
filled circle: Sillapaca Fm, Aramaki et al., 1984; 

France, 1985 
half-filled circle: 1 I Ma shoshonites, France 1985 





Negro, San Geronimo and Chorillos suites. 

Salient aspects of the geoiogy, magmatic evolution and rnagmatic source regions 

of the Central Andean shoshonitic suites are summarized in Table 4-4. The majority of 

the studied rocks appear to have formed within a continuum of volcanic activity which 

includes units of high-K cale-alkaline and cale-alkaline affinities. The Peruvian, Bolivian 

and Farallon Negro shoshonite suites represent an early phase of magmatism in their 

respective regions, interpreted to be associated with thinner crust, and were followed by 

increasing proportions of rocks of high-K calc-alkaline and caic-alkaline compositions, 

suggesting changes in the petrogenetic environment in the underlying lower crust and 

upper mantle, possibly resulting from crustal thickening. In contrast, the young Pima 

shoshonites are late magmatic features interpreted to have formed over thickened 

iithospheric cmst. The Pocho shoshonites formed in a magrnatic continuum similar to that 

at Farallon Negro, but the shoshonites formed late in the sequence. They are interpreted 

to have formed over "normal" thickness crust. Differences in local crustal thickness are 

possibly reflected in the REE contents of the rocks. On the b a i s  of the avaiiable HREE 

analyses, gamet appears to have been an important constituent in the source regions of 

the Pima and Cerro Moromoroni shoshonites and possibly also in the Picotani Group and 

Quatemary Shoshonite suites, whereas melting of a gamet-bearing source at Farallon 

Negro and Pocho is preciuded by the flat HREE patterns. Crustal interaction is interpreted 

as important in the magmatic evolution of the Picotani, Moromoroni, SW Bolivian and 

Puna suites, but not in the generation of the Tacaza Group volcanics. Quanz xenocrysts 

rimmed by clinopyroxene have been interpreted to indicate the mixing and cornmingling 



Table 4-4. 

Saiient aspects of the geology, rnagmatic evolution and 
magmatic source regions of the Central Andean 

shoshonitic sui tes. 
(Data sources as in Figure 4-2 1) 







of absarokitic magmas with the felsic products of crustal anatexis (Kontak et al., 1986; 

Carlier et al., 1992). Clinopyroxene coronas on quartz xenocrysts are reported in all suites 

with the exception of the Farallon Negro, Pocho, Tacaza and Linga suites, but insufficient 

petrographic information is provided for the Abaroa and Sillapaca suites to reveal the 

existence of these textures. Magma mixing is interpreted to have been of primary 

importance in the genesis of shoshonitic melts of the Picotani Group, including those from 

Cerro Moromoroni, but of secondary importance in the other sui tes. Shoshonitic volcanism 

occurred throughout the late Oligocene-Miocene interval and persisted into the Pleistocene 

in the region as a whole. The temporal association with extensional tectonics is common 

to al1 of the shoshonite suites in the Central Andes. 

EpiSudes of sItos/1onitic volcanism in the Central Andes 

Soler and Jiménez (1993) identi@ four short-lived episodes of shoshonitic 

voicanism along the Bolivian Orocline, at 24 - 28 Ma, I l  - 13 Ma, in the Pliocene, and 

in the Quatemary. The ages of the suites investigated herein corroborate the above 

division into four periods of shoshonitic volcanism, but the individual pulses of magmatic 

activity appear to have been longer-lived than as proposed by Soler and Jiménez (op. cil.). 

Extending the area of their study to include NW Argentina, it is concluded that 

shoshonitic volcanism was active in the Central Andes during the following periods: 

20 - 3 1  Ma 

K-rich rocks from this interval include: the Tacaza, Picotani Group and Cerro 



Moromoroni suites from southern Pem, the Abaroa Formation rocks in Bolivia and a 

series of 22 Ma shoshonites and banakites, the Rondal lavas, related to transtensional 

faults in the southem Altiplano of Bolivia (Fornari et al., 1993). This period was 

charactenzed by calc-alkaline volcanism in the Main Arc and subalkaline volcanism in 

the Inner Arc. Inner Arc shoshonites were generated in a gamet-bearing source region and 

their parental magmas were modified by crustal assimilation, a process which does not 

appear to have been important in the generation of Main Arc shoshonites. Insufficient 

information is available to evaluate the role of gamet in the source region of the K-rich 

Main Arc magmas. No shoshonitic volcanism of this age is reported in NW Argentina. 

8 - 1 3 M a  

Shoshonitic volcanism during this interval is documented in the northeastern 

AItiplano of Bolivia by Redwood and MacIntyre (1 989). A series of co. 12 Ma absarokites 

and shoshonites are described in a tectonic setting comparable to that of the Pztna. The 

rocks are associated with minor Zn-Pb-Cu-Sb mineralization. Their distribution is 

tectonically controlled along the southem extension of the western margin of the 

Oligocene-to-Recent Puchani intermontane basin (67.25" S, 68.5" W). 

Shoshonites were aiso emplaced during this time interval in southeastern Peru 

(France, 1985) and in NW Argentina at Farallon Negro. 

5 - 6 M a  

During this period, shoshonites of the Sillipaca and Tolaocco Formations erupted 



in southem Peru and the Pocho volcanic complex was emplaced in NW Argentina 

Detailed information on the characteristics of the suites emplaced during the 8 - 
13 and 5 - 6 Ma time periods is available only for the Farallon Negro and Pocho suites, 

and generaiizations about the volcanism at this time are highly speculative. These easterly, 

but Main Arc magmas were emplaced into lithosphere of "normal" thickness, and were 

associated with extensional structures at Farallon Negro. Low LaNb ratios indicate that 

gamet was not an important constituent of the source region. Both suites are of low-Ti 

affinity and plot along the alkaline-subalkaline field boundary. 

Quaternary 

Shoshonitic volcanism of this age is documented in the Argentine Puna (Déruelle, 

1991; Schreiber and Schwab, 1991; Kay ei al., 1994) and in southeastern Peru (Carlier 

et oL. 1992; Soler e l  of., 1992). Both areas were locally characterized by thin crust. The 

magmas experienced important crusta1 assimilation and display high La/Yb ratios 

indicative of the presence of gamet in the source region. Al1 suites display magma-mixing 

textures and are associated with extensional tectonics. 

The age relationships of the SW Bolivian shoshonite suite are not sufficiently well 

documented to classi& them using this temporal framework, but this suite contains 

members that appear to belong to both the 5 - 6 Ma and Quatemary time intervals. 

S um mary 

From the above synthesis, it appears that rocks of shoshonitic affinity have erupted 

throughout the late Oligocene-to-Recent history of the Central Andes and, moreover, 

extend back to the Cretaceous (e-g., Linga Group). The shoshonitic magmas erupted 



through b,oth thin and thick lithosphere. Thick crustd conditions appear to have been 

associated with higher La/Yb ratios, implying a significant role for gamet in the magma- 

generating region, and with greater amounts of crustal assimilation (e.g., Argentine Puna), 

although the existence of thin crust does not necessarily preclude these conditions (e.g.. 

Picotani and Moromoroni). Magma mixing appears to have played an important role in 

the evolution of shoshonites at several centres ( eg . ,  Picotani) but not at others (e.g., 

Tacaza). The geochernistry of the shoshonites shows significant variation, with high-Ti 

and low-Ti rnernbers, variable M g 0  and Cr, and compositions ranging from alkaline to 

subalkaline. Shoshonites erupted in both the Inner and Main Arcs, and there is no 

apparent migration of volcanism with tirne. In fact, shoshonitic volcanism occurred 

repeatedly in restricted geographical areas (e.g., Picotani area: H.A. Sandeman, pers. 

comrn., 1997; Santa Lucia District: Wasteneys, 1990). The only feature common to al1 

suites is their emplacement during periods of extensional tectonism. 

Petrogenesis of FarallSn Negro rocks 

The nature of the relationship between the shoshonitic association and other 

igneous series, and particularly calc-dkaline magmatism, is poorly understood. In Papua 

New Guinea, spatial and temporal overlap of volcanic suites was observed by JakeS and 

White (1969), who documented the juxtaposition of calc-alkaline and shoshonitic 

compositions. Dostal el al. (1977) suggested that the calc-alkaline volcanics in northem 

Chile and northwest Argentina were derived by partial melting of upper rnantle above a 

descending slab that contributed volatiles to the melt; crusta1 contamination or zone 



refining and high level fractionation assisted the differentiation of the magmas. They 

concluded that shoshonites erupted through thinner cmst than high-K calc-alkaline suites. 

Kontak et al. (1986) present evidence from upper Oligocene shoshonitic volcanic 

rocks in the Inner Arc of southem Peru which indicates the major involvement of magma 

mixing in shoshonite evolution. On the basis of chernical and textural variations, they 

invoke a cornplex history originating with partiai melting of a REE- and LEE-enriched 

gamet peridotite source, an early period of high pressure crystallization closely followed 

by a second period of relatively shallow-level fractionation, and mixing of the magma 

with a felsic Iiquid generated by partial melting of the crust. Mixing of the two rnelts 

probably occurred in a shailow magma chamber. Wasteneys (1 WO), in a study of broadly 

coeval shoshonites in the Main Arc of southem Peru, determined that magma mixing was 

not of primary importance in the formation of shoshonitic magmas, its involvement was 

inferred in the generation of slightly later calc-alkaline lavas. 

The geochemical continuum represented by the Farallon Negro high-K calc- 

alkaline and shoshonite suites strongly suggests that they originated from a common 

source. Whereas shoshonitic units represent some of the oldest dated units at Farallbn 

Negro, they are interbedded with high-K calc-alkaline units. The absence of features 

commonly interpreted to be indicative of magma mixing (e-g., sieve-textured plagioclase) 

in the shoshonites studied at Farallon Negro wouId suggest a lesser involvement of 

MASH processes for the shoshonites. This would imply either thinner crust at the time 

of eruption and/or rapid emplacement of shoshonitic melts with minimal crustal 

interaction. These conditions, compatible with emplacement in a tensional pull-apart basin 



setting, may have predominated during a restncted time intervat (en. 7.5 to 8.4 Ma) The 

calc-alkaline melts, which do show evidence for mixing, may have experienced greater 

interaction with the lower cmst through slower magma ascent a d o r  longer cmstai 

residence time and were emplaced more or less continuously throughout the igneous 

history at Farailon Negro (5.2 to 12.6 Ma). 

The enrichment in LILE and L E E ,  cornbined with the low abundance of HFSE, 

is consistent with trends observed worldwide for subduction-related potassic igneous rocks 

(Müller and Groves, 1995). The LILE and LREE contents also suggest that the Farallh 

Negro magmas may have been generated by melts formed by low degrees of partial 

melting. Depletion in the HFSE suggests that deep asthenospheric magma sources were 

probably not tapped in the generation of the Farallon Negro magmas. The relatively flat 

REE patterns (LaNb ratios ranging from 9 to 20) preclude the formation of parental 

Farallh Negro magmas through variable partial melting of a gamet-bearing source. The 

relatively high Ba/La ratios are arc-like and suggest an enrichment of alkaline-earths in 

the source region. The low L f l a  ratios are interpreted to indicate minimal incorporation 

of slab-derived material. 



CHAPTER 5 

* ~ r / . ' ~ ~ r  GEOCHRONOLOGY 
OF THE FARALLON NEGRO VOLCANIC COMPLEX 

Previous Geochronologicai Research 

Bodenbender (1922), Gonzalez Bonorino (1 XO), AngeleIli (1 950) and Turner 

(1 971) all inferred a Neogene age for the mineralization and associated volcanic and 

hypabjssal rocks at Farallon Negro on the ba i s  of stratigraphic relationships. In the 

course of a comprehensive anaiysis of geologicai and metailogenetic relationships in the 

26' - 29' S Andean transect (Clark ef aL, 1976, and references therein; Caelles, 1979), ten 

conventional K-Ar age determinations by McBride (1972) confirmed the Miocene age of 

the rocks of the district. Of these minera1 and whole-rock dates, three were published by 

Caelles et al. (1971) and severai others have been cited in regional syntheses of Andean 

porphyry copper mineralization by Sillitoe (1 98 1 ; 1988). In Sillitoe's seminal paper (1 973) 

addressing the characteristic features of the tops and bottoms of porphyry copper deposits, 

the geology and chronology of the Farailon Negro deposits were extensively drawn upon- 

In addition to the above studies, four K-Ar minerai ages for rocks from the 

Capillitas and Cerro Atajo deposits were published by the Sapanese International 

Cooperation Agency (J .K.A. ,  1978). 

Cornparison of nmv and pubfished age àata 

One of the secondary goals of this research was to evaluate the ages determined 

by McBride (1972) using modem " ~ r /  " ~ r  laser microprobe geochronologic techniques. 



To this end, sarnples collected by J-C. Caelles and A.H. Clark, and anaiyzed by McBride 

(1972), were included in the dating study. Further, three new sarnples were collected 

during the 1993 field season in an attempt to reproduce Caelles' sample locations as 

described in McBride (1972; the original field records have not been accessible). Table 

5-1 presents the K-Ar ages obtained by McBride (1972; recalculated with the decay 

constants of Steiger and Jiiger, 1977), the " ~ r /  3 9 ~ r  ages obtained for the same materials 

in this study, and the 4 0 ~ r /  " ~ r  ages for the new samples. 

Significant discrepancies are apparent between the original and new studies. Of the 

ten samples analyzed by McBride (1972), materid from eight was obtained and re- 

analyzed; samples JC-70 and JC-85 were not located. Of the eight redetermined dates, 

only three overlap within analytical error (2a) with the ages obtained in the original study. 

In general, the K-Ar ages are older than the ' " ~ d  3 9 ~ r  ages, and the difference in ages is 

significant (ie., greater than 2 rn-y.) for samples JC-33 and JC-41. Sample inhomogeneity 

could explain sorne of the discrepancy observed. The larger sample size (approximately 

1 g) required by the K-Ar method for young samples should minirnize minor sample 

inhornogeneity, whereas the extremely small sample size (less than 30 mg) used in the 

40 Ar/ " ~ r  laser technique would be expected to reveal minor sample inhomogeneity. As 

explained in the following section on analytical technique, al1 samples dated by the ' O A ~ /  

39 Ar technique were analyzed at lest three tirnes, and sample inhomogeneity would be 

evident from disagreement arnong ages on different sarnple aliquots. This was not, 

however, apparent in any of the samples. The lack of agreement in the dates for some 

sarnples may be due to the fact that they were determined by entirely different techniques, 



Table 5-1. 

Cornparison of conventionai K-Ar dates from McBride 
(1972; recalculated with the decay constants of Steiger 

and Jager, 1977) with new " ~ r / ~ ~ ~ r  laser microprobe ages 
obtained herein for the same materials and for new 

samples collected during this study from the apparent 
original sample locations. 
Location abbreviations: 

BLA: Bajo de la Alumbrera 
BAT: Bajo de Agua Tapada 

BAD: Bajo et Duramo 
BLP: Bajo las Parnpitas 

MIV: Agua Rica 





viz. K-Ar dating using RF fumace heating in the McBride study vs. ' ' ~ r / ~ ' ~ r  dating using 

laser microprobe excitation in this study. Additionally, problems with sarnple fusion, spike 

caiibration and/or K-analysis particularly for homblende and whole-rock samples, which 

may have been encountered in McBride's research, couid account for the discrepancy in 

ages between the two studies @.A. Archibald, pers. comm., 1995, 1997). 

The information provided by McBride (1972) is sufficient to identiS only three 

of Caelles' (1979) sample locations with any degree of confidence. Thus, the newly- 

collected FAR 10 is thought to be equivalent to JC-41, FAR 216 to JC-77a and FAR 224 

to JC-47b. The new ' O A ~  3 9 ~ r  ages for biotite from FAR 10 and JC-41 are statisticdly 

equivalent (i-e.. there is overlap of the 2a errors), but the dates do not overlap within 

anaiyticai error with the K-Ar age for IC-41. The ' O A ~  " ~ r  age of hornblende from FAR 

224 is statisticdly equivalent to the " ~ r l  3 9 ~ r  age on biotite from IC-47b, but not with 

the K-Ar age. The 'OA~/ 3 9 ~ r  age on homblende from FAR 216 is mid-way between the 

''Ar/ 3 g ~ r  and K-Ar whole-rock ages of JC-77a and does not overlap within error with 

either. In Iight of the evolution and refinement of dating methods in the past twenty years 

and given the good correspondence herein between separate sample aiiquots (see below) 

and the low errors of the laser microprobe study, these data, while lirnited, would suggest 

that the " ~ r /  " ~ r  determinations provide a more reliable estimate of the actual age of the 

sarnples. 

Table 5-2 presents the K-Ar dates for samples from Capillitas and Cerro Atajo 

published by J.I.C.A. (1978) and new "OA~/ 3 g ~ r  dates determined on sarnples collected 

in this study. Detailed sample locations and descriptions were not provided by J.I.C.A. 



Table 5-2. 

Comparison of conventionai K-Ar ages for Capillitas and 
Cerro Atajo samples dated by J.LC.A. (198 1 )  with M ~ r / 3 9 ~ r  
laser microprobe ages for sarnples from similar units 
colIected during this study. 



SAMPLE JICA (1978) This study MATERlAL DESCRlPTlON 
AGE ERROR AGE ERROR DATED 
(Ma) (20) (Ma) (20) 

Ciiliillitus 

FAR 3 18 5.16 0.05 K-fcldspar Dacite dikc 

JICA 1 5.0 0.5 bioiiic Daci tc 

JICA 2 5 ,O 0.5 iiiiiscovitc Rhyolitc 

Ccrro Atiijo 

FAR 304 5.1 1 0.04 Wliolc-rock Scricilizcd porplipy 

JICA 3 5 .0  0.5 bioliic Daci tc 

JICA 4 5.0 1 .O bioiitc Dacitc 



FAR 3 18 is a sarnple of a dacite dyke at Capillitas, and because there are only thrae 

outcrops of intrusive dacite at Capillitas and al1 exhibit similar mineral assemblages and 

textures, they are herein interpreted to be contemporaneous. Therefore, FAR 318 is 

thought to be equivalent to JICA 1. The ' O A ~  3 g ~ r  age of FAR 3 18 is equivalent to the 

K-Ar age for I ICA 1 and is interpreted to represent the age of the unit. JICA 2 is a 

rhyolite from Capillitas, but this unit was not dated in this study. 

Sarnples JICA 3 and 4 are biotites from a dacitic intrusive at Cerro Atajo. FAR 

304 is a sericitized porphyry, possibly of dacitic composition, from the western end of the 

drill-road that follows the Cerro Atajo ridgeline. 1 encountered only one significant dacite 

intrusion in this area, underlying Cerro Atajo itself and represented by FAR 304. Thus, 

samples JICA 3 and 4 and FAR 304 probably represent the same intmsive unit. The K-Ar 

and " ~ r /  " ~ r  ages of the sarnples are statistically equivalent and are rnterpreted to 

represent the tirne of hydrotherrnal alteration at Cerro Atajo. 

4 0 ~ r / 3 g ~ r  Dating Technique 

Background 

The 4 0 ~ r / 3 g ~ r  dating rnethod (Merrihue am 3 Turner, 1966) is a modification of t 

conventional K-Ar technique, which is based upon the accumulation of radiogenic argon 

( " ~ r * )  produced through the decay of the naturdly-occurring radioactive isotope of 

potassium, 'OK; details of the K-Ar technique are given by Dalrymple and Lanphere 

(1969). The 4 0 ~ r / 3 9 ~ r  dating method is discussed in detail by McDougall and Harrison 

(1988). It involves the irradiation of a sample of unknown age, together with a standard 



sample of known age, in a nuclear reactor to produce " ~ r  from '?K by fast neutron 

bombardrnent. Afier irradiation, the '*Ad3'~r ratios of sarnple and standard are measured 

in a mass spectrometer. By comparing these measured ' ' ~ r / ~ ~ ~ r  ratios, and after applying 

corrections for atmosphenc argon and interfering argon isotopes, an age for the sample 

can be caiculated. An important aspect of the ' O A ~  "Ar technique is that only the isotopic 

composition of argon is measured. In contrast, for a conventional K-Ar date, both 

elemental K and 4 0 ~ r  rnust be measured quantitatively. This requires two separate sarnple 

aiiquots: one for the measurement of argon by isotope dilution mass spectrometry, and a 

second for the measurement of potassium by some other analytical method such as flarne 

photometry or X-ray fluorescence. 

The 4 0 ~ r / 3 g ~ r  method was first used in total-fusion experiments in which an 

irradiated sample was completely melted using a fumace and dl isotopes of argon 

measured in a single analysis to calculate an age (Merrihue and Turner, 1966), which 

would be analogous to a conventional K-Ar age. However, the technique evolved rapidly 

to include progressive degassing by incremental heating {Turner, 1968; Lanphere and 

Dalrymple, 1971). In this way, an apparent age may be calculated for each increment of 

gas released, and the ages of al1 temperature increments of a sample plotted verszrs the 

accurnulative percent of " ~ r  released to generate an age specrrrrnz. Using this technique, 

secondary disturbances of the K-Ar system can be recognized and geochronologically 

significant events may be determined. 

The ' O A ~ / ~ ~ A ~  technique possesses several advantages over the conventional K-Ar 

method: i) potassium and argon are measured simultaneously on the same sarnple aliquot, 



thereby eliminating erron due to sample inhornogeneity; ii) the technique of step-wise 

degassing provides a record of the distribution of argon isotopes within the sample and 

allows the recognition of either argon loss or the presence of extraneous, "excess", argon 

in the sample; and, iii) "plateaux", in which the ages of severai contiguous steps agree 

within analyticai error, may be defined, providing a measure of the consistency of the Ar 

isotopes released and thus a more precise age (Geyh and Schleicher, 1990). 

The recent development of the laser microprobe technique has allowed the reliable 

" ~ r / ' ~ ~ r  dating of very small samples and even, under favourable circumstances, of 

individual mineral grains (York et al., 1981; Maluski and Schaeffer, 1982; van den 

Bogaard et al., 1987). Megrue (1973) first demonstrated that a pulsed laser could be used 

effectively for the in situ dating of minute volumes of lunar materials, and Maluski and 

Schaeffer (1980, 1982) were successful in applying this technique io terrestrial samples. 

Hall et al. (1 98 0) subsequently presen ted resul ts for terrestrial samples using a continuous, 

rather than pulsed, laser. 

The first step-heating laser-fusion age determination was performed by varying the 

laser beam power (York et al., 1981) in a study of an Archean date sarnple. These 

authors also performed single-crystal laser total-fusion determinations on Proterozoic 

homblende and biotite. They demonstrated good agreement within experimental error 

between the laser total-fusion and step-heating laser fusion ages on the one hand, and ages 

obtained using a conventional 4 0 ~ r / 3 g ~ r  radio-frequency (RF) fusion system, on the other. 

Their results demonstrated reproducible accuracy and precision for both laser and 

conventional rnethods. Van den Bogaard et al. (1987) applied the laser microprobe 



technique to the dating of single grains of Quatemary sanidine. They found agreement 

between the single-grain total-fusion laser microprobe ages and 4 0 ~ d g ~ r  step-heating 

experiments and thereby demonstrated the precision and reproducibility of the method. 

The laser microprobe technique has also been applied to the study of age 

variations and argon diffusion charactenstics in single minerai grains (e-g., Layer ei al., 

1987; Phillips and Onstott, 1988; Lee et al., I W O ;  Kelley and Turner, 199 1). A narrowly 

focused laser bearn is used to melt small pits, CU. 30 Fm, in traverses across individual 

mineral grains. "Spot" ages (both total-fusion and step-wise degassing) dong the traverses 

record age gradients and hence reveal argon diffusion within the grain. 

The key aspects of the laser microprobe technique are: i) the minute volume of 

sarnple material required, which reduces the time of sarnple preparation and the likelihood 

of contamination during the sample preparation stage, and moreover significantly 

decreases the exposure of researchers to radiation; ii) the technique is much faster than 

standard " ~ r / ~ ~ ~ r  fumace-heating experirnents and allows for the rapid analysis of 

multiple sample aliquots, providing greater precision; iii) the blanks produced are much 

lower than those for ' * ~ r / ' ~ ~ r  fumace-heating methods, thereby improving accuracy; and, 

iv) the laser microprobe allows for "age traverses" of single grains, providing greater 

insight into the thermal histoiy of mineral formation and subsequent thermal history. 

Single-grain laser microprobe step-heating experiments have traditionally used 

samples that are significantly older than Miocene (cg.. Proterozoic homblende and biotite: 

York et al., 1981; Proterozoic biotite with Eocene thermal disturbance: Maluski and 

Schaeffer, 1982). Step-heating of minute volumes of these samples is possible due to the 



relatively large amount of radiogenic ''AS that has accumulated. The low radiogenic ' O A ~  

contents of the very young Faraiion Negro samples preclude single-grain age 

determinations, and moreover the volume of material necessary to provide sufficient levels 

of radiogenic ''Ar discouraged detailed multi-step heating nins using the laser microprobe. 

An alytical M e h d  

40 ~ r / " ~ r  total-fusion age deteminations were herein carried out on 42 minera! 

separates and 14 whole-rock sarnples. Separates were prepared using a Franiz magnetic 

separator and heavy liquids, and by hand-shaking on coasse filter paper. Whole-rock 

sampies collected to date phyllic aiteration events were prepared using a magnetic 

separator to remove as much of the magnetic fraction as possible. The mineral separates 

and whole-rock samples were cleaned by immersion in de-ionized water in an ultrasonic 

bath for 10 minutes, folIowed by repeated washing in acetone. Minerai separates were 

purified by hand-picking under a binocular microscope. 

Samples and neutron flux monitors (standards) were wrapped in aluminum foi1 and 

loaded into an 11 -5 cm long, 2.0 cm diarneter aluminum irradiation container. Unknowns 

and flux monitors were irradiated with fast neutrons in the region of lowest flux gradient 

of position 5C of the McMaster nuclear reactor (Hamilton, Ontario) for 10 hours. Flux 

monitors included TCR-sanidine (28.0 Ma: Baksi et al., 1996) and MAC-83-biotite (24.1 

Ma: Sandeman et al., 1997). an intralaboratory standard dated by 'OA~/~'A~ step-heating 

experiments relative to standards LP-6 (128.5 Ma: Roddick, 1983), and intralaboratory 

standard SP-85 (1 8.4 Ma: RJ. Langridge, unpublished data). Groups of flux monitors (1 3 



in cm 140, 18 in can 141, and 10 in can 142) were evenly distributed throughout the 

irradiation container and the I-value, a unitless parameter that is the measure of neutron 

flux and of the efficiency of conversion of '% to " ~ r  in the nuclear reactor dunng 

irradiation, was deterrnined for individual samples by parabolic interpolation. A typical 

calibration curve (cm 141) is presented in figure 5-1. 

The samples were loaded in a specially-designed sample-holder which consists of 

an aluminum plate with over 100 pits drilled into its surface. These are approximately 2 - 

3 mm in diameter and have a similar depth. The sample holder was placed beneath the 

sapphire view-port of a small stainless steel chamber connected to an ultra-high vacuum 

purification system. Samples were uniformly heated with a defocused 8W (total power) 

Lexel 3500 continuous argon-ion laser. The samples were initially excited using a low- 

power bearn (0.3 to 0.5 W) to rernove atmospheric argon contamination and other 

impurities. They were then heated in a total-fusion step at 7.0 W for age determination. 

The evolved gas, after purification using an SAES CS0 getter, was adrnitted to an on-line 

MAP 216 mass spectrometer, with a Baiir Signer source and an electron multiplier and 

run in the static mode. Blanks, measured routinely every third sample run, were subtracted 

from the subsequent gas fractions. Each sample was analyzed in this way at least three 

times. 

Typically, seven sets of argon-isotope peak heights were rneasured for each step 

and these were extrapolated to zero-time and normalized to the " ~ r / " ~ r  atmospheric ratio 

(29 5 -5). The 4 0 ~ r / 3 9 ~ r  analyses were corrected for neutron-induced ''Ar from potassium, 

" ~ r  and from calcium, and 3 6 ~ r  and from chlorine. Ages and their errors were 



Figure 5-1. 

Calibration curve for canister 141 irradiated in position 5C 
of  the McMaster nuclea. reactor (Hamilton, Ontario) on 
August 8, 1995, illustrating the interpolation o f  sample J- 
values between calculated J-values from flux monitors of 
known age. Black fïlled circles with error bars represent flux 
monitors of known age (standards MAC-83 and TCR). The 
curve is defined by black filled squares which represent the 
interpolated J-values of samples. 





calculated according to the methods of Dalrymple et al. (1 98 1 ), using the decay constants 

recommended by Steiger and Jiiger (1977). All errors in this thesis are quoted at 20. 

72e D h g  Study 

This study represents the first comprehensive investigation conducted in the new 

laser microprobe " ~ r / ~ ~ A r  geochronological laboratory at Queen's University. This was 

also the first study to date very young sampies in this facility. Therefore, no standard 

rnethodology had been established and both the laboratory facility (particularly the 

software utiiized for age calculation) and procedures evolved considerably during the 

course of the study. These developments are chronicled in some detail in the following 

sections. 

The laboratory work for the dating study was conducted during three separate 

periods in 1995 and 1996, under the supervision of Dr. D.A. Archibald. A final round of 

dating was conducted in 1997 by Jerry Grant. 

Round t 

The first stage of dating, from October 3rd to 16th and from November 13th to 

23rd, 1995, resulted in the development of a two-stage fusion technique. Only igneous 

units were dated at this tirne. Three aliquots of a sample, each comprising approxirnately 

25 to 50 grains, were loaded in the sample holder. Initially, sampies were fused during 

6 minute runs in a singIe high-powered step. Three minutes were alIowed for sample 

fusion during which tirne the laser power was increased gradually so as to minimize 



potentially violent degassing of samples (especially biotite) which could propel the grains 

into neighbouring pits. Three minutes was allowed for purification of the released gas by 

the getter ("gettering") before introduction into the mass spectrometer. However, it became 

apparent that three minutes were insufficient for the complete fusion of the samples and 

the sample run-tirne was increased to seven minutes (four minutes for sample fusion and 

three for purification). Sample run times were eventually increased to ten minutes to 

accommodate larger sarnple sizes and to allow five minutes for purification. 

Although the least-altered samples available were chosen for the geochronological 

study of the igneous units, d l  samples have undergone some degree of deuteric alteration. 

After examination of the results for the first samples analyzed, it was suggested (D.A. 

Archibdd, pers. comm., 1995) that running an initial low-powered step with the beam 

defocused rnight drive off atmospheric argon and other low temperature impurities, e.g., 

water vapour, hydrocarbons, CO,, CO and other volatile constituents that had not been 

removed dunng baking of the fusion system. Powers of 0.3 W for biotite and 0.5 W for 

homblende were seiected because they were found to release sufficient gas to lower the 

atmospheric ' O A ~  content of the second step significantly, yet did not cause the minerals 

to become incandescent, which indicates the onset of melting and the release of argon, 

especially 3 9 ~ r ,  from deeper sites within the minera1 structure. The sample was then 

completely fused in a second step, commonly using a focused beam at maximum (7 W) 

power, for age determination. This two-step method reduces the atmospheric ' O A ~  content 

of the second step (the age determination step) thereby reducing the error in the age and 

resulting in greater precision of the measurement. 



A standard methodology was evolved in which the Brst sarnple aliquo t was fused 

in a total-fusion step to determine the content of atmospheric 4 0 ~ r .  If this was sufficiently 

low (arbitrarily defined as Iess dian 40 %, i-e.. low enough to reduce the error- 

magnification effect of the atmospheric Ar correction), the two rernaining aliquots were 

also analyzed in single total-fusion steps. If the atmospheric ' O A ~  content was greater than 

40 %, the two remaining aliquots were analyzed using the two-step method outlined 

above. 

The first round of dating ernployed approximately 25 to 50 grains of sarnple 

material with an average grain-size of 60 to 80 Mesh (177 to 250 pm), although many 

samples included fractions as fine as 120 Mesh (125 pm). It was determined that a larger 

volume of sarnple material was necessary for the majority of samples in order to provide 

sufficient radiogenic " ~ r  for a precise age determination. Therefore, samples in which 

radiogenic ' O A ~  volumes were low (arbitrarily defined as Iess than 5000 counts of 'OA~), 

or for which there was poor agreement between the ages of sample aliquots, were re-run 

in a second round of dating (described below). The amount of sample material necessary 

for the second round was determined for individual samples on the basis of the volume 

of radiogenic ' O A ~  obtained during the first round of dating. In general, two-to-three times 

the sample mass used in the first round was necessary. Homblende, moreover, required 

two-to-three tirnes more sample than biotite due to its lower K content. 

It was impractica to weigh the samples nin in the first round because of the very 

small volumes utilized. Because the replicate material for the second round of dating was 

obtained from previously irradiated samples, it was not weighed. However, determination 



of the weight of the sample is necessary if its K and Ca contents are to be caiculated. 

Therefore, the sarnple weight was roughly estimated by observing the proportion of the 

pit volume occupied by the sample. The estirnated mass was then introduced into the 

spreadsheet used to calculate the sample age (and to generate the output presented in 

Appendix H) and was used to obtain a value for the K content of the given minera1 

species. Because the sample weights are poorly constrained, the potassium and calcium 

contents provided for the samples are similarly approximate (k 20 %: D.A. Archibaid, 

pers. comm., 1997). 

Round 2 

At this stage, extending from December 1 st to 17th, 1995, many samples from the 

first round were re-analyzed using larger volumes of materiai, and alteration minerals, 

inciuding biotite, sericite and alunite, were also analyzed. 

Sericite and biotite were analyzed following the two-step method with 0.3 W used 

for the low-power step. Prior to running the alunite samples, the system was opened and 

Cu tinsel was placed in the inlet tube between the sample chamber and the getter, to 

provide additionai purification of the gas emitted from the sample. The alunite samples 

generally had veiy high atrnospheric ' O A ~  contents. A nine-step run was conducted on 

sample FAR 24 in an attempt to drive off much of the atmospheric ' O A ~ .  However, the 

first 8 steps were al1 at powers lower than 0.5 W, the atmospheric ' O A ~  content remained 

consistently above 97 %, and the 9th step at 7 W had 100 % atmospheric ''AL This may 

be due to the supergene nature of this alunite sarnple, because the two-step method was 



effective with the hypogene alunite. 

Because of the poor quality of the initial sericite dates (to be discussed in more 

detail in a subsequent section), it was decided to re-run the samples using whole-rock 

fractions, because sufficient sericite separate was not available, in order to determine if 

more meaningful results couid be obtained. 

Round 3 

This round of dating, from October 2 1st to 25th. 1996, involved the re-anaiysis of 

some alteration samples from the previous round as well as the completion of the dating 

of al1 alteration samples. 

Recornmendations for future dating studies invofving young samples 

In this study, it was found to be necessary to fill two - to- three quarters of the pits 

with sample to obtain sufficient radiogenic ' O A ~  to permit calculation of a meaningful age 

with low error using the "two-step" method outlined above. One of the assumptions of the 

step-heating method is that the sample is heated evenly and the argon released in each 

degassing step is therefore liberated from similar sites within the mineral. With the 

volume of sample material necessary for the Farallon Negro age determinations and the 

depth of the sample holder pits used, it is assürned that wiiform excitation of d l  grains 

(including those at the bottoiil of the pit) was achieved. Because of the young a j e  of the 

samples and the low volumes of radiogenic " ~ r ,  the ages obtained in this study clearly 

represent total-fusion ages. However, if a greater number of heating steps were to be used, 



more s m p l e  would be required, and this would probably preclude the even heating of al1 

grains in the pit. During the two-step procedure the release of gas was often sufficiently 

violent to drive grains out of the pits, in some cases into neighbouring pits, resulting in 

contamination. This could be avoided to a certain extent by using a defocused beam and 

by slowly increasing the laser power to the desired range, thereby assuring the gradua1 

release of gas from the grains, and also by loading samples of similar age and type in the 

same part of the sample holder. This contamination is not thought to have significantly 

affected the outcome of this dating study, because the volume of radiogenic ' * ~ r  

contributed by any errant grain would have been negligible. 

One sarnple holder used in this study has several larger-sized pits (approximately 

7 mm by 3 mm) which can accommodate a greater volume of sample material and may 

allow the step-wise degassing of young sarnples. It is suggested herein that in order to 

conduct effective laser fusion step-heating experiments on samples of Miocene or younger 

age, a new sample hoider must be deveioped. This should have broad, shallow pits that 

could accommodate larger volumes of sampls material which could be spread uniforrnly, 

allowing the even heating of al1 grains by a defocused beam. Further, some provision for 

minimizing pit-to-pit contamination should be investigated. Several laboratories have 

attempted to cover the sample holder with glass cover slips (such as are used in 

rnicroscopic studies) but the degassing is nonetheless still sufficiently violent to drive 

grains into nearby pits @.A. Archibald, pers. comm., 1997). Howcver, such modifications 

of the sample holder would greatly increase the time necessary to nin a batch of samples, 

because a smaller number of samples could be accommodated at one time (possibly on 



the order of 20 rather than 100). 

Final Round of Dating 

In May, 1997, it was decided to attempt detailed stepwise degassing laser 

microprobe ' O A ~ / ~ ' A ~  dating on large volumes of a limited number of samples from Bajo 

de la Alumbrera, Agua Rica and the Farailon Negro - Alto de la Blenda vein çystem. 

Material from nine previously dated samples (FAR 169,202,322,324, 325, 327, 333,334 

and 336) was loaded and run in a senes of degassing expenments of four to six steps. 

Each sample was nin twice. Most of the resulting age determinations do not differ 

significantly from those determined in eariier dating rounds by the two-step method, 

confirming the reliability of the ages determined in that manner in the earlier dating 

rounds of this study. An example of a step-wise degassing spectra is presented as figure 

5-2. 

Because of the time elapsed since sample irradiation (22 months for samples from 

c m  141 ; 18 months for samples from cans 140 and 142), " ~ r  (derived from Ca) had 

decayed below measurable limits. Therefore the volume of "Ar was not rneasured by the 

mass spectrometer during the sarnple runs but the Ca/K ratios (ratio of Ca-derived " ~ r  

to K-derived " ~ r  produced during irradiation) measured during earlier dating rounds were 

used to estimate the volume of 1 7 ~ r  and thereby to calculate an age for the sample. 

T/te presentation of artaiytical data 

Detailed data for " 0 ~ r / 3 g ~ r  age determinations for individual samples are presented 



Figure 5-2. 

Illustration of a representative step-wise degassing spectra 
for two aliquots of biotite from sample FAR 324. Each 
shaded box represents a single step-heating fraction with the 
vertical width of the box being a measure of analytical error. 
P.A. is the plateau age, calculated from the indicated steps. 
LA. is the integrated age, caiculated from al1 the steps. 
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in Appendix H. The bais for most ' O A ~ ~ A ~  age spectrum studies is that the age of a 

sample is indicated by a plateau age compnsing a series of contiguous temperature steps 

whose individud ages overlap within experimental error and whose cumulative potassium- 

derived " ~ r  comprises greater than 50% of the total potassium-derived " ~ r  released. 

Because of the total-fusion nature of the age determinations in these three rounds of 

dating, information regarding either argon Ioss or excess argon in individual samples is 

not revealed. However, the rnethod of representing degassing spectra commonly used to 

illustrate conventional step-heating age determinations is retained. Figures 5-3 and 5-4 

present examples of degassing curves used to interpret the sample ages. The apparent 

'OA~/ '~A~ ages for the individual degassing steps are plotted VS. the total degassed 3 g ~ r  

which has been recalculated and is presented as a cumulative percentage of the degassed 

39 Ar. In the case of laser ' ' O A ~ ~ A ~  determinations, three or more individual runs on 

separate sample aliquots are plotted sequentially on a graph. This provides a visual 

evaluation of the reproducibility of the age determinations. The irregular "dips" on the left 

of the graph and between plateau segments record the initial low-power steps used to rid 

sampl es of atmospheric contamination and other gaseous impurities. S teps interpreted to 

be representative of sample age, the high-power second step in the two-step method, are 

selected, and a weighted average age is then calculated. The latter is the age quoted in the 

following discussion. Argon isotope correlation plots are also presented in Appendix H 

but, for most samples, there are insufficient steps to yield a valid isochron. However, for 

the biotite and homblende sampies that did yield isochron ages, the correlation age is 

approximately equal to the plateau age, albeit with larger errors, and with initial ratios 



Figure 5-3. 

Illustration of representative degassing spectra used in this 
study. Traditionai ' O A ~ / ~ ~ A ~  stepwise degassing spectra in 
which the data are plotted as apparent age against percent of 
" ~ r  released are presented for three sample runs on aliquots 
of biotite from sample FAR 176 (upper three diagrams). The 
ages represent those calculated from the second high-power 
step of the two-step degassing runs. The amount of 3 9 ~ r  
released in the three steps is summed and the individual 
steps are recalculated as fractions of that sum. The three 
runs are then plotted sequentially on a graph of apparent age 
vs. percent of total " ~ r  released (lower diagram). The high- 
power steps, i.e., those in which the greater part of the 3 9 ~ r  
has been released, are selected and a weighted average age 
is then calculated. This type of diagrarn provides a visual 
evaluation of the reproducibility of the age determinations 
and of the errors in the individual steps. For FAR 176 there 
is good reproducibility among the ages of sample aliquots. 





Figure 5-4. 

Illustration of degassing spectra for biotite from sample 
FAR 65 (see caption frorn figure 5-3). Sarnple run #1 
consists of a four-step incrementai degassing experiment. 
The two high-power steps define a plateau, representing the 
greater part (approximately 88%) of the 1 9 ~ r  reieased by the 
sample, and are used to calculate the age.The reproducibility 
in the ages of sarnple aliquots is not as good as that for 
FAR 176 (see figure 5-2) and the errors in the ages are 
larger. 





indistinguishable from atmospheric argon (e-g., biotite: FAR 2, 228, 334, 336, JC-47B; 

hornblende: FAR 216, 244, 271, 296, 297, 338). 

Min eral pairs 

Biotite-hornblende minera1 pairs were dated for five sarnples (Table 5-3). In only 

one, FAR 244, is there overlap of the minerai ages within analytical error. Thus, the 

hornblende ages are older than the biotite ages for sarnples FAR 65 and FAR 244, 

whereas the reverse is observed for FAR 262, 297 and 299. 

Older homblende ages for igneous rocks are normaily ascribed to the higher Ar- 

closure temperature of this mineral relative to biotite, and hence to slow cooling. 

However, the extended cooling history irnplied by the difference in homblende and biotite 

ages for FAR 65, a hypabyssal intrusion, is too long. There is, moreover, good 

reproducibility between the ages of sample aiiquots for both biotite and homblende. The 

first biotite sarnple aliquot was analyzed using a four-step incremental degassing run. The 

resulting spectrurn shows a steady rise to a plateau at higher power (fig. 5-4, sample run 

Cl) .  This form of release spectrum is suggestive of the loss of radiogenic " ~ r  subsequent 

to crystallization (Turner, 1968). In thin-section, the biotite grains are irregularly-shaped, 

with minor recrystallization along grain edges. It is inferred, therefore, that the homblende 

age represents the intrusion age of the sample, whereas the biotite age was partially 

"reset" by a later hydrothermal (alteration) event. 

Homblende from FAR 244 similarly yielded older ages than the associated biotite. 

Errors are low and there is good agreement between the ages for different aliquots of 





Table 5-3. 

Cornparison of biotite and homblende mineral-pair ages. 
Location abbreviations: 
BAD: Bajo el Duramo 

BLA: Bajo la Ahmbrera 
BLC: Bajo la Chilca 



SAMPLE AGE ERROR MATERIAL LOCATION 
(Ma) (20) DATED 

DESCRIPTION 

FAR 65 8.20 O. 1 1  
7.89 O. 11 

FAR 244 6-78 O, 15 
6. 48 O,H5 

FAR 262 7.88 0.22 
9.14 o. 13 

FAR 297 8.37 O. 1 1 
8.9 1 0.07 

FAR 299 8.48 0.08 
9.4 1 0.09 

Morriblendc BAD Ccriml niidcsitc iritrusi\rc, in niain qticbrada 
Biotiic 

Horiiblciidc BLA Andcsitc porpliyy dikc froin nortliwcsl riru of BLA 
Bioiiic BLA 

Hornblcridc BLC Aridcsiic dikc cross-ciitting ccritrc of BLC 
Bioiiic BLC 

Horiiblcndc 
Biotiic 

Horiiblendc 
Bioti tc 

Aridcsitc iritrusivc froni west of Vis Vis 

Frngriiciital bnnnkitc flow iri foo~wall of Jaci Yrico friiili 



homblende. The biotite ages on separate aliquots show poor reproducibility, and have high 

errors and high atmospheric argon contents. In thin-section, the biotites exhibit minor 

chlontization, possibly contnbuting to recoil of " ~ r  (Turner and Cadogan, 1974; 

McDougall and Hamson, 1988). The homblende age is again interpreted to be a more 

reliabie indicator of the pnrnary cooling age of the rock. 

In contrast, the older biotite ages for samples FAR 262, 297 and 299 may be due 

to excess Q ~ r .  It is relatively cornmon for minerals to contain ' O A ~  in the first few percent 

of gas released. In some recorded cases, the concentration is sufficient to cause the total- 

fusion age to be significantly older than the plateau age (e.g., Harrison, 1983). Biotite is 

particularly prone to excess-argon uptake and 'OA~/'~A~ biotite dates older than cogenetic 

homblende dates are a good indicator of such excess (Hanes, 1991). Age discordancies 

between mineral species frorn single sarnples of young volcanic rocks have been 

previously noted (Swanson et al., 1987; Lavenu et al., 1989; Davies et al., 1994). H.A. 

Sandeman (pers. comm., 1997) observed similar age differences between biotite and both 

homblende and feldspar in Neogene rocks from southern Peru. In step-heating 

experiments, apparent ages commonly decreased with increasing temperature. 

Hornblende from FAR 262 exhibits good agreement in the ages determined for 

several sample aliquots, whereas greater discrepancies are observed in the ages of the 

biotite aliquots. In thin-section, three populations of biotite are observed: large euhedral 

crystals; smaller irregularly-shaped grains with recrystallized boundaries; and fine-grained 

crystal aggregates. These different populations suggest a complex crystallization history, 

possibly including the incorporation of biotite xenocrysts from older units. Because ali 



three types of biotite were inevitably included in the minerai separate and rnay not ail 

represent the same intrusive event, the biotite age is rejected for this sample. 

Homblende ages on different aliquots of FAR 297 demonstrate good agreement. 

In thin-section, the euhedral homblende crystais are rimmed by thin layers of oxides; the 

biotites are euhedral with minor recrystailization of the grain edges. The poor agreement 

between biotite ages on different aliquots may reflect the latter process and suggests some 

resetting of the biotite ages. Therefore, the homblende age is preferred for this sample. 

Both homblende and biotite ages on aliquots of FAR 299 are statistically 

equivalent, but the biotite ages are almost 1 m-y. older than those for homblende. In thin- 

section both minerais are euhedral, there is no evidence of recrystailization or alteration. 

There appears to be no reason to reject either mineral age. 

Sericite minera1 separates were dated in the second round of age determinations, 

but the spectra were found to be disturbed and several of the ages of separate sample runs 

do not mutually overlap within analytical error, possibly due to probIerns with excess 

argon, recoil effects or poor reactive gas clean-up @.A. Archibald, pers. comm., 1997). 

In the third round, sufficient sericite separate not being available, whole-rock fractions 

were used to determine if more meaningful spectra could be obtained. Results for the 

sericite separates and whole-rocks are presented in Table 5-4. In general, the age spectra 

for the whole-rock samples are statistically equivalent between sample aliquots and have 

low errors. Al1 of the sample ages overlap within analytical error, with the exception of 

those for FAR 304. The whole-rock ages of samples FAR 239 and FAR 266 overlap 

within error with those for unaitered intrusive units from the same centres (Le., FAR 238 



Table 5-4. 

Cornparison of sericite and whole-rock pair ages for 
phyllically-altered samples. 

Location Abbreviations: 
BAT: Bajo de Agua Tapada 

BLC: Bajo Ia Chilca 
CAT: Cerro Atajo 



SAMPLE AGE ERROR MATERIAL LOCATION 
(Ma) (20) DATED 

DESCRIPTION 

FAR 239 7.81 0.36 Scricitc BAT Scrici~izcd dlici~c porpliyry 
7.55 0.24 Wliolc-Rock BAT 

FAR 266 6.82 2.0 1 Scricitc BLC Scricitizcd iiiiit 
8.0 1 0.1 O Wholc-Rock BLC 

FAR 303 5.41 O Scricilc CAT Scricitizcd rhyoliic dikc 
5.45 0.06 Wliolc-Rock C AT 

FAR 304 5.73 0.08 Sericite CAT Scricitizcd CAT porpiiyry 
5.1 1 0 0 4  Wliolc-Rock CAT 



from Bajo de Agua Tapada and FAR 262 from Bajo la ChiIca, respectively), suggesting 

that hydrothermal alteration took place very shortly after intrusion. 

Samples FAR 303 and 304 are from the Cerro Atajo prospect and yielded apparent 

ages for a sericitized rhyolite dyke and a sericitized dacite porphyry, respectively. In FAR 

304, the slightly older sericite age may reflect either excess40~r or recoil loss of " ~ r ,  as 

discussed for biotite above. Due to the reproducibility of the ages between separate 

sample aliquots and the low errors, the whole-rock ages are herein considered to represent 

the ages of the alteration events. These samples will be discussed in greater detail in a 

subsequent section on the timing of alteration. 

Synthesis of Results 

Forty-eight samples of igneous and altered units from the 1993 and 1994 field 

seasons were selected for geochronological study. In addition, eight samples collected by 

J.C. Caelles and A.H. Clark and analyzed using conventional K-Ar rnethods by S.L. 

McBride (McBride, 1 972; Caelles ei al, 197 1) were re-analyzed using laser ' O A ~ / ~ ' A ~  

techniques. New " ~ r / ~ ~ A r  laser microprobe ages for the samples dated in this study are 

presented in Table 5-5 .  A histogram of the sarnple ages is presented in figure 5-5. Results 

from a sample of very Young, windblown pyroclastic unit (FAR 228) mantiing topography 

in the NW region of the Farallon Negro Volcanic Cornplex, and which yielded a biotite 

age of 0.51 2 0.06 Ma, and a sample of supergene alunite (FAR 24) from the Bajo de 

Agua Tapada prospect, which yielded an age of 0.14 + 0.33 Ma, are not included in the 

histogram. 



Table 5-5. 

Compilation o f  new laser microprobe ' O ~ r / l ~ ~ r  ages o f  
samples collected during the 1993 and 1994 field seasons 

and by J-C. Caelles from the Faralliin Negro Volcanic 
Cornplex. 

Location abbreviations: 
BLA: Bajo la Alumbrera 

BAT: Bajo de Agua Tapada 
BAD: Bajo el Durazno 

BSL: Bajo de San Lucas 
MTV: Agua Rica 

BLC: Bajo la Chilca 
BLJ: Bajo las Juntas 

CAT: Cerro Atajo 



SAMPLE AGE ERROR MATERIAL LOCATION 
(Ma) (20) DATED 

DESCRIPTION 

FAR 2 
FAR 10 
FAR 12 
FAR 24 
FAR 57 
FAR 65 
FAR 101 
FAR 113 
FAR 147 
FAR 169 

FAR 176 

W 
FAR 20 1 

a 
FAR 202 
FAR 204 

FAR 206 
FAR 216 
FAR 224 
FAR 227 
FAR 228 
FAR 229 
FAR 238 
FAR 239 
FAR 244 

Biotite 
Biotite 
Biotitc 
Aluniie 
Hornblcnde 
Homblcndc 
Wholc-Rock 
Biotitc 
Biotite 
Hornblendc 

Biotite 
Hornblende 

Mole-Rock 
HornbIende 

Biotite 
Hornblende 
Hornblendc 
Whole-Rock 
Biotitc 
Hornblende 
Biotite 
Whole-Rock 
Homblende 

BLA 
BAT 

BAT 

BAD 
BAD 
BLA 
BSL 
M N  

BAD 
BAD 

BAD 
BAT 
BAT 
BL A 

Colorado Nortc Porphyry (P4 dike - Musio - vicinity of DDH 5 1-56) 
Frcsh dacite dike north of old camp 
Dacitc intrusivc at Macho Mucrto 
Supergene alunite 
Andesite intrusive on north rim of Bajo la Chilca 
Central andesiie intrusivc, in main quebrada 
Sccondary biotite alteration in central andesite intrusive 
Main Dacitc Porphyry (P3 - Musto) 
Dacite porphyry 
Melcho monzonite, nlatively lcucocratic phasc with hornblende as 
the dominant rnafic mineral, in Quebrada de Melcho 
Dacite in Capillitas valley along access road to Agua Rica 
Basaltic andesite from the Arroyo Alumbrera, north of BLA 
(Coarse Homblende Andesite unit of J.Proffett) 
Sericitizcd wall rock to Alto de la Blenda vein system 
Basaltic andesite, Quebrada de los Leoncs, south of 
Farallon Ncgro town 
Banakite tuffat northwest edge of vokanic complex 
Alto de la Blenda monzonitc, hornblende-phytic phasc 
Andesite intrusive, eastern edgc of BAD 
Sericitized fragmenta1 andesi te 
Windbloivn pyroclastic "sand" mantling topograpliy north of BAD 
Andesite intrusive, western edgc of BAD 
Dacitc porphyry froni central hills of BAT prospect 
Sericitized daci te porphy ry 
Andcsitc porphyry dike from northwvcst rim of BLA 



SAMPLE AGE ERROR MATERIAL LOCATION 
(Ma) (20 )  DATED 

FAR 254 
FAR 262 
FAR 266 
FAR 271 
FAR 284 
FAR 285 
FAR 288 
FAR 296 
FAR 297 
FAR 299 
FAR 30 1 
FAR 303 

W 
w 

FAR 304 
-4 FAR 307 

FAR 31 1 
FAR 312 
FAR 318 
FAR 322 
FAR 324 
FAR 325 
FAR 327 
FAR 333 
FAR 334 
FAR 336 

Homblcnde 
Homblcnde 
Wholc-Rock 
Hornblcndc 
Hornblende 
Hornblende 
Biotite 
Hornblcndc 
Hornblcndc 
Hornblcndc 
Hornbknde 
Wholc-Rock 
W Mc-Rock 
W hole-Rock 
Homblendc 
Biotite 
K-spar 
W hole-Rock 
Biotite 
Alunite 
Biotite 
Whole-Rock 
Biotite 
Biotite 

BLC 
BLC 

BLI 
C AT 
CAT 
CAT 

CAP 
MIV 
MIV 
MIV 
MIV 
BL A 
ELA 
ELA 

Basciltic dike cross-cutting Casitas rhyolite plug 
Andcsitc dike cross-cutting centre of BLC 
Scricitized unit 
Basalt flow low in sîratigraphy near Bola del Atajo 
Andesite tuffin Quebrada de Pozos Verdes 
Fragmcnîal basaltic andesite flow in Villa Vit river, nonh of FAR 
Crowded dacite porphyry from Loma Morada, north edge of volcanic comples 
Fragmcntal shoshonite flow from west of Vis Vis 
Andesitc intrusive from west of Vis Vis 
Fragmcntal banakitc flow in footwall of Jaci Yaco fault 
Andesite dikc 
Sericitizcd rhyolite dike 
Scrici tizcd CAT porphyry 
Basaltic andesite dike 
Basaltic andesite north of CAT 
Andesitic turf north of CAT 
Dacite dikc 
Sericitized intrusive in Quebrada Melcho 
Secondary biotite in unit of brecciated Melcho 
Hypogene alunite 
Biotite porphyry 
Sericitized Main Dacite Porphyry 
Chloritized biotite vein at 475.5m in DDH 5 1-6 1.1 
Main Dacitc Porphyry (P3 - Musto) from 118.8 - 126,9111 in  DDH 48.4-54 



SAMPLE AGE ERROR MATERIAL LOCATION 
ma) (20) DATED 

DESCRIPTION 

FAR 338 8.36 
JC-30 6.30 
JC-3 1 n 6.9 1 
JC-3 3 8.09 
JC-4 1 6.90 
JC42a 8.95 
JC47b 8.46 
JC-77a 7.02 
JC-191 7.03 

Hornblendc 
W hole-Rock 
Wholc-Rock 
Homblende 
Biotite 
Wholc-Rock 
Biotite 
Whole-Rock 
Biotite 

Massive basiiltic andesitc now 
Andesite dike near Alto de la Blenda 
Macho Muerto rliyolitc dikc 
Dacite flow north of BLA 

BAT Daci te dike 
BAD Hydrothermally-al tered sample 
BAD Granodiori tc 

Monzodioritc (Alto de la Blcnda) near BLP 
MIV Secondary biotite in Mclcho monzodioritc at MiV 



Figure 5-5. 

Histogram of new laser microprobe ' O A ~ / ~ ~ A ~  ages for 
rocks of the Farallon Negro Volcanic Cornplex. 





Volcanic Un ils 

' O ~ r / l ~ ~ r  laser microprobe ages for volcanic rocks are presented in Table 5-6 in 

reverse chronologicai order, and in partid duplication of Table 5-5. Sample locations are 

recorded in figure 5-6. On the basis of the new 4 0 ~ r / 3 9 ~ r  age dates, it is evident that 

magmatic activity resulting in the construction of the volcanic edifice was undenvay by 

12.6 Ma. Volcanism is inferred to have peaked between 8 and 9.2 Ma, and thereafter an 

apparent waning stage terrninated with the extrusion of andesitic tuffs at 6.7 Ma. These 

dates suggest a more protracted penod of volcanism than that, 10.6 to 6.0 Ma, originally 

postulated by Caelles (1 979). 

FAR 201 is the oldest dated volcanic sample, yielding a hornblende age of 12.56 

+ 0.36 Ma. It is a coarse hornbIende-phyric basaltic-andesite from the Arroyo Alumbrera - 

Andesite (Lower Andesite Unit mapped by J.M. Proffett, 1994, 1995) which crops out in 

Arroyo Alumbrera, north of Bajo de la Alumbrera. This is the Iowermost unit exposed at 

Bajo de la Alumbrera: the outcrop may now be obliterated due to construction of the haul- 

road at the deposit. Given the lack of detailed mapping and stratigraphy in the Cornplex 

outside of the immediate Bajo de la Alumbrera area, it is not known whether older units 

crop out. 

In figure 5-5, an absence of ages between 9.2 and 12.6 Ma is evident. It is not 

clear whether this gap represents a magmatic hiatus or is an artifact of sampling or 

reflects exposure, but the former mode1 is preferred. 

In general, volcanic units lying in close proximity to the contact with the 

underlying red sediments exhibit the oldest ages. These samples are from the peripheral 



Table 5-6. 

New laser microprobe ' * ~ r / ~ ~ ~ r  ages for volcanic rocks 
from the broader Farallon Negro Volcanic Cornplex. The 

data are presented in reverse chronological order, in 
partial duplication of those in Table 5-5. Location 

abbreviations as in Table 5-5.  



SAMPLE AGE ERROR MATERLAL 
(Ma) (20) DATED 

DESCRIPTION 

FAR 284 
FAR 206 
JC-33 
FAR 338 
FAR 296 
FAR 31 1 
FAR 299 

p FAR 204 
O 
W 

FAR 27 1 
FAR 3 12 
FAR 285 
FAR 176 
FAR 201 

HornbIende 
Biotite 
Hornblcndc 
Hornblendc 
Hornblende 
Hornblende 
Hornblcndc 
Hornblcndc 

Homblende 
Biotite 
Mornblende 
Biotite 
Hornblende 

Andesite tuff in Qucbrada de Pozos Verdes 
Banakite t a  at northwest edgc of volcanic complex 
Dacitc flow north of ELA 
Massive basaltic andcsite flow 
Fragmenta1 shoshonite flow from wcst of Vis Vis 
Basaltic andesite north of CAT 
Fragmenta1 banakite flow in footwall of Jaci Yaco fault 
Basaltic andesite, Quebrada de los Lcones, south of 
Friratlon Negro town 
Basalt flow Iotv in stratigraphy near Bola del Atajo 
Andesitic tufï north of CAT 
Fragnientûl basahic andcsitc flow in Villa Vil river, north of FA 
Dacite in Capillitas valley along acccss road to Agua Rica 
Basaltic andesite from the Arroyo Alumbrera, north of BLA 
(Coarsc Homblende andesite unit of J.Proffett) 



Figure 5-6. 

Sample locations for volcanic rocks dated in this study 
from the broader Farallon Negro Volcanic Complex. 





areas of the FaralI6n Negro Volcanic Complex, but this may be due to exposure. Biotite 

from FAR 176 (equivalent to FAR 3 IO), a porphyritic biotite dacite from an outcrop dong 

the access road to the Agua Rica project in the Capillitas valley, gave an age of 9.17 + 
0.08 M a  These are isolated outcrops in the footwail of the Aconquija range-front, high- 

angle reverse faulr. They rnay represent remnants of the volcanic succession which may 

have overlain the Capillitas diatreme but subsequent tectonism and erosion have 

obliterated their stratigraphic relationship to other units of the Farailon Negro Volcanic 

Complex. 

FAR 285, a homblende-phyric basaltic andesite, yielded a hornblende age of 9.14 

+ 0.09 Ma. ïhis sarnple is from an isolated sequence of fragmenta1 flows with variable - 

arnounts of basement clasts located in the Villa Vil area, approximately 24 km north of 

Farallon Negro t om.  The sequence is approximately 100 m thick and extends for a 

mapped strike-length of approximately 42 km. The flows demarcate the stratigraphic 

boundary between the Calchaquense (red) and overlying Araucanense (buff) sediments. 

The age and the geochemistry of FAR 285, in addition to the lack of associated intrusive 

units and absence of an apparent local source for these outcrops, suggest that these rocks 

are temporally and geneticaily related to the Fard1611 Negro Volcanic Complex, as 

originally postulated by Llambias (1970). They may represent a voluminous and relatively 

mobile eruption sequence that was subsequently buried by sedimentary units, or a domain 

that has undergone greater uplift and erosion than the main Farallon Negro area, and 

within which only the oldest stratigraphic units are preserved. 

FAR 204 (homblende age of 8.5 1 5 0.3 5 Ma) and FAR 206 (biotite age of 7.49 



+ 0.09 Ma) represent respectively the bottom and top of an approxirnately 3000 m-thick - 

section of flows transected by the E-W-trending Quebrada de los Leones. FAR 204 is a 

homblende-plagioclase - phyric basaitic andesite and FAR 206 a plagioclase-biotite - 

phyric banakitic tuff. 

The youngest samples, located on the north and West margins of the volcanic 

outcrop, represent the highest stratigraphic units exposed, and generaily underlie, andor 

are interbedded with, gravels formed by the erosion of the volcanic pile. FAR 206 

(discussed above) is Iocated in the eastemrnost exposures of volcanic units associated with 

the complex. FAR 284, the youngest dated volcanic unit at 6.72 0.08 Ma, is a 

hornblende-biotite andesitic tuff from the Quebrada de Pozos Verdes, Iocated on the 

northem edge of the compfex. It is possible that younger volcanic units may have been 

associated with the Farallon Negro Volcanic Complex but, due to uplift and erosion, have 

not been preserved, particularly in the south and e s t  quadrants of the complex. 

intrusions 

Laser microprobe ' O A ~ / ' ~ A ~  ages for intrusive rocks are presented in Table 5-7 in 

reverse chronological order. Sarnple locations are provided in figure 5-7. On the b a i s  of 

the new age data it is suggested that intrusion rnay have occurred in the Agua Rica area 

as early as 12.7 Ma, contemporaneously with eruption of the oldest dated volcanic unit. 

As with the volcanic units, there was an apparent luIl in intrusive activity from 8.6 to 12.7 

Ma. This lends support to the identification of a general magmatic hiatus during this 

interval (see earlier), in that representative samples of the majority of the intrusive units 



Table 5-7. 

New laser microprobe ' l O ~ d g ~ r  ages for intrusive rocks 
from the broader Farallon Negro Volcanic Cornplex. Data 

are presented in reverse chronological order, in partial 
duplication of data in Table 5-5.  Location abbreviations as 

in Table 5-5 and CAP: Capillitas 



SAMPLE AGE ERROR MATERIAL LOCATION 
(Ma) (20) DATED 

DESCRIPTION 

FAR 3 18 
FAR 12 
FAR 288 
JC-30 
FAR 244 
FAR 336 
FAR 10 
JC-4 1 
JC-3 la 
F A R  113 
JC-77a 
FAR 2 
FAR 147 
FAR 238 
FAR 216 
PAR 301 
FAR 57 
FAR 262 
FAR 254 
FAR 307 
FAR 65 
FAR 229 
FAR 224 
FAR 297 
JC-47b 
FAR 169 
FAR 327 

K-spar 
Biotitc 
Biotitc 
Whole-Rock 
Hornblende 
Biotite 
Biotite 
Biotite 
Whole-Rock 
Biotite 
Whole-Rock 
Biotitc 
Biotite 
Biotite 
Homblende 
Hornblende 
Homblcnde 
Homblendc 
Homblende 
WhoIe-Rock 
Hornblende 
Homblende 
Hornblende 
Hornblende 
Biotite 
Hornblcndc 
Biotite 

CAP 

BL A 
BLA 
BAT 
BAT 

BLA 

BLA 
BSL 
BAT 

BLJ 

BLC 

CAT 
BAD 
BAD 
BAD 

BAD 
MIV 
MIV 

Dacite dike 
Dacitc intrusive at Macho Mucrto 
Crowdcd dacite porphyry from Loma Morada, north edge of volcanic complex 
Andesite dike near Alto de la Blenda 
Andesite porphyry dike from northwest rim of BLA 
Main Dacite Porphyry (P3 - Musto) from 1 18.8 - 126.9m in DDH 48.4-54 
Fresh dacite dike north of old camp 
Dacite dike 
Macho Mucrto rhyolite dike 
Main Dacite Porphyry (P3 - Musto) 
Monzodiorite (Alto dc la Blenda) near BLP 
Colorado Norte Porphyry (P4 dike - Musto - vicinity of DDH 5 1-56) 
Dacite porphyry 
Dacite porphyry from central hills of BAT prospect 
Alto de la Blenda monzonite, homblende-phyric phase 
Andesite dike 
Andesite intrusive on north rim of Bajo la Chilca 
Andesite dike cross-cutting centre of BLC 
Basaltic dike cross-cuiting Casitas rhyolite plug 
Basaltic andesite dike 
Central andesite intrusive, in main quebrada 
Andesite intrusive, western edge of BAD 
Andesite intrusive, eastern edge of BAD 
Andesite intrusive from west of Vis Vis 
Granodioritc 
Mclcho nionzonite, rclativcly Icucocraiic pliasc with hornblcndc 
Biotite porpliyry 



Figure 5-7. 

Sarnple locations for intrusive rocks dated in this study 
from the broader Farallon Negro Volcanic Complex. 





within the Farailon Negro Volcanic Cornplex were dated in this study. Intrusive activity, 

however, is inferred to have peaked between 6.5 and 8.6 Ma, overlapping with, but 

persisting after, the main volcanic episode. A waning stage appean to have terminated 

with dacitic and possibly rhyolitic dyke intrusion between 5.2 and 6.1 Ma. 

The oIdest intrusive unit dated (FAR 327) is an altered biotite porphyry from the 

Agua Rica deposit, which yields a biotite age of 12.67 2 0.30 Ma The large biotite 

phenocrysts are slightly bent, but do not appear to be recrystailized and are free of 

chlorite and other alteration products. The step-wise degassing spectra have concave- 

downward configurations with the seps contributing the largest volume of radiogenic " ' ~ r  

yielding the oldest ages (Fig. 5-8). This pattern is typical for disturbed biotites (Hanes, 

1991), the Iower dates in the spectrum being interpreted to have resulted frorn partial 

argon loss (York and Lopez-Martinez, 1986). The unit crops out on a spur located 

between the Agua Rica camp geology office and dormitory facilities. It constitutes a large, 

isolated body surrounded by the hydrothermal breccia and is terrned the "Camp Porphyry" 

by project geologists, but its relationships to the other units at Agua Rica are unclear: it  

has been suggested that it rnay represent a large block transported vertically in the breccia 

(N. Rojas, pers. comm., 1996) altematively, field relationships suggest that it rnay be a 

late intrusive which post-dates the hydrothermal breccia (M. Leake, pers. comm., 1997). 

AIthough the field relationships do not support the age determined on this sarnple herein, 

the age may not be dismissed on analytical grounds. The biotite is intact and unaltered 

and while there is evidence for thermal overprinting possibly caused by the epitherrnal 

mineralization event, the higher-power steps reveal reproduceable plateaux which yield 



Figure 5-8. 

Step-wise degassing spectra for two sample aliquots of FAR 
327, a biotite porphyry from Agua Rica. Shaded boxes 
represent the range in error of each step. P.A. is the plateau 
age. I.A. is the integrated age cdculated from al1 the steps. 
The concave-downward shape of the spectra is interpreted 
to represent minor thermal disturbance and argon-loss, 
possibly reflecting the epithermai event at Agua Rica. The 
low ages of the high-power steps are interpreted to reflect 
gas release from impurities (e.g.. feldspar) in the sample as 
al1 the biotite-related 3 9 ~ r  would have been completely 
released prior to these steps @.A. Archibald, pers. comm., 
1997). 



SAMPLE FAR 327 (BIOTITE) 

0.0 
Fraction " ~ r  

Fraction " ~ r  



an average age of 12.67 + 0.3 Ma Detailed mapping and dating studies rnay be necessary 

to further resolve the temporal relationships of this unit. Thus, its origin rernains 

problematic but the age indicates that magmatic activity took place in the Agua Rica area 

as early as 12.7 Ma Intrusive activity continued with the emplacement of the Melcho 

monzonite stock (Fig. 5-9). A homblende separate from a Ieucocratic phase collected in 

the Quebrada de Melcho (FAR 169) gave an age of 8.56 0.48 Ma. 

The peak intrusive phase in the region began with the emplacement of hypabyssai 

andesites at Bajo el Durazno. Four separate samples of these rocks (Fig. 5-10) yielded 

ages of between 8.1 5 and 8.46 Ma (al1 overlapping within analyticai error). These units 

are separate areally (Allison, 1984; this study), but their sirnilar ages and, in the case of 

sarnples FAR 224 and 229, almost identicai whole-rock geochemistry (Appendix B) would 

suggest that they rnay represent apophyses of a larger stock. 

Intrusions of basaltic and basaltic-andesitic composition were also emplaced during 

this period. Homblende from a basaltic dyke (FAR 254) that cuts the Casitas rhyolite plug 

yielded an age of 7.94 & 0.12 Ma. The field relationships (i.e., basalt cutting rhyolite) and 

the ' O A ~ / ~ ~ A ~  age suggest that the original sequence of events proposed by Llambias 

(1970) is over-simplified. Elsewhere, a basaltic andesite dyke, FAR 307, cutting the 

volcanic sequence that underlies the northern slope of Cerro Atajo, yielded a whole-rock 

age of 8.15 2 0.10 Ma. 

Andesitic intrusion at Bajo de la Chilca occurred at 7.88 Ma (FAR 57 and 262). 

Andesitic intrusion also occurred at Bajo las Juntas where hornblende from an andesite 

dyke (FAR 301) yielded an age of 7.59 + 0.08 Ma. Hornblende from a hornblende-phyric 



Figure 5-9. 

Geological map of the Agua Rica deposit showing the 
locations of dated samples of intrusive units. 
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Figure 5-10. 

Geological map of the Bajo el Durazno prospect showing 
the locations of dated intrusive sarnptes. 
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phase of the Alto de la Blenda monzonite (FAR 216) gave an age of 7.50 5 0.20 Ma. 

However, this age does not overlap within analytical error with h a t  for sarnple JC-77% 

a rnonzodionte from a large intrusive body at Bajo las Pampitas, which yielded a whoie- 

rock age of 7.02 2 0.22 Ma JC-77a was interpreted to represent a phase of the Alto de 

la Blenda stock on the basis of field relationships at Bajo las Pampitas (A.H. Clark, 

written comm., 1993). These ages would suggest a protracted intrusive history for this 

unit. 

By 7.4 Ma, the composition of intrusive rnelts in the FarailSn Negro centre had 

become more silicic, and dacitic magmatism dorninated. This episode began at 7.39 2 

0.17 Ma (biotite date for FAR 238) with the intrusion of dacite porphyry in the central 

area of the Bajo de Agua Tapada prospect. At Bajo de San Lucas, the age of 7.35 5 0.06 

Ma obtained for magmatic biotite from FAR 147 is in agreement with the K-Ar age of 

7.3 + 0.2 Ma for magmatic biotite from sample JC-85 by McBride (1972). This unit is 

described by McBride (op. cd.) as a small monzonite porphyry stock which hosts the 

porphyry-style alteration-mineralization at Bajo de San Lucas, whereas sarnple FAR 147 

is from the small dacite body which is mapped as the core of the alteration-mineralization 

zone (Fig. 5-1 1). Field relationships revezl an oval-shaped diorite body, with well- 

developed secondary biotite, similar in appearance to the Alto de la Blenda monzonite 

(Maisonave and Guillou, 1969; Sillitoe, 1973), which is intmded by a dacite porphyry 

unit, interpreted as the source of the mineralizing fluids. If sample JC-85 is a sarnple of 

the diorite body, these ages would suggest the almost synchronous intrusion of these two 

bodies. However, because JC-85 was not re-analyzed using laser microprobe techniques 



Figure 5-11. 

Geologicai map of the Bajo de San Lucas prospect 
showing the locations of the intrusive n i t s  dated in this 

study . 
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and many of the ages determined by McBnde (1972) have been supplanted by ages 

generated by this study, the K-Ar age is better regarded as representing a minimum value 

for the intrusion for this unit. 

ïhree samples of dacite porphyry were dated from Bajo de la Alumbrera (Fig. 5- 

12). As discussed in a previous section, the nomenclature of the intrusive units at Bajo 

de la Alumbrera has evolved over the course of this study. Sarnples FAR 2 and FAR 113 

were collected during the 1993 field season when the nomenclature developed by 

geoiogists working for International Musto Ltd. was still in use. They recognized four 

dacite porphyry intrusives, termed Pl (pre-mineralization) - through - P4 (post- 

mineralization). FAR 2 was collected near the colIar of drill-hole 51-56, West of Cerro 

Colorado Norte. The discontinuous dykes are relatively fresh and were mapped as "P4" 

by Musto geologists. These outcrops represent weakly-mineralized "Colorado Norte 

Porphyry", the oldest phase of the Main Dacite Porphyry Stock, as subsequently mapped 

by J.M. Proffett (1994; 1995; pers. cornm., 1995). A biotite separate from FAR 2 yielded 

an age of 7.10 5 0.13 Ma. Biotite occurs in the sample as large euhedral-to-subhedra1, 

reiatively fresh phenocrysts and as fine-grained, shreddy aggregates, possibly replacing 

amphibole in the matrix. FAR 113 was collected approximately mid-way between drill- 

holes 5 1-57 and 50-56. This area was mapped as "P3" prior to its designation as "Main 

Dacite Porphyry" by J.M. Proffett (1994; 1995). Biotite from FAR 1 13 yielded an age of 

6.98 + 0.08 Ma. It occurs in this sarnple as large, fresh, euhedral phenocrysts and as a 

hydrotherrnal alteration product of amphiboles. In neither sarnple is there evidence of 

recrystallization of the biotite phenocrysts, and the hand-picking of the minera1 separates 



Figure 5- 12. 

Geological map of the Bajo de la Alumbrera deposit 
showing the locations of samples dated in the present 

research. 



1 BAJO DE LA 
ALUMBRERA 

Geology 
Reinterpretation ofStults (1983, 1985) 
geology rnap using terminology of 

LM. Proffett ( 1994, 1995) 

A.M. Sasso, 1997 1 
Northwest porphy ry 
dykes 

Los Amarillos 
porphyry stock 

77T ; .  North porphyry Alluvium 

location of sample dated in this study 



prior to dating would have ensured that the larger biotite grains were dated. These ages 

are therefore interpreted as minimum intrusion ages for the Main Dacite Porphyry Stock 

rather than alteration ages. FAR 336 is a conflated sarnple of core rejects frorn depths of 

1 18.8 to 126.9 m in drill-hole 48.4-54. This interval was Iogged as "P3" porphyry by the 

Minera Alumbrera geologists prior to the adoption of J.M. Proffett's nomenclature. On the 

ba i s  of its age, 6.83 t, 0.07 Ma, i.e., younger than FAR 2 but overlapping within 

analytical error with FAR 113, it is interpreted to be a further sample of Main Dacite 

Porphyry, albeit possibly of one of the younger intrusive phases of this unit. 

No samples suitable for dating of the other porphyry units mapped by J.M. Proffett 

were found on surface and, because the drill-core had yet to be re-logged, no core samples 

were available for the other units. However, an andesite porphyry dyke (FAR 244) 

cropping out on the northwest rim of the deposit may represent an extension of the 

North west Porphyry dyke swarm mapped by Proffett (1 994; 1 995). Hornblende frorn this 

outcrop yielded an age of 6.78 + 0.1 5 Ma, i.e., slightly younger than the dates for the 

Main Daci te Porphy ry , and therefore consistent wi th the cross-cutting relationships 

documented by Proffett (opera cil.). 

Dacite porphyry bodies were also intruded at Bajo de Agua Tapada. FAR 10 is a 

sample collected near the Agua Tapada shaft to the northwest of the old camp (Fig. 5-1 3). 

Magmatic biotite yielded an age of 6.84 + 0.15 Ma. This sarnple location corresponds to 

the description of the location for the Bajo de Agua Tapada dacite, JC-41, dated by 

McBride (1972). As discussed previously, biotite from JC-41 is dated at 6.90 + 0.12 Ma, 

in agreement with the above date. This dyke extends to the south-southeast into the zone 



Figure 5-13. 

Geological map of the Bajo de Agua Tapada prospect 
showing the locations of intrusive units dated in this 

study. 
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of intense phyllic alteration associateci with the Bajo de Agua Tapada prospect, where its 

contacts are obscured by the pervasive alteration. 

A whole-rock sarnple of what is termed a quartz-phyric andesitic dyke (JC-30) by 

A.H. Clark (wriîîen comm., 1993), and collected by K. Caelles from the northwest 

dopes of Alto de la Blenda (Fig. 5-7), yielded an age of 6.30 2 O. 1 1 Ma. This indicates 

that andesitic magmatism was active as late as 6.3 Ma. 

Fresh biotite from a dacite porphyry at Loma Morada (FAR 288; Fig. 5-7) yielded 

an age of 6.14 2 0.05 Ma. This is a large intrusive plug located on the northwest 

perimeter of the volcanic complex. 

FAR 12 is a sample of the Macho Muerto intrusion (Fig. 5-7), a unit classified as 

a rhyodacite by Llarnbias (1971). A biotite separate yielded an age of 5.95 5 0.07 Ma. 

This age is significantly younger than the whole-rock age of 6.91 + 0.25 Ma for sample 

JC-3 la, described by A.H. Clark (wrïtten comrn., 1993) a s  a flow-banded rhyolite forming 

a wide dike near Macho Muerto. Because Macho Muerto is readily accessible and only 

one felsic intrusive body crops out in the area, these samples are interpreted to be of the 

same unit. The discrepancy of almost 1 m.y. between the two ages might be interpreted 

to represent a protracted intrusive history for this unit. However, the Macho Muerto body 

is relatively small (0.24 km2) and exhibits homogeneous petrographic features and minera1 

chemistry (Godeas, 1971), suggesting a simple, short-lived intrusive history. Given the 

greater coherence of the degassing spectra from FAR 12 and the relatively low error, they 

are interpreted to indicate of the age of this unit. 

The youngest intrusive event in the region is recorded by sample FAR 3 18 from 



the Capillitas deposit. K-feldspar from a coarse-grained dacite dyke which cuts the eastem 

margin of the Capillitas diatreme (Fig. 5-14) yielded an age of 5.16 + 0.05 M a This age 

is in satisfactory agreement with the K-Ar dates for dacite porphyry from Capillitas 

published by J.I.C.A. (1981) and indicates that the emplacement of the rhyolitic diatreme 

occurred pnor to this event. 

Alf erat ion-min eralization 

40 ~ d ~ ~ r  laser microprobe ages for hydrothermally-dtered samples are presented 

in Table 5-8 in reverse chronological order. Sample locations are indicated in figure 5-15. 

Separates of alteration minerals (sericite, biotite and alunite) were commonly difficult to 

date: of the 15 sarnples examined only 9 are interpreted to have yielded reliable ages of 

alteration events. In this section, the ages of the alteration-mineralization episodes wilI be 

discussed for individual mineralized centres. Data for Bajo de la Alumbrera and Agua 

Rica are discussed first, followed by those from the other deposits within the main 

Volcanic Complex and then the outlying deposits. Alteration age data are discussed in 

conjunction with the previously discussed intrusive ages for each centre. 

Bajo de la Alumbrera 

Two representative samples of the major alteration facies were selected (Fig. 5-1 6). 

FAR 334 is a chloritized biotite separate from a hydrothermal biotite vein intersected at 

a depth of 475.5 m in diamond drill-hole 51-61.1. It yielded an age of 5.78 5 0.44 Ma 

(Table 5-9). FAR 333, a sample of intensely sericitized Main Dacite Porphyry, yielded 



Figure 5-14. 

Geological map of the Capillitas deposit showing the 
Iocation of the intrusive unit dated in this research. 
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Table 5-8. 

New laser microprobe ' * ~ r / " ~ r  ages for alteration events 
in the broader Farallon Negro Volcanic Cornplex. 
Location abbreviations as in Tables 5-5 and 5-7. 





Figure 5-15. 

Sample locations for alteration minerals dated in this 
study from the broader Farallon Negro Volcanic Cornplex. 





Figure 5-16. 

Geological map of the Bajo de fa Alumbrera deposit 
showing the locations of hydrothermdly-altered rocks 

dated in this study. 
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Table 5-9. 

Summary of preferred new laser rnicroprobe ' ' O A ~ / ~ ' A ~  ages 
for intrusive units and alteration facies from the Bajo de la 
Alumbrera deposit. (Data are in partial duplication of those 
from Tables 5-7 and 5-8). 



SAMPLE AGE ERROR MATERML LOCATION 
(Ma) (20) DATED 

DESCRIPTION 

FAR 334 5.78 0.44 Biotite ELA Chloritizcd biotitc vcin at 475.5m in DDH 5 1-61.1 
FAR 333 6.75 0 .O9 Whole-Rock ELA Sericitized Main Dacite Porphyry 
FAR 244 6.78 0.15 Hornblende BLA Andesite porphyry dike from northwest rim of BLA 
FAR 336 6.83 0.07 Biotite BLA Main Dacite Porphyry from 118.8-126.9m in DDH 48.4-54 
FAR 113 6.98 0.08 Biotitc BLA Main Dacite Porphyry (P3 - Musto) 
FAR 2 7.10 0.13 Biotite BLA Colorado Norte Porphyry (P4 dike - Musto - vicinity of DDH 5 1-56) 



a whole-rock age of 6.75 + 0.09 Ma The younger age for the secondary biotite does not 

agree with the alteration-minerdization paragenetic sequence documented by previous 

workers (e-g.. Stults, 1985; Guilbert, 1995; Proffett, 1995) at Bajo de la Alumbrera, in 

which the phyllic assemblage overprints secondary biotite. The degassing spectrum for 

FAR 333 (Fig. 5-17) defines a plateau with very low errors, but that for FAR 334 (Fig. 

5-17) has higher errors and very high atmospheric argon content. It was suggested @.A. 

Archibald, pers. comm., 1997) that the integrated age of 6.09 & 0.66 Ma for al1 runs on 

sarnple FAR 334 rnight give the best estimate of the age given the intense chloritization 

of the sample, but this age is stiil younger than that indicated for phyllic alteration by 

FAR 333, and is therefore also rejected. The younger apparent age for the hydrothermal 

biotite is perhaps to be attributed to Ioss or redistribution of 3 9 ~ r  as a result of recoil 

effects during irradiation due to the intensely chloritized nature of the sample. The age 

of sericite alteration inferred from FAR 333 (6.75 + 0.09 Ma) only slightly postdates the 

intrusion age for FAR 244 (6.78 0.15 Ma), representing the interpreted NW extension 

of the Northwest Porphyry dyke swarm. The Northwest Porphyry dykes are obsetved to 

truncate quartz- and quartz-magnetite veinlets (ciassified as part of the early potassic 

alteration phase) in the Colorado Norte, "early P3" and Camparniento porphyries. In the 

northwest part of the bajo they are also altered to propylitic epidote-chlorite assemblages 

inferred to be contemporaneous with potassic alteration in the centre of the deposit. To 

the south, the dykes are strongly altered in the feldspar-destructive phyllic zone. These 

field relationships strongly suggest that the intrusion of the Northwest Porphyry body was 

sensibly conternporaneous with the potassic alteration-mineralization event at 6.78 If: O. 15 



Figure 5-17. 

Cornparison of " ~ r / ~ ' ~ r  degassing spectra from 
hydrothennally-altered samples at Bajo de la Alumbrera. 
The two upper diagrams in each column are step-wise 
degassing spectra, determined in the final round of dating, 
for aliquots of a whole-rock sarnple of intensely sericitized 
Main Dacite Porphyry, FAR 333 (on the left), and 
chloritized hydrothermal biotite from sample FAR 334 
(right). The steps interpreted as best approxirnating the 
sarnple age are indicated by the arrows. The lowermost row 
of diagrams combines spectra from r u s  using the two-step 
rnethod (described previously) and those illustrated 
immediately above to calculate a weighted average age (cf: 
Figs. 5-3 and 5-4). The steps used in the caiculation of the 
weighted average age are coloured in black. The vertical 
width of the boxes represents the range in error for each 
step. Note the good reproducibility and Iow errors among 
the high-power steps for aliquots of FAR 333, whereas 
errors are large, possibly due to the low K content of the 
sample or difficulty in cleaning the released gas during the 
steps, and reproducibility is poor for aliquots of FAR 334. 
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Ma and was closely followed by hydrolytic alteration at 6.75 +r 0.09 Ma. 

Agua Rica 

Sample JC-191 was collected in 1969 from a monzonitic phase of the Melcho 

stock where exposed in the upper stretch of Quebrada Melcho at the south-east rnargin 

of the mineralized zone (A.H. Clark, written comm., 1993; Fig. 5-18). Biotite from this 

sarnple was interpreted by A.H. Clark and J-C. Caelles to be secondary, and related to 

potassic alteration at the Agua Rica (Mi Vida) deposit as documented subsequently by 

Koukharsky and Mirre (1976). The sample area displays numerous chalcopyrïte-rich 

veinlets and the abundance of biotite, its extensive replacement of magmatic homblende, 

as well as its pronounced greenish caste, strongly suggest that it is an alteration product 

(A.H. Clark, written comm., 1993). It yielded an ' O A ~ / ~ ~ A ~  age of 7.03 + 0.10 Ma (Table 

5-10). Sample FAR 324 is of a brecciated phase of the Melcho stock, located in the 

northern branch of Quebrada Melcho (near B.H.P. sarnple-site M5694). The secondary 

biotite in this sample occurs as very fine-grained groundmass clusters, possibly replacing 

magmatic homblende, and as hairline veinlets. It yielded a weighted-average age of 6.29 

2 0.06 Ma. FAR 322 was collected at higher altitude, and to the west, along the same 

quebrada as FAR 324 (near B.H.P. sarnple site MS697), where phyllic assemblages 

clearly overprint the potassic alteration assemblage. The whole-rock age of 6-10 + 0.04 

Ma is considered to constrain the age of the phyllic alteration event. Hypogene, coarsely- 

crystalline, alunite (FAR 325) collected along a drill-road immediately SE of the old Agua 

Rica geology camp (B.H.P. sample site G6465) yielded an age of 5.35 2 0.14 Ma. 



Figure 5-18. 

Geological map of the Agua Rica deposit showing the 
Iocations of samples of alteration facies dated in this 

study. 
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Table 5-10. 

Summary of preferred new laser microprobe ' ' O A ~ ~ A ~  ages 
for intrusive units and hydrothermally-dtered samples from 
the Agua Rica deposit. (Data are in partial duplication of 
those from Tables 5-7 and 5-8). 





The new age data for this area imply that potassic aiteration in the upper Quebrada 

de Melcho may have commenced as early as 7.0 Ma and persisted for a period of 0.7 

m-y., and that phyllic aiteration had overprinted potassic aiteration at 6.1 Ma. This would 

suggest an extended period of at least 0.9 m.y. for the development of porphyry-style 

alteration-minerdization in the Melcho area Although precise geochronological data on 

the durations of mineralization systems are lacking, existing geochronological studies of 

rnineralization systems suggest formation during a very restricted time interval, e.g.. 

Arribas et al. (1995) postdate a Iifespan of 0.2 to 0.6 m.y. for the Far Southeast Porphyiy 

Cu-Au deposit, Philippines and Tosdal et ai. (1997) allow 1 m.y. for the intrusion, cooling 

and mineraiization of porphyry Cu-Mo related stocks at El Salvador. It is therefore 

suggested that the age of 7.03 ': 0.10 Ma on biotite from JC-191 rnay represent the 

intrusive age of a phase of the Melcho monzonite and that potassic alteration (6.29 2 0.06 

Ma on FAR 324) and phyllic alteration (6.10 2 0.05 Ma) thereafter formed rapidly over 

an interval of approximately 0.2 m.y. Abrupt uplift of the Aconquija Range resulted in 

the overprinting of porphyry-style alteration-mineralization by epithermal alunite alteration 

at 5.35 Ma. 

Bajo de Agua Tapada 

A sample of sericitized dacite porphyry (FAR 239) from the Bajo de Agua Tapada 

prospect yielded a whole-rock date of 7.55 2 0.24 Ma, which is older than a11 intrusive 

ages documented at this location (Table 5-1 1). If correct, this date would suggest a 

protracted period of phyllic-style alteration at Agua Tapada, in that samples FAR 10 and 



Table 5-11. 

New laser microprobe ' ' O A ~ ~ A ~  ages for rocks 
from the Bajo de Agua Tapada prospect. (Data are in 
partial duplication of data from Tables 5-7 and 5-8). 



SAMPLE ACE ERROR MATERIAL LOCATlON 
(Ma) ( 2 ~ )  DATED 

FAR 24 0.14 0.33 Aluiiitc BAT Supcrgcnc altinitc 
FAR 10 6.84 0.15 Biotitc BAT Frcsli dncitc dikc riortl~ of old canip 
JC-4 1 6.90 0.12 Biotitc BAT Dacitc dikc 
FAR 238 7.39 0.17 Biotitc BAT Dacitc porphyry froni ccriiriif Iiills of BAT prospcct 
FAR 239 7.55 0.24 Wholc-Rock BAT Scricitizcd dacilc porpliyry 



JC-41, which have experienced phyllic alteration, are approximately 0.7 m.y. younger than 

FAIX 239. This would also imply the alrnost simultaneous intrusion and alteration of 

sarnple FAR 238. Supergene alunite (FAR 24), which occurs in small veinlets in the 

phyllic alteration halo at Agua Tapada (and is also encountered at Bajo de la Alumbrera), 

yielded an age of 0.14 2 0.33 M a  The degassing spectrum is poorly constrained, with 

negative ages, large errors on some steps and very high (up to 100%) atmosphenc argon 

contents, but the correlation age is in agreement with the plateau age. This suggests that 

this age is an acceptable indication of the time of ongoing weathering of the deposit 

following the exhumation and oxidation of the Volcanic Cornplex, as indicated by the age 

of cryptomelane from the Farallon Negro vein system discussed in a later section. 

Bajo el Duramo 

The three samples of alteration materials (Fig. 5-19) al1 give dates significantly 

older than the ages of intrusion for the Bajo el Durazno centre (Table 5-12). FAR 101 is 

a whole-rock sample which contains abundant, very fine-grained, secondary biotite. It 

yielded a whole-rock age of 14.04 2 0.28 Ma, but the ages for the three sample aliquots 

do not overlap within analytical error, and this age is not considered to be geologically 

meaningful. For FAR 227, a sericitized fragmenta1 andesite, the high-temperature steps 

demonstrate good agreement between sarnple aliquots, but the whole-rock age of 1 1.02 

+ 0.13 M a  is 2.5 m.y. older than those of the intrusive units which are themselves altered - 

to a phyilic assemblage. Several explmations are possible: i) two intrusive-alteration 

systems were active at Duramo, separated in age by ca. 2.5 m.y.; ii) the whole-rock age 



Figure 5-19. 

Geological map of the Bajo el Durazno prospect showing 
the locations of dated alteration facies sarnples. 
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Table 5-12. 

New laser microprobe ' * A / ~ ~ A ~  ages for rocks 
from the Bajo el Duramo prospect. (Data are in partial 

duplication of data from Tables 5-7 and 5-8). 



SAMPLE AGE ERROR MATERIAL LOCATION 
(Ma) (20) DATED 

DESCRIPTION 

FAR 228 
FAR 65 
FAR 229 
FAR 224 
JC-47b 
IC-42a 
FAR 227 

$ FAR 10 1 
OI 

Biotitc 
Hornblcndc 
Hornblcndc 
Hornblcndc 
Biotitc 
Wiiolc-Rock 
Wliolc-Rock 
W tiolc-Rock 

Wiiidblow pyroclastic "sand" mantling topography nortli of BAD 
BAD Central rrndcsitc intrusive, i n  main quebrada 
BAD Aiidcsitc intmsivc, wcstcrn cdgc of BAD 
BAD Aiidcsitc inirusivc, castcrn cdgc of BAD 
BAD Granodioritc 
BAD Hydrotliernially-al tcrcd snriiplc 
BAD Scrici t izcd frngtiicntal mdcsitc 
BAD Sccoiidary biotitc dtcriitiori iri ccntrnl aiidcsiic intnisive 



represents the time of volcanism and the aiteration event was of sufficiently low 

temperature that complete resetting of the minerais did not occur. However, thin-section 

study reveais almost complete obliteration and replacement of p r i m q  volcanic textures 

and minerais by sericite and clays; or iii) excess " ~ r  or recoil loss of 3 g ~ r  is responsible 

for the older age. The last is the preferred interpretation. Sample JC-42a is of 

hydrothermally-aitered materiai from Bajo el Duramo (A.H. Clark, wntten comm., 1993). 

It yielded an age of 8.95 + 0.10 Ma which is 0.5 m.y. older than the oldest dated intrusive 

unit. Without additional information about this sarnple (i.e.. petrographic description and 

location), this age is difficult to interpret, but excess ' O A ~  is again suspected. 

Cerro Atajo 

FAR 303, collected on the southem edge of the Cerro Atajo prospect and to the 

east of Cerro Blanco (Fig. 5-20), yielded a whole-rock age of 5.45 + 0.06 M a  The sample 

represents an intensely sericitized porphyry, possibly originally of dacitic composition. It 

crops out as a small intrusive unit in basement, bounded on the north by the high-angle 

reverse fault responsible for uplift of the Capillitas Range. FAR 304 is a sericitized 

porphyry, possibly andesitic or dacitic in composition, from the western end of the drill- 

road that follows the Cerro Atajo ridgeline. It yielded a whole-rock age of 5.1 1 + 0.04 

M a  The dates suggest a minimum age of 5.45 Ma for epitherrnal alteration- 

mineralization. 



Figure 5-20. 

Geological map of the Cerro Atajo prospect showing the 
locations of alteration facies samples dated in this study. 





Other alteration centres 

A sericitized unit from Bajo la ChiIca (FAR 266) yielded a whole-rock age of 8.01 

+ 0.10 Ma This is consistent with the magrnatic homblende age of 7.88 2 0.22 (FAR 
k 

262) from an andesite dyke which is itself unaltered and cross-cuts the weakly-developed 

alteration zone. The Bajo la Chilca sarnple represents the oldest dated alteration event at 

Farallh Negro. 

A sample of the host-rock of the Farallon Negro - Alto de la Blenda epithennal 

vein system was collected in an attempt further to constrain the timing of epithermai 

mineralization within the context of magmatism and mineralization at Farallon Negro. 

FAR 202 is a strongly-sericitized andesite with abundant clay minerals, and yielded a 

whoie-rock age of 6.55 + 0.14 Ma. This would imply that alteration-mineralization events 

were more or less synchronous at Alto de la Blenda and Bajo de la Alumbrera 8 km to 

the e s t .  Supergene cryptornelane, formed by the intense oxidation of the upper parts of 

the veins, was dated by McBride (1972; sarnple JC-70, not duplicated in this study). 

McBride1s pioneering work was stimulated by that of Chukrov et al. (1966). Vasconceles 

et ai. (1993) later confirmed the reliability of ' O A ~ ~ A ~  dating of cryptomelane in the 

determination of the age of weathering profiles. Although the atmospheric argon content 

of the Farallon Negro sarnple was high, the determined date of 2.7 I 0.8 Ma is in 

permissive agreement with Our expectations for the age of supergene oxidation of the 

veins. If hypogene mineralization took place at ca. 6.8 Ma within the core of the large 

stratovolcano, the intewal of 3-5 m.y. implied for exhumation and oxidation of the veins 

would not be unreasonable. 



summary 

A cartoon of the temporal evolution of magmatic and hydrothermal events in the 

Farallon Negro region is presented as figure 5-2 1. An early stage of volcanism at 12.6 Ma 

and intrusion at 12.7 Ma is recorded in the Bajo de la Alumbrera and Agua Rica areas, 

respectively. An apparent magmatic hiatus ensued until approximately 9.2 Ma, as is 

indicated by the absence of samples which yielded ages in this interval. It har been 

suggested (see Chapter 2) that the older volcanic events, i.e.. those between 9.2 and 

approx 8.6, may represent extrusion from several discrete centres early in the volcanic 

history of the region. The construction of the Main Farallon Negro Stratovolcano was 

undenvay by 8.5 Ma and appears to have involved successive eruption events until 7.49 

Ma followed by the minor, and perhaps episodic, extrusion of pyroclastics m i l  as late 

as 6.72 Ma. The stratocone-building event was accompanied by hypabyssal intrusion, 

which peaked between 6.8 and 8.6 Ma. Intrusive activity continued until 5.2 Ma with the 

emplacement of dacite and rhyolite dykes which represent the terminal stages of magrnatic 

activity in the region. 

Porphyry Cu-Au and sensibly coeval epithermal Au-Ag al teration-mineralization 

formed early in this terminal stage. Thus, phyllic alteration occurred at Bajo de la 

Alumbrera at 6.75 Ma and alteration associated with the Farallon Negro - Alto de la 

Blenda deposit took place at 6.55 Ma. At Agua Rica, the porphyry-style mineralization, 

which was emplaced between 6.10 and 6.29 Ma and therefore slightly postdated that at 

Bajo de la Alumbrera, was overprinted by an epithermal system at 5.35 Ma. Epithermal 

alteration at Cerro Atajo, occurring between 5.1 1 and 5.35 Ma, was contemporaneous with 



Figure 5-21. 

Schematic illustration of the temporal evolution of the 
volcanic, intrusive and hydrothermal events associated with 
the Farallon Negro Volcanic Cornplex. 



[O- 



that at Agua Rica. 



CHAPTER 6 

CONCLUSIONS 

In this chapter, the new observations on the geology, geochemistry and 

geochronology of the Farallon Negro Volcanic Complex are evaluated with regard to their 

implications for the geotectonics, petrogenesis and metallogenesis of the region 

Integrated tectono-magmatic model for the evolution of the Farallon Negro Volcanic 

Complex 

The location of the Farallon Negro Volcanic Complex in the transition zone 

between the domains of shallowly-dipping subduction to the south and more "normal" 

subduction to the north, and its proximity to the southem edge of the Puna, suggest that 

its formation may have been controlled by a cornplex interaction of: (1) subduction-related 

stresses, (2) compressive stress related to the uplift of the Puna; and (3) pre-existing 

crustal inhomogeneities. These potentially important factors are discussed below. 

Su bdu crian-related effects 

A major reorganization of the southeastem Pacific Ocean spreading centres 

occurred during the late Oligocene (Mamrnerickx et al., 1980; Pilger, 1984), resulting in 

an increase in the trench-normal convergence rate and a change in the angle of 

convergence to one normal to the South American rnargin at the approximate latitude of 

Faral l~n Negro. These geodynamic events were conternporaneous with the establishment 

of a calc-alkaline magmatic arc in the Cordiliera Principal at approximately 26 Ma (Kay 



et al., 1988). This extended n o h  to 25's and far to the south (37"s) of the present 

southem boundary of the flat subduction zone (Kay et al., 1994; Chapter 2 herein), 

suggesring that "nomal" subduction must have occurred dong this extended segment of 

the plate margin, without first-order segmentation of the slab (Reynolds, 1987). 

Flattening of the subducted slab in the 28" - 33" S segment has been inferred to 

have commenced by 18 Ma, with rapid shallowing, as indicated by the abrupt eastward 

migration of volcanisrn (see below), occurring after 10 Ma (Kay et ai., 1988, Reynolds, 

op. cil., Kay et al., 1994). This timing is in broad agreement with models in which the 

uplifi of the Sierras Pantpeanas is directly related to Iow-angle subduction. It has been 

suggested that higher convergence rates result in Iow-angle subduction, which in tum 

causes basement-involved foreland deformation (Jordan et al., 1983). Plate reconstructions 

(Pilger, 1984) indicate that low-angle subduction has been occurring beneath the Sierras 

Pompeanas since approximately 13 Ma. Reynolds (1987) inferred that uplift of the 

Pampean Ranges occurred in a random manner, Le.. that there was no apparent directional 

migration of uplifts with respect to t h e ,  in the period 3 - 7 Ma. 

Earthquake focal mechanism solutions (Chinn and Isacks, 1983) and the kinematic 

analysis of minor fault arrays (Allmendinger, 1986; Urreiztieta et ai., 1993, 1996; Marrett 

et al., 1994) for regions nonh (e-g., the Santa Maria valley) and south (e-g., south of 

Fiambala) of the immediate Farallon Negro area indicate E-W horizontal shortening 

interpreted to be related to bulk convergence between the Nazca and South American 

plates (Urreiztieta et al., 1996). 



Puna-related effeds 

Assumpçiio and Araujo (1 993) have documented a fanning of maximum horizontal 

stresses around the Altipluno (Puna) consistent with the arcuate shape of its eastem 

boundary. This pattern is attributed to plateau-spreading stresses. This implies an 

important effect of topography on Andean kinematics: the stress applied by the Puna is 

envisaged to have been sufficient locally to override the effect of the subduction-related 

stress. 

On the ba i s  of 'OA~-.' 'A~ geochronology of tuffs interbedded with evaporite 

sequences interpreted to indicate an intemally-drained depositional environment, 

Vandervoort et al. (1995) demonstrate that by approximately 15 Ma interna1 drainage 

resulting from regional uplift was established in the southem Puna. In contrast, 

Allmendinger (1986) suggested that uplift of the southem P m a  between 24" and 26" S 

could have begun between 5 and 10 Ma. This proposed timing appears to be based largely 

on the 6 - 7 Ma northwest-trending dyke swarm documented in the Farallon Negro region 

by Caelles er al. (1971) and Llambias (1972),  the emplacement of which is consistent 

with a NW-SE shorîening direction related to the uplift of the plateau (Allmendinger, 

1986). More recent studies indicate, however, that uplift began at about 13 Ma and lasted 

until 1 - 2 Ma (Marrett et al., 1994). 

Kinematic analysis of fault-slip data in the vicinity of the Farallon Negro region, 

e.g., in the Sierras de Hualfin, Las Cuevas, Chango Real, Capillitas and Belén, and at one 

locality within the Main Farallon Negro Stratovolcano (El Tobogin), indicate NW-SE 

principal shortening directions (Allmendinger, 1986; Urreiztieta et al., 1996), interpreted 



to be associated with the southward attenuation of the Puna. 

C'stul inhomogeneities 

Arequipa-Antofalla craton - Precordillera terrane suture zone 

The Arequipa-Antofdla craton (Ramos et al., 1986) is a coherent block of Middle 

Proterozoic rocks underlying the Andes in western Bolivia, western Argentina and 

northern Chile and Early Proterozoic rocks of the Arequipa massif in southem Pem. A 

fundamental north-to-south difference in Pb isotopic signature has been demonstrated 

(Tosdal, 1996) at approximately 27's between the Arequipa-Antofalla craton and the 

Precordillera terrane to the south and is interpreted (Tosdal, op. cii.) to represent a crustal 

province boundary which might represent a suture of Grenvillian or early Proterozoic age. 

NW- and NE-trending orogen-oblique faults 

A major conjugate series of transcurrent NW- and NE-trending structures (Fig. 6- 1)  

is interpreted to have developed in the southern South American crust in the late 

Precambrian / Early Paleozoic (Baldis and Febrer, 1983; Bassi, 1988; Casaceli, 1993a, 

1993 b; Coughlin, 1996). They are envisaged as crust-penetrating structures with a 

complex history of alternating left-Iateral and right-lateral displacement. However, the 

displacement history along NW-trending structures is characterized predominantly by lefi- 

lateral displacement and that along the JVE-trending structures by right-lateral movement 

(Jordan et al., 1983). In general, when two conjugate fault sets are developed, one will 

usually dominate (Ramos, 1977). The NW-trending system appears to be the major trend 

in northem Argentina although, as will be dernonstrated below, NE-striking structures are 

locally important. Transtensional stresses along some of the NW-trending megastructures 

have opened basins and locally controlled volcanism during the early-Middle-to-Late 

Jurassic (Nullo, 199 1). The locations of depocentres within the Cretaceous Salta Rift 

Basin (Grier el al., 1991) are thought to have been controlled by NE- and NW-trending 



Figure 6-1. 

Orthogonal structural fabric o f  the basement of  northwestern 
Argentina interpreted from the compilation of aerial 
photographs, interpretation of satellite imagery and field 
investigations (after Baldis and Febrer, 1983) .  
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lineaments (Salfity, 1982). Casaceli (1 993 b) proposes that right-lateral tramtensional jogs 

form during restricted intervals along NW-trending structures and suggests that these 

periods may coincide with volcanism and precious metd hydrothermal activity, e.g.. at 

El Hueso, in the El Salvador district of northem Chile. The Iocalized transtension is 

thought to have initiated magrnatism and ultimately to have controlled the emplacement 

of Cu and Au mineralization. Left-lateral, NW-striking faults are observed controlling 

upper Oligocene magmatic complexes throughout the Maricunga Belt in Chile (Kay et a l ,  

1994). Late Miocene to Pliocene volcanic activity in the Puna is concentrated in NW-SE 

transverse belts (Coira et al., 1993), and a complex tectonic regime involving both 

extensional and compressional deformation styles is documented in the southem Pana for 

the interval, 3-4 Ma (Kay et al, 1994a). Casaceli (1993a and b) remarks on the similarity 

between the NW- and NE-trending strike-slip faults in South America and the orthogonal 

basement fabric in North America, where ore deposits are controlled by major lineaments 

such as the NW-trending Lewis and Clark Lineament, Olympic-Wichita Lineament, Carlin 

Trend, Battle Mountain Trend, Wdker Lane, Texas Lineament, Mojave-Sonora Megashear 

and the Tram-Mexican Volcanic BeIt, and the NE-trending Trans-Challis Trend, Mullen- 

Nash Fork Shear zone, Colorado Mineral belt and Jemez Lineament. 

Tttcirnlan Transfer Zone 

The study-area is the locus of a sharp change in the strike of basins and ranges 

from a regional N-S elongation to NE-SW orientations at the boundary between the 

southem rnargin of the Puna and the northwestem margin of the S i e r m  Pampeanas. 

Gonzdez Bonorino (1950) observed that this change in orientation of the regional 

structures appears to reflect a "push" by the large mass of the Puna. This zone, 

approximately 100 km wide, is marked by a complex senes of linked NE-striking faults 

and isolated Tertiary basins. This feature has long been comrnented upon in the literature 



and was termed the "Tucumin Lineament" by Mon (1976). He described it as a strike-slip 

linernent which is highly oblique to regional structural trends and may have been an 

ancient feature that was reactivated dunng Andean tectonism in Late Pliocene - to - Early 

Pleistocene time. Many workers have invoked movement along parallel sets of right- 

lateral linearnents, including the Tucumin Lineament, to generate tensional fractures that 

are inferred to have controlled the emplacement of porphyry deposits in the Farallon 

Negro cornplex (e-g., Ramos, 1977; Sillitoe, 198 1). Jordan et al. (1 983) postulated that 

the zone was one of distributed right-laterai shear, rather than strike-slip faulting dong 

a single fauit. This has been supported by further mapping dong the southem edge of the 

Puna (e-g., Allrnendinger, 1986; Allmendinger et al., 1989; Marrett et al., 1994) that 

reveals that a series of en echelon structural blocks constitutes the Puna margin. 

Recent refinements in the structural interpretation of the area have resulted in the 

delimitation of the Tucuman Transfer Zone (Urreiztieta et al., 1993, 1996; Urreiztieta er 

al., 1994). It is now argued that the transition at about 27" S between the Pzlna and the 

Sierras Pompeanos is a major dextral transpressiond transfer zone (Urreiztieta et al., 

opera cil.). Wrenching along this zone has been postulated to be responsible for the 

development of sedimentary depocentres, with or without volcanism, located and 

constrained within the Tucumh Transfer Zone at FaraIIon Negro (Sasso, 1995; Sasso et 

al., 1995; and herein) and at Jague, to the southwest in San Juan Province (Coughlin, 

1996: T. Coughlin, pers. comm., 1996). This zone is interpreted to reflect a long-lived 

lithospheric-scale structure (Coughlin, op. cil.). 



N-S-trending faults 

On the basis of the interpretation of TM imagery and geological mapping, Casaceli 

(199313) has proposed that a strong N-S onented structural grain overlaps with the 

transition zone and the northem portion of the flat-slab segment and is broadly coincident 

with the Sierras Pampeanas (Fig. 6-2). The structures exhibit complex histories involving 

normal and reverse movement. Many of the faults delimit discontinuous N-S-trending 

grabens which display symmetric listric faults with rotated blocks of early Tertiary 

sedimentq rocks as bounding structures, and exhibiting an alignment of young basaltic 

cinder cones and hot-spring deposits along a centrai axis. Casaceli (1993a, 1993b) has 

interpreted this structural pattern to represent a continental back-arc rifi system which 

initially developed over a low-angle subduction zone in the Cretaceous and has continued 

to the present He suggests that whereas the South American continent has been under 

compression since the Early Mesozoic as a result of convergence with the Nazca Plate, 

local magma upwelling initiated by zones of transtension associated with the NW- (and 

NE-) striking transcurrent faults may have created broader areas of extension that 

overcame the subduction-related stresses and facilitated the developrnent of N-S-trending 

grabens. Froidevaux and Isacks (1 984) argue that volcanism in the Altiplano-Puna is 

related to predominantly extensionai or transtensional, rather than compressional tectonics. 

The alignment of very young basaltic cinder cones dong the N-S axis of a graben north 

of Antofagasta de la Sierra in the Puna led Casaceli (1993a) to conclude that extension 

is ongoing. This is supported by kinematic studies in the southem Ptrna by Allmendinger 

et al. (1 989), while Francis et al. (1978) document the emplacement of the Cerro G a l h  



Figure 6-2. 

North-south oriented structural fabric of northwestem 
Argentina interpreted from TM imagery and regional 
geologicai rnapping (after Casaceli, 1993b). The N-S faults 
are presented in bold tones for illustrative purposes. These 
structures are commonly subsidiary to reactivated 
transcurrent rnovement on the older NW- and NE-trending 
basement structures. The proposed rift is a broad zone 
within which extensional fault mechanisrns have been 
observed. Extension is caused by the intrusion of magma 
into the crust above a shallow- to moderately-dipping 
subduction zone. The western boundary of the rifi includes 
the region of the EI Indio Belt in Chile. The eastem 
boundary lies approximately at the longitude of Tucumin. 
The rift system is best developed in the region of shallow 
dip but is also well expressed in the transition zone to the 
north. South of Mendoza, the rift [oses continuity and 
disappears. 
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caidera in a N-S-trending graben in which normal faulting began at l e s t  10 m.y. ago. 

Grier et al. (1991) propose that a N-S-trending failed rift, the Cretaceous Saita Rift Basin, 

formed in response to the opening of the South Atlantic and experienced Mio-Pliocene 

inversion in which the N-S rift-bounding normal faults were reactivated as thrusts. 

Casaceli (1993a) has suggested that, given the accretionary tectonic history of Paleozoic 

South America as outlined by Rarnos (1988; see also Caelles, 1979), it is unlikely that the 

no rihem Argentine continental cmst had the structural integrity to form foreland flexural 

basins in response to tectonic and sedimentary loading, as suggested by Jordan and 

Alonso (1987), but would be more likely to fracture and form localized grabens in an 

ensialic rifi setting. 

This model of an ensialic back-arc rift system in NW Argentina is new and 

controversial. It has yet to be formally published and the existing reports (e-g., Casaceli, 

1993a, 1993b) are not readily available to the Argentine geologicai community, and 

therefore little discussion of the model has occurred. However, aspects of the mode1 are 

supported by members of the international exploration comrnunity operating in Argentina, 

cg., 1. Gemuts, pers. cornm., 1994; V.J. Wall, pers. comm., 1995; E.M. Baker, pers. 

cornm., 1996; Gemuts et al., 1996. 

A broadly sirnilar model has been proposed by 1. Gemuts (pers. cornm., 1994) and 

is outlined by Gemuts et al. (1996). In this model a 100 - 150 km wide rift zone which 

extends from Lake Titicaca in NW Bolivia to the Pocho area in Cordoba Province (Fig. 

6-3) was initiated at approximately 12 Ma. The central a i s  of the rift is envisaged to be 

defined by a series of large silicic Miocene volcanic centres, e.g., the 20 Ma Kari Kari 



Figure 6-3. 

Proposed Teniary rift zone in northwestern Argentina (after 
1. Gemuts, written comm., 1994). 





Meseta (Francis and Baker, 1978), the Upper Miocene Cerro Panizos (On et al., 1989; 

de Silva and Francis, 1991), and the 2.2 - 15 Ma Ceno Galin complex (Sparks el al., 

1985), and anaiogies are made with volcanic structures in the Rio Grande Rift of the 

southwest U.S. (e-g., the VaIles CaIdera in New Mexico). However, these complexes have 

d s o  been interpreted to have erupted through thickened plateau crust underlain by thin 

continental lithosphere by Kay et al. (1994b). In SE Peru and NW Bolivia, Sandeman et 

al. (1995) interpret the 20-27 Ma events (e-g., Kari Kari) as resulting from extrusion 

tectonics related to development of the Bolivian Orocline while, although the 12-13 Ma 

period was a time of tectonic differentiation in the Cordillera On'ental and Alriplano, it 

was not clearly one of rifting. Additional geological support is needed for the regional rift 

model, but the structures observed by Gemuts in NW Argentina rnay be the southward 

manifestation of the indentor tectonic regime proposed by Sandeman et al. (1 995). On the 

basis of field observations and regional aeromagnetic surveys, Gemuts el  al. (1996) have 

recognized a series of large extensional Tertiary grabens which appear to control the 

emplacement of Miocene (?) porphyry bodies in the Uspallata graben, in the Province of 

Mendoza, which are temporally and spatially associated with porphyry Cu-Au and 

epithermal Au-Ag deposits, and where volcanic rocks yield K-Ar ages of between 16.2 

and 18.9 Ma (Kay et al., 199 1 ) .  The mechanism driving extension is unclear, but back-arc 

"movement" or incipient intracontinental rifting are suggested. 1. Gemuts (written comm., 

1994) speculates that the extension may be related to the generation of a hot spot by 

crustal fusion at the base of the subducted plate and draws analogies with the association 

of high heat flow and extension in Nevada. 



Local structures 

The most obvious faults in the Farailon Negro region are high-angle reverse 

structures which juxtapose rocks of the volcanic complex against crystalline basement 

lithologies. These, e-g., the San Buenaventura, Vailecito, Jaci-Yaco, Lavadero, El Tigre 

and Aconquija Faults (see figure 2-1 1), generdly strike NE to ENE and dip steeply to the 

south. The displacement is uncertain, dthough up to 6000 m was suggested for the 

Aconquija Fault by Gonzalez Bonorino (1950). That author also caiculated displacements 

of 4000 rn dong the Lavadero Fault in the Capillitas Range and 3000 m along the San 

Buenaventura Fault in the Ovejeria Range. Although these fault-zones are encountered in 

the field (Fig. 6-4), kinematic indicators are rare. Reverse movement is irnplied by the 

juxtaposition of the basement and younger units of the Fardlon Negro Volcanic Complex 

and by the footwall synclines developed in the latter (Fig. 6-5). Synclinal fold axes 

defined in the field are sub-horizontal, suggesting vertical movement along the faults, and 

lines drawn perpendicular to the fold axes in the horizontal plane were taken by the writer 

to indicate the transport direction of the reverse faults responsible for the formation of the 

folds. Figure 6-6 illustrates the attitudes of the footwall syncline fold axes measured in 

the field and the calculated direction of transport for the faults. In general, this is 

compatible with the NW-SE directed shortening documented to the north of the study area 

by Allmendinger (1986) and Urreiztieta et al. (1 996). 

Two unnamed high-angle reverse faults on the eastern and western margins of 

Sierra Duraaio have orientations distinct from the dominant trend. The western fault 

trends NNW and dips to the east, and exhibits reverse movement along its northern 



Figure 6-4. 

Bola del Atajo fad t  zone. 

View to the east of the high-angle reverse fault along the 
northem margin of Bola del Atajo. Granites of the 
crystalline basement (right) are placed on top of volcanic 
breccias of the FaralIon Negro Volcanic Cornplex. The fault 
zone is approxirnately 1 - 1.5 m wide and is marked by 
gouge (white and red clay-rich material). Field assistant, 
David Braxton, is of average North American height, 
approxirnately 1.70 m. 





Figure 6-5. 

FoonvaR synclines related tu high-angle reverse jazrlrs 
in ~ h e  Farallon Negro region. 

A. View to the east of the Bola del Atajo fault-zone in the 
region of Las Escaleras (see figures 2- 1 1 and 2- 1 6) .  Granitic 
basernent rocks (pale units, right-foreground) have been 
thiust over volcanic breccias of the Fardlon Negro Volcanic 
Complex (dark bedded units, left-foreground) along a high- 
angle reverse fault which is located in the small valley 
(middleground) which trends into the picture and is marked 
by a change in lithology. The volcanic strata were folded 
into a footwall syncline dunng fault movement. High peaks 
of the Sierra de Aconquija are seen on the horizon. 

B. View to the West along the trace of the San 
Buenaventura fault The Quebrada de Vis Vis (see figure 2- 
11) is the main drainage that cuts diagonally from right to 
left. The Quebrada de San Buenaventura is the large valley 
that drains into Quebrada de Vis Vis in the centre of the 
photo. The San Buenaventura fault zone lies in the former 
valley. Metarnorphic rocks of the Suncho Formation (to the 
left of the quebrada) are displaced along a high-angle fault 
over volcanic breccias of the Farallh Negro Volcanic 
Complex (stratified units to the left of Quebrada de San 
Buenaventura). The volcanic strata are seen gently upturned 
in proximity to the fault-zone and were folded into a 
syncline during the faulting. The Rio del Atajo is located in 
the left-foreground and granitic rocks underlying the 
southern flank of Bola del Atajo make up the right- 
foreground. 





Figure 6-6. 

Illustration of the transport directions of selected uplifted 
basement blocks as indicated by the attitude of footwall 
synclines. The attitudes of volcanic units were measured in 
the synclines developed in the footwalls of the high-angle 
reverse faults and fold axes were calculated. Lines drawn 
perpendicular to the fold axes in the horizontal plane were 
taken to indicate the transport direction of the reverse faults 
responsible for the formation of the folds. 





extension and normal displacernent along its southem trace. It is responsible for uplift of 

the Sierra Durazno range. The eastem fault and a series of parallel minor faults stnke 

NNE and dip to the west and core a doubly-plunging anticline developed in the granitic 

basement north of Cerro Atajo. Displacement along these faults is significantly less than 

that demonstrated by the NE-trending faults. It will be suggested (see below) that the 

Sierra Durazno faults are responsible for buckling of the crust and indicative of the initial 

stages of basement uplift (Urreiztieta er al., 1996), and that the Sierra D u r m o  block has 

undergone up to 45' of clockwise rotation. 

In a study of the structural evoiution of the Sierra de Ovejeria, Pacheco (1988) 

documented predominantly reverse movement related to NW-SE compression dong the 

San Buenaventura fault (Fig. 6-S), but also reported components of normal displacement 

and dextral shear. The relative timing of the different displacements is unclear. Pacheco 

(op. cif .)  suggested that the fault was active prior to the emplacement of the Farallon 

Negro Volcanic Cornplex but the evidence for this is not presented. The different fault 

solutions may indicate reactivation of a long-lived structure or, as was illustrated by Stone 

(1986), represent inherent complexities along faults in domains of wrenching. The latter 

is the preferred interpretation of the observations documented by Pacheco (1988), although 

it will be argued in a later section that sorne of the NE and ENE faults represent 

structures which pre-dated the emplacement of the volcanic units. The 4 km of reverse 

movement postulated for the San Buenaventura fault by Gonzilez Bonorino (1950) would 

have obliterated al1 kinematic indicators for previous deformation events. 

Because of the absence of a detailed stratigraphy of the volcanic units of the 



Faraildn Negro complex, the recognition of faults in the volcanic rocks is dificult. 

However, Proffett (1994, 1995) has documented a series of approximately NW-striking 

noma1 faults which displace alteration-rnineralization facies at Bajo de la Alumbrera. In 

general the faults in the northern portion of the bajo exhibit south-side-down movement, 

whereas those in the south display north-side-down offset. There is no evidence for 

significant faulting prior to the emplacement of the porphyries at Alurnbrera. The faults 

are interpreted to be associated with the waning stages of, and to post-date, phyllic 

alteration in the deposit (Proffett, opera cil.), which is dated herein at 6.75 Ma. One of 

the normal faults that transects the northem portion of the deposit is interpreted, on the 

basis of TM image and airphoto interpretation and reconnaissance rnapping to extend to 

the northwest and southeast (see figure 2-1 1). A parallel normal fault with north-side- 

down displacement is interpreted to have controlled the emplacement of a series of 

intrusions of the Macho Muerto Dacite, including the Loma Morada and Macho Muerto 

bodies, in the northwest quadrant of the Main Farallon Negro Stratovolcano. A minor 

NW-trending normal fault was encountered in breccias south of Quebrada La Chilca in 

the SW quadrant of the complex. 

Presenîafion oJ a mode! for ilre structural evolution of the Faralidn Negro region 

Llambias (1972) envisaged that the emplacement of the Farallon Negro volcano 

occurred in a localized tectonic depression, simultaneously with gradua1 uplift of the 

surrounding basernent topography. Gonzalez Bonorino (1950a, I950b) attributed the 

variations in the thickness of sedimentary and pyroclastic units in the Sierras Pompeanas 



to differentiai movement of the basement blocks pnor to the eruption of the volcanic units 

of the Farallon Negro Volcanic Complex. 

It is proposed herein that the rocks of the Farallon Negro Volcanic Complex at the 

latitude of Farallon Negro were emplaced in an extensional basin which developed in a 

zone of transtension generated by the interaction of the NE-trending dextrai Tucumin 

Transfer Zone (Urreiztieta et al., 1993, 1996), with major N-S-trending faults, possibly 

related to an ensidic rift as proposed by Casaceli (1993% 1993b), Gemuts (written comm., 

1994) and Gemuts et al. (1996). The salient evolutionaiy stages of this mode1 are 

presented as a series of schematic illustrations as  figure 6-7. Sedimentation of the El 

Morterito Formation began at about 13 Ma at two main depocentres: Hualfin - Corral 

Quemado in the SW and Arca-Yacu (Santa Maria) in the NE (Bossi et al,  1993). The 

localized crustai stretching and lithospheric thinning, coupled with a relatively low 

sedimentation rate, permitted high heat flow and, eventually, volcanism. Thermal softening 

of the c r u t  by magmatism probably expedited extension. The intrusion and eruption of 

volcanic units plausibly created a new floor to the coalescing basins, and sediments of the 

El Mortento Formation are probably absent beneath the core of the Main Farallon Negro 

Stratovolcano. This helps to explain the relative thinness of the older sedimentary 

sequence adjacent to the volcanic edifice. 

It is argued that the stress regirne active at the time of the Middle Miocene 

initiation of the pull-apart basin was dominated by localized NE-SW-oriented extension 

resulting from the diferential response of the northerly Arequipa-Antofalla craton and the 

southerly Precordillera terrane to E-W compression related to convergence of the Nazca 

and South American Plates. The Arequipa-Antofalla craton represents a coherent block 

which is interpreted to have resisted deformation while lithologies of the Precordillera 

underwent significant shortening, thereby creating a window of extension along the 



Figure 6-7. 

Structural evolution mode1 for the 
Farailon Negro region. 

A. &e-I2-6 Ma: Initiation of the pullspart basin. 
Interaction of right-stepping dextral faults within the 
Tucumin Transfer Zone with regional N-S-trending faults 
resulted in the formation of an extensionai basin with two 
main depocentres. Although the overall plate convergence 
vector is orthogonal, it is inferred that, at the latitude of 
Farallon Negro, the ciifference in rheidity between the 
Arequipa-Antofaila craton, to the north, and the more easily 
shortened Precordillera terrane to the south has resulted in 
locdized NE-S W extension. 

B. 8.5 - 12.6 Ma: Developmenr of discrete extrusive 
centres. Stretching and crustd thinning permitted hi& heat 
flow and, eventuaily, volcanism. The early volcanic history 
of the region is inferred to have been characterized by 
isolated, small-volume extrusive events, possibly focussed 
at the intersections of regional structures. 

C. ca 8.5 Ma: Initiation of the Main Farailbn Negro 
stratocone construction event. The precunor extnisive 
centres are covered by flows and breccias of the Main 
Farallon Negro stratovolcano. 

D. 5.5 - 8.5 Ma: Peak episode of voicmtic, intrusive and 
hydrothemi  activity ucconiponied by a shvt in the 
regional compression direction to NW-SE. The mass of the 
Puna, which is supenrnposed on the southern part of the 
Arequipa-Antofalla craton, imposes a NW-SE-oriented 
stress regime (Assumpçk and Araujo, 1993). The 
construction of the stratovoIcano from approximately 8.5 to 
7.5, Ma with minor pyroclastic activity persisting until 6.7 
Ma was accornpanied by hypabyssd intrusion which 
continued until 5.95 Ma in the Main Farailon Negro edifice. 
The waning stages of intrusion were accompanied by 
hydrothermd mineralization, which included the formation 
of the Bajo de la Alumbrera porphyry Cu-Au deposit at ca. 
6.75 Ma, followed shortly by the emplacement of the 
Farallon Negro - Alto de la Blenda Au-Ag epithermal 
deposit at 6.55 Ma 
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Figure 6-7 (con?). 

Structural evolution model for the 
Farallon Negro region. 

E. 5.0 - 5.5 Ma: Main phase ojbasenleni uplifr. The onset 
of the Sierras Panlpeanas deformation at the latitude of 
Farallon Negro results in the rapid uplift of the basement 
blocks, possibly through reactivation of faults associated 
with basin development. This resulted in the abrupt 
telescoping of the Agua Rica hydrothermal system and the 
formation of high-sulphidation epithermal assemblages at 
5.35 Ma. Epithermal mineralization was also emplaced at 
Capillitas and Cerro Atajo during this interval. 

F. 5.0 - Present: Erosion. Continued minor upIift of the 
basement blocks results in the formation of pediment 
surfaces in the Capillitas Valley. 





boundary of the two domains. In the initial stages of basin formation, magma upwelling 

was triggered by the transtensional zone and may have been focussed at the intersections 

of the N-S and NE- and NW-stiking structures. This is postulated to have resulted in the 

development of discrete extnisive centres early in the volcanic history of the region, now 

recorded by the 12.56 Ma basaitic andesite flow in Arroyo Alumbrera, the 9.17 Ma dacite 

in the Capillitas Valley, the 8.75 Ma andesite tuff and 8.41 Ma basaltic andesite in the 

eastem Sierra Duramo, and the 8.59 Ma basaltic flow north of BoIa del Atajo. 

The NW orientation of dykes at Farallh Negro, which have yielded ages as old 

as 7.94 Ma, is compatible with a NW-SE oriented compression (Allmendinger, 1986), 

impIying that a shift in the dominant compressional stress regirne from E-W to NW-SE 

may have occurred prior to initial dyke emplacement. It has been argued previously (see 

Chapter 2) that the older, isolated, extrusive centres were later covered by flows and 

breccias related to the construction of a large stratovolcano which appears to have formed 

from 8.51 to 7.49 Ma., with minor eruption of pyroclastic units continuing to as late as 

6.72 Ma. It is herein proposed that the Main FaraIIon Negro Stratovolcano was emplaced 

into a neutral - to - compressiona1 stress regime, which was dominated by NW-SE 

oriented stresses related to the uplift of the Pirna. The influence of this stress orientation 

is recorded by the Aguila dykes, which were intruded as early as 7.94 Ma, and continued 

during the emplacement of the Agua Tapada Dacite and the Macho Muerto Dacite at l e s t  

to 5.95 M a  It is inferred that an extensional regime (extensional corridor; see Chapter 2) 

with a NE-SW extension direction was active throughout the formation of the 

stratovolcano and the associated intrusive events. The complete history of intrusive 

activity is dominated by NW-striking dykes and alignments of intrusive bodies and 



mineralization centres, with subsidiary NE-trending structures. This dominant extensional 

trend rnay have continued to control the developrnent of hydrothemai alteration- 

mineralization in the area (e-g.. the 6.55 Ma Farallon Negro - Alto de la Blenda and 5.1 1 

- 5.35 Ma Cerro Atajo vein systems). Several veins in the Capillitas deposit, for which 

an age of emplacement of approximateiy 5.2 Ma is inferred (see Chapter 3), also exhibit 

a NW trend, but the majority are controlled by NE-oriented structures. 

Parsons and Thompson (1991) descnbe how the intrusion of vertical dykes 

perpendicular to the main extension direction c m  change the local stress field and 

accommodate tectonic stresses. Rapid dyke injection rnay not only suppress faulting but 

can reorient the principal stresses to the extent that an orthogonal set of dykes rnay form. 

"Cycling" from one principal extension direction to the orthogonal direction rnay occur 

with successive pulses of rnagmatism. This process rnay have been active during the 

formation of the Farallon Negro cornpiex. Rapid intrusion of basaltic-andesitic dykes 

parallel to the NW-trending extensional axis rnay have inhibited normal faulting and have 

been of sufficient pressure, due to density differences between solid and fluid which 

produced a large buoyant driving pressure, to overcome the value of the intermediate 

stress of the system, thereby generating a subsidiary dyke swarrn with a dominant NE 

trend. NE-trending basaltic-andesite, andesite, monzonite and dacite dykes are observed 

in the Farailon Negro complex. The intrusive bodies at Bajo de la Alumbrera, Bajo de 

Agua Tapada, Bajo El Duramo, Capillitas and Bajo Las Pampitas al1 exhibit this 

elongation. Hydrothermal alteration zones at Bajo de la Alumbrera and Bajo el Duramo 

are also elongated NE - SW (see Figs. 3-5 and A-12). A related structure (trending 



~78v), possibly sub-paralle1 to the basin margin, may have influenced the emplacement 

of the Cerro Atajo, Capillitas, Agua Rica and Fi10 Colorado centres. 

The resulting basin appears to have been 2-shaped ("lazy 2": Mann et al., 1983), 

the development of the stratovolcano occumng in its centre. Although there appears to 

be no systematic pattern for the distribution of volcanism in "pull-aparts", magmatism 

within 2-shaped and rhomboidal basins in the Gulf of California and the Andaman Sea 

appears to have been dong orthogonal spreading centres situated roughly in the centres 

of the basins (Mann et al., 1983). The Main Farallon Negro Stratovolcano acted as a 

significant topographic high, possibly extending across almost the entire width of the 

basin and partially closing off the centre, thereby influencing subsequent sedimentation 

patterns. Pdeocurrent directions indicate flow to the north in the Santa Maria valley and 

to the south in the Hualfin - Las Cuevas valley (Bossi el aL, 1993). 

It is further argued that, although the emplacement of the FardIbn Negro Volcanic 

Complex occurred in a broadly compressional environment which records the effect of the 

uplifting Puna, significant uplift of the bounding basement blocks (e-g., Ovejeria, 

Capillitas, Aconquija and Bola del Atajo) did not occur until Iate in the structural 

evolution of the area Thus, major uplift of the Capillitas and Aconquija ranges is inferred 

to have been delayed until between 5 and 5.5 Ma (Chapter 3). Whereas Reynolds (1 987) 

proposed that the uplift of the Sierras Pampeanas proceeded in a random manner, the 

timing of uplift advanced herein for the FardIbn Negro region is in accordance with that 

of other Pampean ranges, e . g ,  prior to 5.0 Ma for the Farnatina Range (McBride, 1972; 

Losada-Calderon et al., 1994) and at Ca. 5.7 Ma for the Sierra Morada (Reynolds et al., 



1988; and see Reynolds, 1987). It is postulated that this was a widespread, possibly short- 

Iived, event, as opposed to the gradua1 uplift suggested by Llambias (1972). This 

compression, very probably acting dong pre-existing structures, resulted in the uplift of 

major basement blocks dong high-angle reverse faults. This was responsible for the 

formation of the present topography of high rnountain ranges surrounding, and serving to 

preserve, the Farallon Negro complex. The inherited attitude of the reactivated structures 

may explain the preservation of the 2-bend in the uplifted basement block pattern at this 

latitude. Also of interest are the bilateral orientations of the reverse fault planes, with 

north-dipping faults located to the north of Farallon Negro and south-dipping faults to the 

south, implying that the m a s  of the Farallon Negro complex and its underlying plumbing 

system acted as an "inviolable" zone, with deformation focussed around its perimeter. 

On the basis of paleomagnetic (Aubry et al., 1996) and structural (Urreiztieta et 

al., 1996) data, clockwise rotation has been postulated for blocks in the Tucumin Transfer 

Zone. Thus, clockwise rotation of the Hualfin block (Sierra de Hualfin) with respect to 

the Campo de Arenai Basin is proposed by Urreiztieta et al. (op. Nt.). Paleomagnetic data 

(ButIer et al., 1984) for the El Botson region are also consistent with clockwise block 

rotation. It is herein proposed that the Sierra Duramo block also experienced clockwise 

rotation related to dextral wrenching in the Tucumin Transfer Zone. Up to 2g0 of 

clockwise rotation was calculated for blocks in the Santa Maria Valley and the Sierra de 

Hualfin (Aubry et al., 1996). It is proposed that the Sierra Duramo dyke swarm was 

originally emplaced dong a NW-trending direction during the development of the Main 

Farallon Negro Stratovolcano, subsequently experiencing clockwise rotation of up to 45' 



to its present N-S orientation (Fig. 6-8). More detailed structural investigation, combined 

with a paleomagnetic study, is needed to confirm this hypothesis, but it is inferred that 

the NNW-striking reverse fault dong the western margin of Sierra Duramo may have 

been originally a NW-trending normal fault, and that rotation and continued wrenching 

may have resulted in compression dong its northem extension, causing its reactivation as 

a reverse fault. The reverse movement must have post-datzd the eruption of a 6.72 Ma 

andesite tuff which is deformed in the footwall syncline exposed in the walls of Quebrada 

de Pozos Verde. The southern extension of the Sierra Duramo fauft is marked by a 

complex structural zone dominated by NW-stiking, south-side-dom normal faults. This 

may represent the border of a Iocalized graben which formed in response to localized 

transtension resulting from the block rotation. On the ba is  of TM image interpretation, 

an elongate block comprising a thick succession of volcaniclastic units has been identified 

between the southern edge of Sierra Duramo and Bola del Atajo. It is speculated that this 

represents a downdropped block, possibly along an approxirnately E-W- to ENE-striking 

normal fauIt along the southern margin of Sierra Durazno. The structures on the eastern 

margin of Sierra Durazno, a doubly-plunging anticline cored by a series of NNW-striking, 

east-verging reverse faults, may have resulted from buckling in a region of local 

transpression. The fault along the northem boundary of Bola del Atajo is interpreted to 

post-date the rotation and to record the 5 - 5.5 Ma of major and abrupt basement uplift. 

Because thrusts propagate in the direction of movement, it is suggested that this fault rnay 

represent the youngest such structure in the region. The location of the "pinning point" 

(Treloar et al., 1992) or axis of rotation for the Duramo block is not known, given the 



Figure 6-8. 

Schematic illustration of the proposed mudel for the 
ctochuise rotation of the Sierra Durazno block. 

A. Emplacement of the Sierra Dirrazno Dyke nvarm. Faul t 
'A' is a steep normal fault dipping to the north. 

B. Initiation of rotation. Dextrai wrenching along the 
Tucumin Transfer Zone results in the initiation of clockwise 
rotation of the Sierra Duramo block. Buckling in the 
western Sierra Durazno results in the development of an 
anticline. Fault 'A' is inactive. Note: the rotational "pin- 
point" in not known. 

C.  Continued rotafion. Thrusting begins dong the northem 
extension of Fault 'A'. The increased rotation results in the 
formation of Fault 'BI and the downdropping of units on its 
south side (shading). Buckling begins on the eastem flank 
of Sierra Duramo, forming a broad, doubly-plunging 
anticline. 

D. Presenr-day relationships. Continued rotation has resul ted 
in the uplift of the Sierra Durazno range, with a greater 
degree of movement inferred for the northem extension of 
Fault 'A', which was also accornpanied by the formation of 
a footwail syncline. Subsidiary normal faul ts developed in 
the zone of maximum extension along the western 
termination of Fault 'Br. Small high-angle reverse faults with 
limited displacement break the surface on the eastern flank 
of the Sierra Duramo. Finally, regional compression resuIted 
in the uplift of the BoIa del Atajo block to the south. 
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incomplete knowledge of the area. 

i t  was ongindy proposed (Sasso, 1995; Sasso et ai., 1995) that the uplifi of the 

Sierra Durazno and the formation of the fault-cored anticlines occurred in response to a 

shift in the local compressional axis to a N-S direction (E-W compression) as documented 

by Allmendinger (1986) to the north. However, no evidence exists in the Main Farallon 

Negro Stratovolcano to support this structural orientation and Urreiztieta sr al. (1996) 

suggest that the clockwise rotation of blocks in the Tucumin Transfer Zone may have 

substantially contributed to the scatter in the observed shortening directions. 

This model has important implications for the geodynamic evolution of the area, 

in that it provides a chronological framework which until now has been lacking (vide 

Urreiztieta et ai., 1996) for the cornpressional regimes active in the region. It implies that, 

by approximately 8 Ma, the elevation of the Puna was aiready of sufficient magnitude to 

impose a NW-SE compressional stress on the Farallon Negro region, overriding the 

regional South American E-W oriented subduction-related stress regime. Indeed, kinematic 

studies (Allmendinger, 1986; Assumpçiio and Araujo, 1993; Marrett et al., 1994; 

Urreiztieta es al., 1996) indicate that the NW-SE oriented stresses continue to exceed the 

regionat stresses related to plate-related forces. 

A simiiar tectonic history, albeit without accompanying volcanism, may have 

occurred along the southwestern extension of the Tucumin Transfer Zone in the Jague 

area of San Juan Province (T. Coughlin, pers. comm., 1996). Coughlin documents 

extension from 14 to 6 Ma in the lower portion of a thick sequence of continental red 

beds, followed by slightly higher-energy sedimentation after approximately 6 Ma, and 



the deposition of syn-inversion conglomerates from 4.3 M a  Ongoing geochronologicai 

and structural investigations by T. Coughlin at the University of Queensland, Australia, 

will help to chri& the temporal and spatial structural relationships recorded by this 

depocentre. 

Magmatic Evolution of the Farallon Negro region 

Volcanic arcs in convergent continental margin settings are characteristically 

hundreds of kilometres long and only tens of km wide (Table 6-l), but they may migrate 

to generate a time-transgressive, wider belt of volcanic rocks (Cas and Wright, 1988). 

However, the existence during the Middle Miocene of strictly contemporaneous volcanism 

over a broadly 200 km wide area, ranging from the Maricwiga Bel t to the Farallon Negro 

region far into the continent, suggests that complex and unusual arc geometries may have 

existed during this interval in this Central Andean transect. 

Arc broadenhg versus arc migration 

A well-defined continent-ward younging of magmatism from the Early Jurassic to 

the earliest-Miocene in this region of the Andes has been well documented (e.g., Farrar 

et al., 1970; Clark and Zentilli, 1972; Clark el al., 1973; Zentilli, 1974; Clark et ai-, 1976; 

Dallmeyer et al., 1996). The rnagmatic arcs - narrow, N-S-trending, volcano-plutonic sub- 

provinces - have been displaced systematically eastward through time. This orderly 

geometry was dramatically interrup ted in the Miocene when the arc expanded to 

encompass an area up to 250 km e s t  of the former inner boundary of the orogen. The 



Table 6-1. 

Geographical and GeophysicaZ data for volcanic arcs at 
convergent plate murgins (nrodïped from Gill. 1981). 

NB. The width of the volcanic arc was cdculated from the 
data presented in Gill (op. cir ) .  "Height" records the 
elevations of the volcanoes above the earthquake foci of the 
dipping seismic zone; the range in height reflecting the 
width of the volcanic arc. The "dip" is measured from the 
attitude of the seismic zone at depth. Ranges in convergence 
rates indicate the variation in convergence rate dong the 
portion of the plate boundary along which volcanoes occur, 
in a north-to-south or west-to-east direction. See GiIl (op. 
cit.) for data sources. 



ARC Width Height Dip Rate of 
(km) (km) (degrees) Convergence 

(cmfyr) 

New Zealand 
Kermadec 
Tonga 
Vanatu 
Solomon 
New Britain 
W. Bismarck 
New Guinea 
Papua 
Sumatra 
Java 
Banda 
Halmahera 
Sulawesi 
SE Philippines 
Luzon -Taiwan 
Ryuku- West Japan 
Mariana-lm 
East Japan 
Kuriles 
Kamchatka 
Aleutians 
Alaska 
Cascades 
Mesico 
Cenual America 
Columbia-Ecuador 
Pem-Chile 
AntiIles 
South Sandwich 
Eolian 
Aegean 
Turkey-NW Iran 
SE Iran 



arc then retreated with similar abruptness in the Pliocene, leading to the construction of 

large stratovolcanoes which constitute the present Alfa Cordillera along the Chile- 

Argentins border. 

This Miocene arc broadening, or "break-out" (Clark et ai., 1976), is considered 

to have generated the Farallon Negro, Famatina, Pocho and San Luis volcanic centres, and 

has been attributed (Clark et al., 1973; 1976) to an abrupt and perhaps considerable 

increase in plate convergence rate caused by a reorganization of the locus of spreading 

in the eastem Pacific oceanic plates as documented by Herron (1972). Zentilli (1974) and 

Clark et al. (1976) proposed that the arc broadening records a major expansion of the 

locus of melting and devolatilization along the hanging wall of the subducting slab, 

without a major change in slab inclination. This model was considered to be supported 

by systematic continentward changes in igneous petrochemistry, and particularly the 

eastward enrichment in potassium, as documented by Zentilli (op. cit.) and Dostal er al. 

(1 977). 

A more conventional model of arc migration was originally proposed by Kay et 

al. (1988) for the "flat slab" segment (28" - 33's) of the Andes, a region overlapping with 

that investigated by Clark, Farrar and CO-workers. Kay et al. (op. cil.) interpreted lirnited 

geochronological (&Ar and fission track ages), geological and geophysical data to 

advance a model in which the initiation of shallowing of the subduction zone had begun 

by about 18 Ma and was followed by a major episode of slab "flattening" between 11 and 

7 Ma. Volcanism had ceased in the "flat slab" region by approximately 4.5 Ma. In the 

west, this resulted from the loss of convecting asthenosphere above the subduction zone 



while to the east, aldiough the asthenosphere was of sufficient volume and temperature 

to generate melts, the slab had previously lost the volatiles necessary to induce melting 

in the overlying mantle. Kay et al. (op. cit.) suggested that slab flattening is recorded by 

the rapid eastward migration of volcanism from the Cordillera Principal (Main Cordillera) 

to the Sierras Panrpeanas (Fig. 6-9). However, it should be emphasized that conflicts 

andfor inconsistencies in the geochronological database presented by Kay et al. (op. cil.), 

possibly a result of the unreliability of the methods used, do not appear to support a 

model of clear arc migration. For example, the 6.0 Ma Cerro Blanco dacites were being 

emplaced in the Precordillera synchronously with magmatism from 7.9 to 4.5 Ma in the 

Pocho region of Cbrdoba. Moreover, K-Ar ages of 16 - 20 Ma for sub-volcanic bodies 

in the Precordillera conflict with fission-track ages of 7 - 12 Ma on ash beds in Tertiary 

sediments which crop out nearby. As admitted by Kay el al. (1988), these discrepancies 

could indicate either problems with the dating or a volcanic history more complex than 

a simple migration. The latter explanation is herein preferred. 

The above-mentioned studies invoking "arc broadening", on the one hand, and "arc 

migration", on the other, for the southen Central Volcanic Zone suffer from a decided 

absence of schematic diagrams to illustrate the salient features of the models. In fact, the 

only clearly illustrated model specifically for arc broadening is that of Sandeman (1995) 

and Sandeman et al. (1995) for the CU. 29 Ma southern Peruvian Andean arc. 

A revised model, better supported by the geochronological database and also 

embracing aspects of the arc broadening hypothesis originally proposed by Clark and 

Zentilli (19721, was subsequently presented by Kay ei al. (1993). This invokes relatively 



Figure 6-9. 

Physiographic provinces of northwestem Argentinq northem 
Chile and southwestern Bolivia (modified from Zentilli, 
1974). 
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aeep subduction from ca- 25 to 20 M a  Initiai shailowing of the subducted plate is 

inferred to have begun by approximately 20 to 11 Ma, as is indicated by high-angle 

reverse faulting in the Main Cordillera, the Early-to-Middle Miocene "broadening" of the 

volcanic arc into the Precordillera, and the initiation of thrusting and basin formation in 

the Precordillera. The "main shallowing phase" (op. cil., p. 384) is considered to have 

occurred between 10 and 6 Ma, resulting in the termination of andesitic volcanism in the 

Main Cordillera (although small dacitic to rhyolitic ignimbntes and domes of the Vallecito 

Formation were ernplaced at 5.9 Ma: Kay el al., 1988), and "broadening" of the arc across 

the Precordillera into the Sierras Pampeanas at approximately 7 Ma. An important 

change in slab dip at this time is inferred from the "dramatic eastward expansion of both 

magmatic and deformational events" ( op. cit., p. 384). 

This revised mode1 better accounts for the observed variations in geochemical 

signatures of the volcanic rocks at these latitudes (Kay , 1 99 1). "Upper crustal" and "lower 

crustal" geochemical signatures, defined by Sr and Nd isotopic ratios, Rb/Sr ratios and 

concentrations of Th, U, Ba, K, and REE, are recognized. Thus, "lower crustal" signatures 

identified in rocks located in the "back arc" (Kay, op. cil.) are interpreted to be derived 

through contamination by delaminated lithosphere from the base of the Main Cordillera 

which has been transported to the e s t  by asthenospheric flow (Fig. 6-1 0). Kay (1991) 

proposed a model, modified from that of Allmendinger et al., 1990, in which a 

décollement had formed beneath the Precordillera by approximately 1 1 Ma. Mid-to-lower 

crustal rocks are driven as a wedge to the West, progressively splitting the upper crust 

from the mid-cmst beneath the arc, and pushing the latter, presumably along faults, into 



Figure 6-10. 

Schematic illustration of the proposed mechanism of 
lithospheric delamination beneath the Main Cordillera, near 
30' - 31° S, and subsequent eastward transport of 
delarninated biocks (from Kay, 199 1). 





the lower cnist. Crustai thickening associated with the shallowing of the subduction zone 

which was taking place at the same time, as indicated by the formation of the 9 - 12.6 Ma 

Atacama Pediplain on the Pacific dope of the Cordillero P~hcipa l  further to the north 

(Clark et al, 1967), reduced the space between the crust and the slab and, as suggested 

by Kay (op. cil.), would cause delamination of the lithosphere, possibly through 

mechanisrns involving density increase due to phase transformations, and consequent 

foundering. Pieces of the foundered lithosphere would then be transported to the east by 

the circulating asthenosphere. The "Iower cmstal" signature of the Pocho rocks is 

interpreted to represent the presence of a fragment of delaminated lithosphere which has 

been transported far to the east. 

A broadly similar model, although not involving wedging in the rniddle crust, was 

later proposed to explain the geochemical signature of Plio-Quatemary mafic "back arc" 

volcanic rocks in the Puna (Kay and Kay, 1993; Kay et al., 1994a). In this rnodel, the 

density-driven foundering of a lithospheric block (or blocks) below the Pirna allowed the 

upwelling of asthenospheric mantle, which is inferred to have caused the heating of the 

subducting plate leading to the formation of the seismic gap documented between 24.5" 

and 27.5"s by Cahill and Isacks (1992). The varied geochemistry of the young volcanic 

units is interpreted to delimit the former location of the detached lithospheric block, with 

introplate lavas erupted above the proposed block, rocks of back arc calc-alkaline affinity 

emplaced on its rnargins, and shoshonitic lavas to the north, overlying a zone of relativeiy 

thick, non-delaminated lithosphere. 

The arc broadening rnodel, as presented by Clark and Zentilli (1972) and Zentilli 



(1974), and as variably adopted by Kay (1991) and Kay et al. (1 993; 1994b; 1 9 9 4 ~ ) ~  

implies that shallowing of the subducted slab leads to the broadening of the arc. Casaceli 

(1993b) has, however, suggested that arc broadening followed by the termination of arc 

magmatism within a subduction zone segment may indeed represent a "nomal" 

evolutionary sequence within a shallowing slab. The Iow-angle slab configuration would 

concentrate volatiles dong the nearly horizontal upper mantle - lower crust boundary, 

rather than in a narrow vertical zone as occurs above a steeply dipping subduction zone, 

causing a greater degree of partial melting of both the rnantle and the crust (vide Zentilli, 

1974). This would generate magmas over a broad zone inboard of the axis of subduction. 

The propagation of magmas to the surface would then be facilitated by deep crustal 

structures. 

Casaceli (1993b) suggests that the mantle underlying northwestem Argentins is 

extremely heterogeneous due to the complex Paleozoic accretionary history. In a broader 

context, Rogers and Hawkesworth (1989) concluded that regional differences in m a d e  

composition, independent of any recent subduction-related enrichment, were important in 

producing the geochemical variations observed in volcanic rocks of the Central Volcanic 

Zone. Mantle heterogeneity andor enhanced MASH (melting, assimilation, storage, 

homogenization)-related processes (Hildreth and Moorbath, 1988, 199 1 ), in which 

antithetic insertion of basement lithologies into the Iower crustal keel modib the isotopic 

"base level" and, hence, modiS, ponded mantle-derived magmas, may provide alternative 

models to explain the differences in crustal signatures documented by Kay (1 99 1). Large- 

scale heterogeneity has been observed in the sub-Iithospheric mantle beneath the Brazilian 



shield (VanDecar et al., 19951, who, on the basis of a teleseismic travel-time study, infer 

the coupling of the sub-lithosphenc mantie, to a depth of at l e s t  500 km, to the South 

Amencan Plate beneath the great Parana flood basalt province since the Cretaceous. If, 

as these data suggest, the lithosphere and deep (sub-Iithospheric) upper rnantle of the 

South Amencan Plate move coherently, it would follow that accreted lithosphere would 

entrain mantle and that the mantle below Argentina would be inevitably heterogeneous, 

and could therefore plausibly influence the geochemical signature of magmas generated 

through plate-margin processes. 

Implications for the geodynamics and peirogenesis of the Farallon Negro 

region 

As documented in Chapter 4, the geochemistry of the Farallon Negro volcanic 

rocks is very sirnilar to that of the Pocho shoshonite suite. Thus, by analogy, they may 

record similar petrogenetic and geodynamic environrnents and evolutions. The 

delarninated-lithosphere mode1 for the main Sierras Pampeanas transect proposed by Kay 

(1991) and elaborated upon by Kay and Gordillo (1994) could therefore be broadly 

gerrnane to the more northerly Farallon Negro latitude. However, because the 

Precordillera does not extend to the latitude of Farallon Negro (Fig. 6-91, the "wedging" 

process proposed by Ailmendinger et al. (1990), and advocated in revised form by Kay 

(1991) to generate delarninated lithospheric blocks, may not have been involved. 

Moreover, the temporal constraints imposed by the eastward transport of a delaminated 

block from the longitude of  the Precordillera to that of Farallon Negro cannot be 



reconciled with, on the one hand, the inferred timing of the proposed initiation of 

delamination of approximately 11 Ma in the Precordillera, as indicated by the peak 

crustal thickening event (Kay et al., 1993), and the date of 12.6 Ma determined herein for 

the earliest volcanic units at Farallon Negro, on the other. Further to the north, a broadly 

similar delarninated-lithosphere model involving westward wedging along a mid-crustd 

décollement reiated to the Eastern Cordillera, Santa Birbara and Subandean beIts has been 

invoked to explain the "upper crustal" isotopic signature of Quaternary volcanisrn at Cerro 

Tuzgle (24OS, 66.5' W) in the Plina (Coira and Kay, 1993). The timing of initiation of 

this décollement is not discussed, but it rnight be proposed that a regime of this type may 

have been active at the time of initiation of magmatism at Farallon Negro. However, the 

Eastern Cordillera, Santa Birbara and Subandean belts do not extend south to the latitude 

of Farallon Negro (see figure 6-9) and the timing constraints irnposed by the present 

research would also preclude the invocation of this model for the study-area Further, 

limited Sr isotope data for the volcanic rocks frorn Farallon Negro (McNutt et al., 1979) 

faIl in the field of "upper crustal" affinity as Ioosely defined by Kay (1991) whereas the 

Pocho volcanic rocks display a distinct "lower crustal" signature. Moreover, the Pb 

isotopic signatures of galena from the Capillitas deposit (Tilton ei al., 198 l), assumed to 

reflect the composition of the parental igneous rocks rather than the Paleozoic basement 

(see discussion on ore genesis below, and Tosdal, 1995), fa11 within the ranges defined 

by Davidson et al. (1990) for the southem Central Volcanic Zone, which differ 

significantly from the field of Pb-isotopic compositions defined for rocks of the Sierras 

Panipeanas by Kay et al. (1993). The Pb signature displayed by rocks of the southem 



Centrai Volcanic Zone, and by extension the FaraIIon Negro ore-Iead composition, is 

attributed by Kay et al. (op. cit.) to the mixing of subducted upper crustal sediments with 

melts of the m a d e  wedge above the subducted slab. A more detailed isotopic study of 

rocks from the Farallon Negro Volcanic Complex is clearly needed. Kay and Gordillo 

(1994) inteqret the trace element and isotopic signatures of the Pocho rocks to indicate 

an enriched sub-crustal component introduced through the eastward transport of blocks 

of the lithosphere removed from the base of the Main Cordillera, but this model is herein 

rejected for the igneous rocks of the Farallon Negro region. 

The mid-Miocene broadening of the arc to encompass both the Maricunga belt in 

39 Chile and the Farallon Negro area in Argentina is confirmed by the precise ' O A ~  - Ar age 

data presented in this thesis, as is shown by the series of compilation maps for the region 

between 26" and 28" S presented as figure 6-1 1 and the compilation of selected 

geochronological data for this transect in figure 6-12. However, if, as previously 

mentioned, arc broadening be accepted as  an indication of slab-shallowing (Casaceli, 

1993a), this would imply that the shallowly-subducting slab segment persisted to the north 

of the present "flat slab" region (28" and 33" S), at least to 2 6 O  S, during the Middle 

Miocene. There is no evidence for this and such a model is considered inherently 

improbable. 

In a broader context, Isacks (1988) proposed that the subduction zone beneath the 

northem Puna could have steepened from 20" to 30" over the 1 s t  18 m.y. If the 

subduction zone underlying the northern Plma was steepening at the time when that 

beneath the present "flat slab" segment was shallowing, the transition zone, centred at 



Figure 6-11. 

Geological Compilation nlap of Te rtiary nzagn~atisnz for 
the 2 6 O  - 28' S transecf of Chile and Argentina. 

A. Geological map illustrating the distribution of igneous 
units in the 26" - 28' S transect. Data from Mpodozis et al. 
(1 999, Secretaria de Mineria (1 994) and this study. 

B. Series of maps illustrating the distribution of igneous 
units for three time periods: 26 - 17 Ma, 16 - 5 Ma and 5 
Ma - Quatemary. These clearly show the location of the 
magmatic arc West of the international border from 26 - 17 
Ma, the abrupt expansion of volcanism into Argentina 
during 16 - 5 Ma and the equally sudden retraction of the 
main locus of volcanisrn during 5 Ma - Quatemary to its 
present location along the Chile - Argentina frontier. 







Figure 6-12. 

Compilation of selected geochronologicai results for the 26" 
- 28" S transect of northern Chile and Argentina. Published 
K-Ar ages for the Maricunga Belt are from Kay et al. 
(1994~) and Mpodozis (1995), those from the Ojos del 
Salado region are frorn Gonzalez-Ferra et al. (1 985). The 
Maricunga and Ojos del Salado studies do not overlap 
aredly and the absence of data between the two regions 
accounts for the observed gap at this longitude in the 
diagram. " ~ r / ~ ~ A r  ages for the Farallon Negro region are 
from this study. Data for the Pima was interpreted from the 
1995 Secretaria de Mineria 1 : X O  000 map of Catamarca. 
Age intervals were assigned to the mapped units on the 
b a i s  of inference from the above sources. The data have 
been projected onto an E-W Iine centred at 27" S. In the 
case of the undated units in the Puna, the approximate E-W 
extent of the shaded boxes on the diaçrarn represent the E- 
W map extent of the voIcanic units. Point sources are 
indicated by narrow vertical boxes. This data clearly 
demonstrate the abrupt broadening of the arc in the Middle 
Miocene and the comparably sudden arc contraction in the 
Pliocene. 





approximately 27"S, would have acted as a hinge zone. Febrer et al. (1982) interpreted 

magnetotellunc data as indicating that the slab between 25" and 27" S has been 

completely detached from the continentward extension of the subducting plate, allowing 

the nse of asthenosphenc mateBa1 to within 8 - 12 km of the surface. Cahill and Isacks 

(1992), however, disagree with this interpretation. They suggest that slab tears may exist 

in the aseismic transition zone between 24.5" and 27.5" S, but that these would take the 

form of srnail gaps in the highly contorted slab rather than major segment-bounding faults 

with large vertical offsets. Cahill and Isacks (op. cil.) calculated the stress directions in 

the dom-going slab from the focal mechanisms of Wadati-Benioff Zone earthquakes. The 

dom-dip ( ie . ,  parallel to the movernent of the plates) direction determined for the 

maximum compressive stress would allow for extension perpendicular to this direction, 

perhaps resulting in the opening of tears or gaps in the subducting plate. Humphreys 

(1995) has suggested that the Farallon slab beneath North America may have undergone 

signifiant stretching in the region between a flat section and one with a steeper dip. This 

type of stress would very probably be incurred in any segment of subducting slab that is 

in transition from one dip attitude to another, and would facilitate the openinp of tears. 

Pre-existing zones of structural weakness, possibly due to inhomogeneities in the 

subducting plate, rnay further precondition the slab to failure during stretching related to 

flexure. 



A mode! for the mid-Miocene arc broadening ut the latitude of Farall6n 

Negro 

A mode1 is herein proposed to expiain the demonstrated broadening of the rnid- 

Miocene arc at the generai latitude of Farallon Negro. A subducting siab with pre-existing 

inhomogeneities, possibly concentrated at and parallel to 27" S, underwent flexure and 

trench-parallel extension which resulted in the opening of small tears or gaps. The latter 

were initiated near the trench and became progressively wider with increasing distance 

from the trench, as the relative difference in slab dips across the area increased (i.e., the 

slab enters the subduction zone at a similar dip or inclination along the length of the 

trench, with increasing distance travelled down the trench, the difference in dips between 

the northem, steeper, segment and the southem, shallower, segment will inevitably 

increase). These tears may have provided windows to the underlying oceanic 

asthenosphere which either resulted in higher heat flow in the overlying slab or actually 

flowed through the gaps and into the overlying sub-continental asthenosphere, thereby ais0 

increasing the local heat flow. Either process would, it is inferred, markedly enhance the 

devolatilization of the slab, thereby increasing the extent of secondary melting in the 

asthenospheric wedge. 

A zone of major inhomogeneities in the subducting oceanic slab rnay be revealed 

by the Easter Island volcanic chain on the Nazca Plate (Bonatti et al., 1977; see Chapter 

2). This is a prominent E-W topographic feature comprising an array of volcanic islands 

on the Nazca and Pacific Plates. It is over 6000 km long, sorne 200 km wide, 

approximately centred at lat. 27.5" S, and broadly parallel to the present direction of 



motion of the Nazca Plate which has been consistent since ca. 26 Ma (Pilger 198 1). The 

zone is aiso charactenzed by an abundance of searnounts relative to other areas of the sea- 

floor in this region. The chemistry of the Easter Island volcanic rocks is of OIB affinity, 

and suggests a m a d e  plume origin. Radiometric ages cluster around 1 Ma and 8 Ma, 

although one sarnple yielded an age of 30 Ma. The areai distribution of ages excludes the 

possibility that the Easter volcanic chah could have been generated by movement across 

a single hot-spot, and instead suggests intermittent activity at various locations along its 

length. Bonatti el al. (op. cit.) proposed a "mantle hot line hypothesis" in which "mantle 

plume type" volcanism occurs along extended crustal lineations and reflects lineations in 

the mantle activity itself, these are presumably cmstal structures which formed as a result 

of underlying m a d e  inhomogeneity. From theoreticai considerations, Richter (1 973) and 

Richter and Parsons (1975) have suggested that two types of convection exist in the 

mantle: large-scale convective flow related to movement of the plates; and smaller-scale 

convective flow in the upper 650 km. The interaction of these two flow regimes causes 

the small-scaie convective rolls to become aligned with their axes parallel to the direction 

of the large-scale rolls, i e . ,  parallel to the direction of plate motion. This aiignment may 

occur over short geological time spans (20 - 30 rn-y.) in the case of fast-moving plates 

( e .  >IO cm/yr). Bonatti et al. (1977) propose that the "Easter Hot Line" rnay have 

developed along the rising Iimbs of a convective m a d e  roll. 

In a detailed study of shear-wave splitting resulting from deformation-induced 

seismic anisotropy, Russo and Silver (1 994) document a trench-normal flow in the mantle 

beneath the subducting Nazca Plate in zones coinciding with changes in slab dip. 



Segments of consistent sIab dip are characterized by retrograde trench-parallel flow. They 

suggest that slab morphology, and particularly the presence of tears which would represent 

direct conduits for the transfer of m a d e  from one side of the slab to the other, rnay 

locally induce perturbations in the m a d e  flow field. The locus of trench-normal flow is 

broadiy centered at approximately 2 5 5 ,  but the lack of seisrnicity in this region renders 

the delimitation of this zone difficult and it rnay well extend further south to include the 

region of Farailon Negro and the Easter Hot Line. 

If this hypothesis is correct, then not only does this portion of the subducted slab 

have an elevated concentration of inhomogeneities along which extension rnay have been 

facilitated but also entrains a higher heat flow regime imposed by the upwelling limb of 

a convective roll. The subduction of these features rnay be suffrcient to influence the 

thermal regime in the overriding plate and the geochernistry of generated magmas. A 

cartoon of the proposed subduction model at approxirnately 27" S incorporating the effect 

of the "Richter" rolls, the Easter Hot Line and the generation of tears is presented as 

figure 6-13. This model allows the generation of melts along a subduction zone with a dip 

intermediate between that of the steep domain to the nonh and the shallow domain to the 

south. The increased heat flow resulting from the upwelling of asthenosphere through the 

tears rnay allow devolatilization of the subducted slab at greater than "normal" depths, 

possibly through the liberation of high pressure water-bearing phases such as amphibole 

and phlogopite, in an already extensively dewatered plate. It is also envisaged that this 

"rising plume" of asthenosphere, rnay entrain volatiles to higher levels in the overlying 

mantle wedge and thus, initiate melting in regions of the mantle that are not traditionally 



Figure 6-13. 

Proposed mode! for the developnient of tears on the 
sttbduc~ed slab al the larilude of FaralZbn Negro. 

The Easter Hot Line represents a zone of crustal 
inhomogeneities which is inferred to overlie the upwelling 
lirnb of a mantle convective roll. As this segment of slab 
enters the trench, inferred trench-parallel extension and 
warping of the plate to conform to the geometry of steep 
subduction to the north and shallow subduction to the south 
cause tears to form in the plate. Upwelling asthenosphere 
traverses the slab and rises into the overlying m a d e  wedge, 
increasing the temperature of the slab and resulting in 
enhanced devolatilization of the slab. 





invoked for the formation of slab-related magmas. It is proposed (see previous sections) 

that transtension along major crustal structures, such as the Tucumin Transfer Zone at 

Farall6n Negro, is responsible for the ascent of magmas to the surface. 

This would imply that the "arc broadening" event at this latitude (and by extension 

in the transition zone as a whole, would be fundamentally controlled by two mechanisms: 

(1) the generation of melts by high heat flow and enhanced devolatilization of the 

subducted slab; and (2) transtension along the major crustai structures permitting the nse 

and emplacement of magmas into the shallow crustal environment. The latter is further 

supported by the significant concentration of mid-Miocene volcanic rocks along a broad, 

NW-trending belt between 26" and 28" S and located to the north of Farallon Negro (see 

figure 6-1 1) ,  thus implying a strong and fundarnental structural control on their 

emplacement. The Sr and Pb isotope signatures of the Farallon Negro rocks would be due 

to greater crustal involvement during ascent of the melts from an intermediate depth slab 

compared to those at Pocho, but the overall similarities in trace element signatures 

between volcanic rocks at Pocho and Farallon Negro would reflect similarities in the 

mechanisms of magma generation at the two regions (see Chapter 4). 

Ore-genetic and metalIogenetic implications 

Sillitoe (1996) has recently presented a concise review of the factors influencing 

the formation of intrusion-related hydrotherrnal deposits. His observations, particularly 

with respect to porphyry Cu-Au-Mo deposits, are sumrnarized below to provide a 

background for the following discussion of ore genesis in the Farallon Negro area. 



Sillitoe (op. cil.) notes the apparent genetic link between little-fractionated, 1-type, 

magnetite-series granitoid rocks (sensu /am) and major Cu, Mo and/or Au deposits and 

emphasizes the association of highly oxidized melts with increased hydrothermai Au 

concentration. His observations support the classical magmatic-hydrothermal theory of ore 

formation (e.g., Lindgren 1933), in which magmas provide a direct source of metals, as 

is evident from the overall corretation between deposit metai ratios and the compositions 

of their associated granitic rocks. This view is further supported by isotopic studies of, 

e-g., the El Salvador and Maricunga regions of northem Chile (Tosdal, 1995). On the 

basis of similarities in the Pb isotope ratios of ore-samples and the host and genetically- 

related porphyries, Tosdal (op. cir),  like Tilton et 01. (1981), inferred that the ultimate 

source of the porphyry magmas was aIso the source of the ore-metals. Moreover, evidence 

frorn active hydrothermal systems and results from field and experimental studies clearly 

indicate that magmas contribute components such as water, metals and ligands (e.g., S and 

Cl) to hydrotherma1 fluids (Burnham, 1979; Titley and Beane, 198 1 ; Sillitoe, 1989; CIine 

and Bodner, 199 1; Hedenquist and Lowenstem, 1994). 

Candela (1989) has documented the inhibition of magmatic sulphide precipitation, 

and hence the deleterious sequestration of Cu and Au, in oxidized melts. This allows the 

partitioning of metals into the magmatic fluids, both supercritical vapour and saline liquid. 

The magmas are emplaced into extensional regimes or localized transtensional sites in 

broadly compressional settings. Sillitoe (1996) suggests that the contribution of HzO, CI, 

S and ore-rnetals to the parental magmas through subcrustal interaction may be critical 

in the generation of major ore deposits. The partitioning of metals into the magrnatic fluid 



phase is most efficient at shallow crustal depths. "Wet" magmas with high CIRI,O ratios 

rnay be emplaced at 3-4 km depth (Candela and Piccoli, 1995). Sillitoe (1996) envisages 

a mode1 (Fig. 6-14) in which the parental magma chambers vent aliquots of magma and 

Buid through cupolas which, in porphyry Cu systems, commonly have the form of steep 

cy linders. Cooling, reaction with wall-rocks and, in particular, mixing wi th groundwater 

result in destabilization of the aqueous, commonly chloride, complexes, and in the 

deposition of rnetals. The characteristic porphyritic textures of the mineralized intrusions 

results from rapid quenching of the magma in the cupola (Burnham, 1979). Second 

boiling processes, i-e., essentially isobaric volatile exsolution from crystallizing melts, 

result in the catastrophic generation of fracture networks and the formation of 

hydrothermal breccias which provide sites for metal deposition (Bumham, op. cir ; 1985). 

Metal deposits, therefore are envisaged to be generated by fundamentally "normal" 

magmatic-hydrothermal processes, and Sillitoe contends that an initially metal-enriched 

melt is not a prerequisite (see also Cline and Bodnar, 199 1). This would imply that the 

differences in quality and/or size of ore deposits (Clark, 1993) would lie fundamentally 

in the inherent ability of a parental magma to generate a large volume of hydrothermal 

fluid which has inherently greater metal contents (see A.H. Clark - preamble to the 

G.O.D. II shon course, 1995) and to emplace this magma effectively in such a way that 

the rnetals remained concentrated, ie . ,  were not diluted by significant crustal interaction 

which may have resulted in the "leaving behind" (Tosdal, 1995: p. 130) of metals. This 

philosophy strongly emphasizes the role of "process" over that of "provenance" and, as 

will be shown below, does not adequately explain the occurrence of "giant" deposits in 



Figure 6-14. 

Aspects of process-doniinoted model of 
ore-genesis afrer Sillitoe (1996). 

Schernatic diagram illustrating the formation of cupolas as 
an apophyse off a magma chamber. Magmatic fluids are 
focussed by the cupola and by a dilatant fault zone resulting 
in the concentration and precipitation of metds in these 
sites. 
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the Farallon Negro region. 

Ore genesis and metallogenesis of the deposits of the FarallOn Negro region 

As discussed in Chapter 3, this transect of the Central Andes has experienced 

rernarkable enrichment in Cu and Au from the Cretaceous to the Neogene (Fig. 6- 1 5), and 

is therefore rnetallogenetically anomalous. However, the petrogenetic implications of the 

data presented in Chapter 4 are that the rocks of the Farallon Negro Volcanic Complex 

are not inherently peculiar. They are ultimately slab-derived magmas, familial with those 

of the Ojos del Salado region, which display isotopic signatures sirnilar to those of other 

Neogene suites of the southem-Central Volcanic Zone. However, although their 

petrochemistry may not be unusual, they are interpreted to have been emplaced in a 

unique environment distinct from those represented by the Puna and main Sierras 

Panipeanas. As outlined above, this segment of the Andean arc has been geodynamically 

individual since at least the Middle Miocene. 

The coincidence of an unusudly intense metallogenetic signature with a 

fundamentally peculiar geodynamic setting is not likely to be fortuitous. It implies a 

connection between the exceptional concentration of Cu and Au in the shallow crust and 

the deviance of the subduction zone, and that more is involved than the efficient 

extraction of fluids and metals from the magmas. This argues for a signifiant and 

fundamental role for provenance, Le., metallogenesis, given permissive process 

envi ronments (ore genesis). 



Figure 6-15. 

Compilation of selected geochronological data for deposits 
in the 26" - 28" S transect of northem Chile and Argentina. 
Published K-Ar ages for the Maricunga Belt are from Kay 
et al. (1994~). K-Ar ages for the EI Salvador deposit are 
from Gustafson and Hunt (1975) and those for the 
Potrerillos region are from Colley et al. (1989). " ~ r f ~ ~ ~ r  
ages for the Farallon Negro region are from this study. This 
diagram clearly illustrates the eastward migration of 
Neogene mineralization with tirne in this transect. 





Procas versus provenance in the FuralMn Negro camp 

Bajo de la Alumbrera is a classic, textbook example of a simple porphyry Cu 

deposit, the only unusual features being the magnetite-dominated early hydrothermal 

alteration events and the markedly ennched Au content. Its evolution took place in a 

relatively uncomplicated manner in association with the successive emplacement of dacite 

porphyry bodies, at least one of which was accompanied by ore-bearing potassic 

alteration, followed shortly by overprinting by phytlic alteration of little economic 

importance but contemporaneous with the formation of low-sulphidation epithermai Au- 

Ag deposits elsewhere in the complex (e.g., Farailon Negro - Alto de la Blenda). There 

is no evidence for pre- or syn-rnineralization faulting, no hydrothermal breccias have been 

reported, and there is negligible supergene enrichment. Its emplacement in the core of the 

Main Farallon Negro Stratovolcano ensured an environment which was effectively 

sheltered from the regional tectonic processes (see Chapter 3). It therefore formed in a 

quiescent and persistent tectonic environment. 

On the other hand, the Agua Rica deposit is unusually cornplex. It was initiated 

as a series of porphyry Cu-Mo-Au systems. Subsequent tectonic uplift, accompanied by 

extensive hydrothermal breccia emplacement, resulted in the telescoping of the system and 

the superposition of a "porphyry-scale" epithermal deposit which was further upgraded 

through supergene enrichment processes. It may be argued that each phase of this 

multifarious evolution was essential to the development of the deposit and contributed to 

its size and richness. The formation of Agua Rica was very unusual and tectonic 

modelling may be critical in the unravelling of ore paragenesis. The deposit formed in a 



tectonically-active setting, experiencing a range of hydrothermai environments resulting 

in both porphyry- and epithermal-style alteration-mineraiization and which terrninated with 

the collapse of the local water table and the formation of a leached cap and supergene 

enrichment blanket. 

Bajo de la Alumbrera (752 Mt at 0.51% Cu and 0.65 g.t Au at 0.2% Cu cutoff: 

Northem Miner, June 26, 1995) and Agua Rica (802 Mt at 0.61% Cu, 0.035% Mo and 

0.24 g/t Au at a 0.4% Cu cutoff: J. Mortimer, pers. comm., July, 1997) are currently the 

largest deposits in the Farailon Negro camp. They are world-class, "giant" deposits which 

appear to refl ect opposite ends of a spectrum ranging from extreme simplicity, in the case 

of Bajo de la Alumbrera, to extreme complexity, in the case of Agua Rica. The deposits 

are broadly contemporaneous, phyllic alteration at Alumbrera predating potassic 

assemblages at Agua Rica by only eu. 0.46 m-y., and are separated by approxirnately 32 

km. They formed in broadly similar geological and geodynarnic environrnents and by 

inference the associated parental magmas formed through similar petrogenetic processes, 

and yet their evolutions were radicaIIy different. 

The enrichment of Cu and Au at Bajo de la Alumbrera is envisaged herein to be 

fundamental, rooted in igneous petrology, the exsolution of metal-rich magmas in the 

initial stages of second boiling, and, on a larger scale, the geodynamical context. The 

implications of the complexity of Agua Rica, on the other hand, are that process was 

critical. The hypogene grades of the large-scale precursor porphyry event were very low 

(J. Mortimer, pers. comm., 1997) and it is suggested that its multi-phase evolution, 

involving the conjuncture of several "catastrophic" tectonic and hydrotherrnal events, was 



critical in the generation of a deposit of diis size and tenor. The implication of the metal 

enrichment at Bajo de la Alumbrera is that the magmas generated by the subducted slab 

were fundarnentally ennched in metals, but it is implicit that Cu and Au were not 

efficiently concentrated in the early stages of second boiling during the Agua Rica 

porphyry event. Metd dispend was halted by massive uplift and "telescoping" of the 

hydrothermal system. 

It must be asked whether there are more hydrothermal giants in the Farailon Negro 

region. The abundance of alteration-mineralization centres in the district reinforces the 

important role of provenance. However, Capillitas and Cerro Atajo, although emplaced 

in broadly similar settings to Agua Rica, i-e.. peripheral to the Main Farallon Negro 

Stratovolcano and/or hosted in uplifted basement blocks, do not record the multiplicity of 

minerdiùng events nor the telescoping of radically differing hydrothermal environrnents 

documented at Agua Rica. An explanation for the low apparent grades of the majority of 

the porphyry-type deposits associated with the Main Farailon Negro Stratovolcano, Le., 

Bajo de Agua Tapada, Bajo el Duramo, Bajo las Pampitas, Bajo de San Lucas and Bajo 

las Juntas, is less evident. If, as was argued for Bajo de la Alumbrera, al1 that is necessary 

for the formation of a large deposit within the confines of the stratovolcano is metal- 

enriched magmas and a relatively simple, uninterrupted evolution, then why are there not 

more world-class deposits hosted by the stratovolcano? In the case of Bajo de San Lucas 

and Bajo las Juntas, it could be argued that disruptions, in the form of tectonism, may 

have inipeded the ordered evolution observed at Alumbrera, but were not of sufficient 

magnitude to have engendered telescoping. These deposits may be anaiogous to the low 



grade precursor porphyry events at Agua Rica 

Age determination of aiteration assemblages at Bajo de Agua Tapada and Bajo el 

Durazno was not wholly successful (see Chapter 5), and therefore observations on the 

relative timing of the mineraiizing systerns are limited. However, the intrusive units dated 

at Bajo el Durazno represent sorne of the oldest dated intrusive bodies recorded at 

Farallon Negro and it may be argued that petrogenetic conditions favourable to the 

formation of significant hydrothermal deposits may have not yet existed at their time of 

emplacement. It has been suggested that magma mixing may play a significant role in the 

formation of ore deposits (A.H. Clark, Geol. 962 lecture, 1995). The incursion of mafic 

melts may both introduce metals, S and CI, and perturb the magma chamber, initiating or 

enhancing hydrothermal circulation. Moreover, Clark and Arancibia (1995) ascribe the 

formation of magnetite-rich alteration-rnineralization in a porphyw copper deposit similar 

in many aspects to Alumbrera to rnafic-melt intrusion in a dacitic magma chamber, 

resulting in the discharge of S0,-rich fluids which are enriched in metals such as Cu and 

Au through the oxidation of earlier-forrned sulphides. As discussed in Chapter 4, the 

shoshonites at Farallon Negro, largely erupted early in the magmatic history, do not 

exhibit petrographical features suggestive of magma mixing processes. The high-K, calc- 

alkaline units, on the other hand, do show evidence for magma mixing. Moreover, the 

regionai compressive regime, active by ca. 7.94 (see above), in which the Main Farallon 

Negro Stratovolcano was emplaced, rnay have impeded magma ascent and enhanced the 

processes of magma commingling and mixing. If the NW-SE-directed compression was 

necessary to drive the mafic magmas into the upper crustal environment, providing a 



source of metals and initiating magma mixing and hydrothermal circulation, then it rnay 

be argued that the Bajo el Durazno magmas were intruded pnor to the inception of these 

processes. 

This argument, however, does not explain the absence of significant Cu and Au 

mineralization at Bajo de Agua Tapada or Bajo las Pampitas. The dacite porphynes at 

Bajo de Agua Tapada are broadly coevai with those at Bajo de la Alurnbrera. The 

"rhyodacite" porphyry at B a ~ o  las Parnpitas has not been dated but on the ba i s  of the 

intrusive chronology documented in Chapter 2, it rnay be inferred to have been emplaced 

synchronousiy with the dacites at Alumbrera and Tapada. However, the alteration- 

mineralization assemblages at these three deposits differ in that Bajo de la Alumbrera is 

the only porphyry Cu-Au deposit in the Farallon Negro region that displays a 

volumetrically-significaiit, K-feidspar-dominated, potassic al teration event superimposed 

on a magnetite-quartz assemblage (see Chapter 3) ,  implying that a combination of 

conditions was necessary for the formation of an economic porphyry Cu-Au deposit in the 

Main Farallon Negro Stratovolcano. In addition, the areal coincidence of the Bajo de la 

Alurnbrera deposit with the oldest dated volcanic unit in the region may suggest the 

involvement of a structure which was the Iocus of repeated extrusive and intrusive 

activity. This rnay have provided a favourable conduit for the focussed, rapid 

emplacement of magmas with minimal crustal interaction. This "preparation" of the site 

of mineralization, further isolating it from possibly deleterious outside influences, rnay 

have been critical for the fertility of the magmas. 

The two "giant" deposits, Bajo de la Alurnbrera and Agua Rica, of the Farallon 



Negro district demonstrate that factors related to both provenance and process may fonn 

potentially economic deposits. However, it is suggested that without the fundamental 

contribution of provenance, the Farallon Negro district may not have become a target in 

the global search for the economic giants. 
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APPENDIX A 

Metallic Mineral Deposits of the Farallon Negro 
Volcanic Complex not documented in Chapter 3. 



Cerro Atajo 

Location and Access 

The Cerro Atajo prospect (Figs. A-1 and A-2) is located approximately 8 km west 

of Capillitas at 3 000 to 3 400 m a.s.1. It is easily accessed by a road which heads west 

from Ruta Nacional No. 63; the turn-off is approximately 2 km north of Capillitas. 

Previous Work 

OId workings at Cerro Atajo are thought to date from Colonial times (Bassi, 199 2) .  

The Maria Eugenia vein system was explored by the Direction General de Fabricaciones 

Militares in 1945. The region was subsequently explored in 1969 by the Servicio Nacional 

Minero Geologico, who conducted geological mapping, geochemical sampling, an I.P. 

survey and limited drilling. Extensive mapping, geochemical sampling, geophysical 

surveys and drilling were conducted during a four-year program from 1978 to 198 1 by 

the Japanese International Cooperation Agency (J.I.C.A.). The results of this work are 

presented in a series of unpublished reports (J.I.C.A., 1978, 1979, 1980, 198 1). 

An option to explore the area was signed by American Resource Corporation in 

1992. They conducted geochemical chip sampling over the property, constructed access 

roads and completed a reverse-circulation drill program. Placer Dome optioned the 

property in late- 1993 and conducted the most extensive exploration to date which included 

detailed mapping, geochernical sampling, geophysical surveys and drilling. 

The only published study of Cerro Atajo is that of Bassi (1991). 



Figure A-1. 

Location of deposits of the Farallon Negro Volcanic 
Cornplex. 





Figure A-2. 

Cerro Atajo 

A. North face of Cerro Atajo (view to the SW). The upper 
slopes of the peak (Cerro Atajo proper) and the ridge to the 
right are underlain by intrusive dacite porphyry. Well- 
bedded, grey-purple andesites of the Farallon Negro 
Volcanic Complex are exposed in the foreground. Pale- 
coloured areas in the centre and to the right are underlain 
by argillic alteration zones associated widi epithermal veins. 
The Carmen Vein is located in the central portion of the 
photo but cannot be distinguished at this scale. 

B. Southern part of the Cerro Atajo prospect (view to the 
NE). Dacite porphyry underlies the dark slopes in the left- 
foreground. The low ridge and hills in the centre expose 
andesites of the Farallon Negro Volcanic Complex. Outcrop 
in the foreground is of the rhyolite porphyry which 
underlies Cerro Blanco Chico. Veins and old workings are 
marked by brown- to buff-coloured zones in the volcanic 
units. The Capillitas Range forms the dominant ridge in the 
near-background. The Lavadero range-front, high-angle 
reverse fault is located at the contact between grey-blue 
volcanic units and vegetation-covered Ordovician granite 
along the lower slopes of the ridge (left-side of picture). 





Geologicai Relationslrips 

The Cerro Atajo deposit (Fig. A-3) is hosted by volcanic units of the Farallon 

Negro Volcanic Cornplex. The stratigraphie succession is dominated by well-bedded 

tuffaceous andesites and thin volcaniclastic horizons; thick autobrecciated flows are 

encountered near the top of the section. A basaitic-andesite dyke intruding the lower 

portion of the section yielded a whole-rock age of 8.15 Ma. Red beds of the El Morterito 

Formation crop out to the west of the deposit, where they conformably overlie the eroded 

basement surface forming the western flank of Cerro Bola del Atajo, and form thin lenses 

exposed in fault-drag folds in the footwall of the Lavadero fault, on the north side of the 

Capillitas Range (Fig. A-3). 

The voicanic sequence is intruded by a large rhyolite porphyry stock which 

underlies Cerros Blanco Chico and Grande and a large dacite porphyry stock. 

Mineralization is thought to be associated with the latter. 

Structure 

The deposit is bounded to the southwest by the high-angle reverse range-front 

Lavadero fault (Fig. A-3) and to the norfh by the eastern extension of the Bola del Atajo 

fault, also a high-angle reverse structure. A series of parallel, NW-striking structures 

which cut across al1 lithologies observed at Cerro Atajo appear to have acted as conduits 

for hydrothermal fluids and host mineralized epithermal-style veins. 



Figure A-3. 

Geological map of the Cerro Atajo prospect. 





Min eralizatiort 

A senes of NW-trending epitherrnal veins cany Cu, Au, Pb, Zn and Ag 

mineralization. Many of the larger veins have been worked previously (Fig. A-4). J.LC.A. 

(1978) documented a vertical zonation in ore mineraiogy, possibly associated with 

changing host-rock composition, with Cu-Au in the upper andesites, Pb-Zn-(Ag) 

rnineraiization in the intermediate andesites, and pyrite 2 Au at depth, particularly in the 

granitic basement and Tertiary red beds. 

The veins are associated with sericitic alteration of the wall rocks. The peak of 

Cerro Atajo is characterised by strongly-developed quartz 2 alunite veining. Tetrahedrite, 

chalcocite and chalcopyrite are the most important ore minerals (J.I.C.A., 1978). 

Wolframite and scheelite are reported from the Carmen vein system (Bassi, 1991). 

The most important mineralized zones appear to be the Carmen and Maria Eugenia 

vein systens (Fig. A-4). The veins are more or l e s  continuous over 800 m of strike 

length. The alteration zone surrounding the principal veins and secondary parallel veins 

and splays extends for up to 150 m (Bassi, op. cir.). Grab sampies from the Maria 

Eugenia vein retumed grades of 10-14 % Cu, 4.4- 5 gh  Au, 2-4 g/t Ag, 0.02 % Zn and 

0.02 % Pb (Bassi, op. cit.). 

Bajo de Agua Tapada 

Location and Access 

Bajo de Agua Tapada is located along the main access road to the Farallon Negro 



Figure A-4. 

Cern Afajo vein systenzs 

A. Old workings (small adit) in the Carmen vein system 
hosted by purple-grey breccias of the Farallon Negro 
Volcanic Complex (view to the south - detail of figure 2A). 
The brown-weathering veins are bordered by pale argillic 
alteration haloes developed in the volcanic units. 

B. Triunfo vein system (view to the WSW). A series of 
coalescing veins (brown positively-weathering features) cut 
across the thick succession of tuffaceous breccias and flows 
of the Farallon Negro Volcanic Complex. Buff-coloured 
argillic aiteration haloes are developed in the volcanic 
rocks. Old workings aiong the veins are marked by durnps, 
e . g ,  middle-distant segments of the exposed vein. Drill- 
roads and platforms constructed by Recursos Arnericanos 
Argentinos S.A. are visible below the horizon, right-O f- 
centre. 





mine from Los Nacimientos (Fig. A-1). The road passes through the south-east edge of 

the Bajo de Agua Tapada phyllic alteration zone, approximately 9 km NW of Bajo de la 

Alumbrera. 

Revious Work 

The only published description of the prospect is that of Bonorino (1949). A 

detailed geological study and economic evaluation were undertaken by Suchomel (1983; 

1985) as a Masters thesis under the supervision of John M. Guilbert at the University of 

Arizona and in collaboration with the United Nations. Various reports by Y.M.A.D. and 

Fabricaciones Militares geologists are also available. In generai, the results of the surface 

geochemical sarnpling and diarnond drill programs have been disappointing. However, the 

core, core logs and even drill hole locations have been lost. 

Geofogical Refatbns/rips 

The Bajo de Agua Tapada prospect consists of a composite dacite porphyry stock 

emplaced between 6.84 and 7.39 Ma into andesite breccias of the Farallon Negro Volcanic 

Complex (Fig. A-5). There is evidence of at least three stages of dacite intrusion: pre-, 

syn- and post-mineralization. The surface expression of the mineralized area is very 

similar to that of Bajo de la Alumbrera (Fig. A-6). A group of reddish-brown, goethite- 

stained hills with weakly-developed quartz-magnetite alteration is surrounded by lower- 

lying hills of phyllically-altered dacite and andesite breccia (Fig. A-7). The central hills 

are referred to as a zone of potassic alteration by Suchomel (1985) although very little 



Figure A-5. 

Geology of the Bajo de Agua Tapada deposit. 
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Figure A-6. 

Bajo de Agua Tapada (view to the east). Prominent brown 
hills (Cerro Colorado Norte on the lefi and Cerro Colorado 
Sur) in middle-ground are underlain by dacite porphyry 
stocks exhibiting weak potassic and quartz-rnagnetite 
alteration. The surrounding low bleached hilis are underlain 
by phylIicalIy-aitered andesite breccias. Propylitic alteration 
extends into the surrounding flows and tuffs of the FaraIIon 
Negro Volcanic Cornplex. Its outer limit has not been 
mapped. The highest peak visible on the horizon is Cerro 
Nevado del Candado, 5450 rn a d - ,  in the Sierra de 
Aconquij a. 





Figure A-7. 

Alteration facies of the Bajo de Agua Tapada deposit. 





secondary K-feldspar or biotite is documented. That Bajo de Agua Tapada may represent 

a higher erosional level than Bajo de la Alumbrera is suggested by the non-exposure of 

a mie potassic aiteration zone, the weaker intensity of the quartz-magnetite alteration, and 

the presence of radially-oriented epithermd-style jasperoid veins, best developed in the 

northem portion of the prospect. The latter consist of zones up to Sm-wide of intense 

silicification with argillic alteration envelopes (Fig. A-8). Very little sulphide or copper 

oxide is observed at surface. 

Bajo de Agua Tapada is located on the periphery of the Farallh Negro Volcanic 

CompIex and may therefore have been emplaced in a more superficial position within the 

volcanic pile han most other deposits within the stratocone. Host-rocks include tuffaceous 

facies, characteristic of the outer NW rim of the exposed stratocone, which are difficult 

to recognize through the alteration overprint. 

Mineralkation 

Mineralization at Bajo de Agua Tapada consists of disseminated and veinlet 

porphyry-style rnineralization associated with the dacite porphyry intrusion and peripheral, 

fracture-controlled, late-stage veins. Supergene enrichment is not significant. 

Surface lithogeochemistry (Suchomel, 1985) reveals several moderate copper, lead, 

zinc, cadmium and gold anomalies. Contents greater than 500 ppm Cu, Pb and Zn and 

greater than 0.26 ppm Au are reported within the "potassic alteration" zone. The 

rnineralization is disseminated and in veinlets, and is zoned with respect to aiteration. 

Minor disserninated chalcopyrite and scarce pyrite-chalcopyrite veinlets are associated 



Figure A-8. 

Jasperoid vein at Bajo de Agua Tapada. View to the NW 
dong the axis of the vein, which is located in the south 
branch of an unnamed quebrada south of the Agua Tapada 
Camp (see figure A-5). Note: the geologicai hammer for 
scale in the centre of the vein. 





with abundant quartz-magnetite, magnetite and magnetite-pyrite veinlets in the "potassic" 

zone. Quartz-magnetite and magnetite veinlets, localiy abundant, contain up to 0.26 g/t 

Au. A 206 m drill-hole collared on the SW border of the "potassic" zone averaged 242 

ppm Cu and 0.1 1 ppm Au, both metals increasing with depth. Several other drill-holes 

located peripheraily to the potassic alteration zone revealed anomaious Au (up to 14 ppm) 

but no Cu. There appears to be a strong association of anomalous Au values with zones 

of silicification. In the outer extensions of the phyllic zone, a slight decrease in pyrite 

content coincides with abundant disseminated sphalerite and galena. In general, there is 

very little chalcopynte in the system but impressive occurrences of massive galena and 

sphalerite were encountered on surface and in drill-core from the periphery of the phyllic 

zone (B.J. Suchomel, pers. comm., 1994). 

Few precious metal anomdies are reported from the jasperoid veins (Suchomei, 

1985), whereas Pb and Zn values are generally high (>500 ppm). Arsenic and mercury 

are not anomalous. The highest Au value is 2.2 g/t Au and Ag attains 174.0 g/t. The 

jasperoid vein system has not been tested by drilling. 

Several base metal sulphide veins with high precious metal contents occur at the 

eastern periphery of the prospect (La Josepha sector). These veins are 10 to 50 cm in 

width and locally exhibit collomorphic banding and brecciation. They are hosted by 

andesite breccias. Alteration envelopes consist of sericite + quartz. The vein mineralogy 

comprises quartz, calcite, barite, pyrite, chalcopyrite, sphalerite and galena. 

Manganese-quartz-carbonate veins with high silver contents are iocated in the 

western periphery of the prospect (La Jovita sector). These veins are similar in appearance 



to those currently being exploited at Alto de la Blenda They are characterized by black 

pyrolusite and banded white quartz They are locally brecciated and contain clasts of 

jasperoid. 

A 14,600 rn dipole-dipole IP survey is recorded in a report by Chipulina and 

Gonzalez (1983). They report a moderate geophysical response with poor definition down 

to 200 m depth. However, problems with many aspects of the surveys, as reported in the 

above paper, render the results questionable. 

Bajo El Durazno 

Location and Access 

The Bajo El Duramo prospect (Figs. A-1 and A-9) is located 10 km ENE of the 

Farallon Negro mine-site and 4 km north of Bajo de la Alurnbrera. It may be reached by 

road from either the main Farall~n Negro - Nacimientos access road or from Bajo de la 

Alumbrera. 

Previous Work 

This deposit was discovered in 1968 and is mentioned briefly in several reports 

dealing with the deposits in the region. The deposit has been described in more detail by 

Garcia (1969) and Sillitoe (1 973), and particularly by Allison (1 984; I986), in a Master's 

thesis at the University of Arizona under the supervision of John M. Guilbert and in 

collaboration with the United Nations. Various reports by Y.M.A.D. and Fabricaciones 



Figure A-9. 

Bajo el Dirrazno. 

View to the west of the central and southem quadrants of 
the Bajo el Duramo prospect, taken from the highest point 
underlain by the eastem body of Duramo Andesite (see 
figure A-10). Dark hills in the right-foreground are 
underlain by potassic and quartz-magnetite alteration zones 
in the central body of Durazno Andesite. Bleached hills are 
eroded into phyllicafly-altered Durazno Andesite and 
breccias and flows of the Faralion Negro Volcanic 
Complex. The rounded ndge in the foreground is underlain 
by an unaltered body of Durazno Andesite. The strata 
exposed behind the deposit and on the horizon are breccias, 
flows and intrusions of the Main FasaIl611 Negro 
Stratovolcano. The northwest edge of the Bajo de la 
Alumbrera deposit is visible to the upper-left (pale zone). 





Militares geologists are also available. The prospect has been explored by an extensive 

surface lithogeochernical sarnpling program in which 653 rock-chip samples collected on 

a 50 m gnd were analyzed for copper, gold and molybdenum. Nine drill-holes were 

completed from 1968 to 1976. Recursos Amencanos Argentinos S.A. conducted a reverse 

circulation drill program in August 1993. In early-1994, Placer Dome conducted a limited 

surface geochernistry program, a magnetometer survey and a five-hole drill program. On 

this basis, they returned the minerai nghts to Y.M.A.D. 

The Bajo El Durazno deposit is hosted by a composite andesite porphyry stock 

hosted by andesite breccias and flows of the Farallon Negro Volcanic Complex (Fig. A- 

10). Several pulses of andesitic intrusion are inferred for the main stock, followed by the 

intrusion of andesi te porphyry dykes that extend in a crudeiy radial pattern from the stock. 

Andesitic intrusions were also emplaced to the east, west and south of the central stock, 

and exhibit weak propylitic alteration. Four samples of andesitic intrusive rocks, from the 

main stock and the east and West intrusives, yield ages of between 8.15 and 8.46 Ma 

(Chapter 5). The similar ages and, in the case of the samples from the east and West 

andesite intrusions, almost identical whole-rock geochemistry suggest that they represent 

apophyses of a larger stock at depth. 

The deposit consists of a centrai core of intense quartz-magnetite alteration (Fig. 

A-1 1) surrounded by a zone of potassic alteration which is dominated by biotite, although 

secondary potassium feldspar is reported by Sillitoe (1973) (Fig. A-12). Allison (1986) 



Figure A-IO. 

Geology of the Bajo el D u r m o  prospect. 
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Figure A-11. 

Qzîartmagnetite alteration at Bajo el Duramo. 

A. Intense quartz-magnetite veining in the central andesite 
porphyry stock located in the middle branch of Quebrada el 
Duramo (see figure A-12). 

B. Hand sample of the above illustrating the banded texture 
of the quartz-magnetite veins. 





Figure A-12. 

Alteration facies of the Bajo el Duramo prospect. 
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reports less than 10% secondary K-spar, discemible only in thin section afier staining. A 

phyllic halo is developed in the central andesite stock (Fig. A-13) and is itself surrounded 

by a penpheral propylitic zone. 

Structure 

The Bajo El Durazno deposit is located to the NE, and outside, of the main NW- 

SE structurai corridor (Chapter 2) that transects the Farallon Negro Volcanic Cornplex. 

Some dykes strike N W - S E ,  but this is not a dominant structural orientation. Thus, the 

main andesite porphyry stock and the associated alteration halo are elongated NE-SW, 

coinciding with the elongation direction of Bajo de la Alumbrera The two deposits lie 

along a line which trends ~30'~. 

Min eralimtion 

Mineraiization is of Cu and Au with minor Ag and Mo. Sulphides are not 

abundant on surface and are iargely disseminated. They are virtually absent in some 

marginal parts of the potassic alteration zone. The bulk of the mineraikation occurs as 

veins within the stock and its wallrocks, containing quartz, calcite, magnetite, pyrite and 

chalcopyrite, with lesser sericite, chlorite, orthoclase, biotite, siderite, molybdenite, 

bomite, sphalerite, galena, tetrahedrite-tennantite and native gold (Allison, 1986). A 

limited electron microprobe study (Allison, op. cil.) reveaied that some of the Au and Ag 

occurs in solid solution in sulphide minerais. A narrow zone of silicified hydrothermal 

breccia with interstitial chalcopynte and bomite is located on the western edge of the 



Figure A-13. 

Phyllic alteraiion at Bajo el Durazno. 

A. Southem extremity of phyllic alteration zone (view to 
the south). Areas of nisty-weathering are characterized by 
more intense silicification and more abundant pyrite than 
the bleached outcrops. Photo taken on the eastern edge of 
the phyllic zone. The centrai portion of the deposit (potassic 
and quartz-magnetite alteration zones) is to the left, out of 
the view of the photo. 

B. Outcrop of phyllically-altered andesite. Note the intense 
hydrofracturing and abundance of oxidized rninerals, 
including jarosite (yellowish patches, not easily discemable 
at this scaie), dong the fracture surfaces. Located in the 
northwest branch of the Quebrada el Durazno, south of the 
biotite alteration zone (see figure A-12). 





potassic core. 

Supergene enrichment appears to be absent and "limonite" is sparse, but oxidation 

extends to 26 m depth in drill-core (Sillitoe, 1973). Malachite and delaf'ossite are common 

at surface. Sillitoe (op. cit.) conciuded that the rarity of pyrite in the potassic alteration 

zone may account for the absence of enrichment, prornoting oxidation in situ. 

Mineralization is confined to the potassic and quartz-magnetite alteration zones. 

The highest surface geochemical levels are associated with the intense quartz-magnetite 

alteration. Surface geochemistry (Fabricaciones Militares) revealed a central anomaly of 

180 to 1700 ppm Cu, 13 to 68 ppm Mo and O. 1 1 to 1.55 pprn Au. Resarnpling by both 

Recursos Americanos and Placer confirmed the anomalous values. Core recovery during 

the Fabricaciones Militares drill program was poor, and the significance of the resutts is 

uncertain. Hypogene grades in the central stock range from 0.1 to 0.3% Cu with local 

intersections of 0.4 to 0.5% Cu. Grades in holes drilled within the outer zone of feldspar- 

destructive alteration are low (0.01 to 0.02% Cu). Details of the drill programs by 

Recursos and Placer are not known, but the results were evidently discouraging. 

Bajo de San Lucas 

Location and Access 

Bajo de San Lucas (Figs. A-1 and A-14) is located approximately 6 km SSE of 

Bajo de la Alumbrera Access is by four-wheel drive vehicle along the rugged Vis Vis 

river valley to the small community of Vis Vis, and thereafter by foot or horseback. 



Figure A-14. 

Bajo de San Lircas. 

View to the NW dong the main unnamed quebrada which 
transects the Bajo de San Lucas prospect. The small hill in 
the centre of the photo capped with dark outcrop is 
underlain by the quartz-magnetite alteration zone developed 
in dacite porphyry (see figures A- 1 5 and A- 17). Lithological 
contacts are masked by vegetation at the scale of the 
photograph, but the central portion of the qirebrada, in front 
of the quartz-magnetite altered hi11 is underlain by dacite 
porphyry. The vegetation-covered hills, in the foreground 
and extending beyond the location of the people are 
underlain by granitic basement. 





hevious Work 

Maisonave and Guiilou (1969); Garcia (1 971); Sillitoe (1 973) document the Bajo 

de San Lucas prospect. AI1 maps in Maisonave and Guillou (1969) and Sillitoe (1973) 

(reproduced in Durand, 1980) have the north-arrow erroneously pointing due West. Caelles 

et al. (1971) record a K-Ar date from the prospect. Lithogeochemical assays of greater 

than 2000 ppm Cu and 150 ppm Mo are recorded by Garcia (op. cit.) from the central 

zone of the bajo. Of eight shallow drill-holeç cornpleted, six holes tested the potassic 

alteration zone and indicated hypogene grades of 0.2 to 0.3% Cu (Sillitoe, 1973); Mo 

values were low (Garcia, 1971). 

Gedogicai Ralationslt ips 

The Bajo de San Lucas hydrothermal system is hosted by Paleozoic basement 

rocks upthrown to the south of the Farallon Negro Volcanic Cornplex (Fig. A-15). The 

deposit is located at the contact between the Ordovician Capillitas granite and the 

phyllites of the Suncho Formation. This contact is intruded by an oval-shaped diorite 

body, similar in appearance to the Alto de la Blenda monzonite, with a long axis trending 

NW-SE. The diorite is itself intruded by a 7.35 Ma dacite porphyry unit which is 

interpreted to be the source of the mineralizing fluids. The deposit consists of a small 

core-zone (ridge) of intense quartz-magnetite stockwork aiteration surrounded by 

potassically-altered dacite and diorite (Figs. A-16 and A-17). The zone of potassic 

alteration at Bajo de San Lucas is the largest of those exposed amongst Farallon Negro 

porphyry prospects, including Bajo de la Alumbrera. The host granites have also 



Figure A-15. 

Geology of the Bajo de San Lucas prospect. 
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Figure A-16. 

Quartz-magnetite veining at Bajo de San Lucas. Photo taken 
in the main quebrada, on the south edge of the quartz- 
magnetite aiteration zone (see figures A-14 and A-17). 





Figure A-17. 

Alteration facies of the Bajo de San Lucas prospect. 
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undergone intense phyllic aiteration. Rock-type strongly influenced the nature of the 

alteration assemblage, with potassium-silicate alteration restricted to the diorite and dacite 

porphyry and sericitic aiteration occumng rnainly in the granite, although the latter 

extends penpherally into phyilites and El Morterito sandstones (Sillitoe, 1973). The valley 

of the Rio de San Lucas displays widespread jarosite staining and srnali zones of intense 

quartz-pyrite veining within the dacite porphyry. Minor occurrences of copper oxides 

dong fractures are encountered in some of the subsidiary quebradas. Vegetation is much 

more abundant at Bajo de San Lucas then at the prospects within the main Farailon Negro 

Volcanic Cornplex. 

Structure 

The Bajo de San Lucas intrusive bodies and alteration zone are elongated NW-SE, 

and may have been controfled by a southeast extension of the NW-trending Farallon 

Negro extensional corridor. Sillitoe (1973) reports a major fault to the West which due to 

the erroneous orientation of his rnap is herein interpreted to lie to the south of the zone. 

It transects the diorite and rnay offset alteration assemblages (Sillitoe, op. cil.). 

Min era lization 

Durand (1 980) notes that petrographic (transmitted and reflected light) studies have 

been conducted on samples from the area, but no published results were encountered. 

Ve r -  little is known about the occurrence of the ore minerais. Sillitoe (1973) reports the 

presence of chalcopyrite and lesser pyrite from the potassic alteration zone. 



Supergene aiteration is weakly developed at Bajo de San Lucas. As reported by 

Sillitoe (op. cit.), oxidation extends to less than 13 m in six of the eight diamond-drill 

holes completed on the prospect. Oxidation extended to deeper levels in the remaining 

drill-holes and is underlain by sulphide-enriched ore, which attains grades of 0.5% Cu. 

The irregularity of the enrichment is attributed to local permeability differences. 

Lithogeochemical sarnpling detected anomalies of greater than 260 ppm Cu which 

are restricted to the potassic and quartz-magnetite alteration zones (Sillitoe, 1973). 

Maisonave and Guillou (1970) document an anomaious zone exceeding 500 ppm Cu. Mo 

anomalies are situated marginally to the Cu anomalies. Analyses of drill-core returned 

high grades of 0.6 to 1.0 g/t Au in three of the drill-holes, but Sillitoe (op. cit.) questioned 

the accuracy of the assays. 

A dipole-dipole I.P. survey by Plan NOA over Bajo de San Lucas is briefly 

rnentioned in a repori by Chipulina and Gonzilez (1983). A 9400 m survey with 100 m 

line-spacings indicated the presence of mineraiization up to depths of 150 m. However, 

problerns affecting many aspects of the surveys, as reported in the above paper, render the 

results questionable. 

Bajo Las Pampitas 

Location and Access 

Bajo Las Pampitas (Figs. A-1 and A-18) is located along the southem access road 

to Bajo de la Alumbrera from the Farallon Negro mine-site. It is approximately 3 km 

NNW of Bajo de la Alumbrera. 



Figure A-18. 

Bajo Las Pampitas prospect (view to the NE). The central 
dark conicd hi11 is underlain by rhyodacite porphyry with 
intense, sheeted quartz-magnetite veining. The low 
alluvium-covered punipitas may be underlain by phyllic 
alteration. The ridgeline of the Sierra Durazno is seen on 
the horizon. 





Previous Wark 

Maisonave and Guillou (1969). Garcia (1970), Sillitoe (1973), Bassi (1987) and 

Bucci (1994) have descnbed Bajo Las Pampitas. Rock samples were collected by 

Maisonave and Guillou (1969) and analyzed for copper and molybdenum. Ten samples 

from the central zone of the prospect contain between 650 and 2150 pprn Cu (Sillitoe, 

1973). Two shallow holes have been drilled on the prospect, but core recovery was poor. 

Garcia (op. cir )  reports assays as high as 0.43 g/t Au from the central zone. 

Geological Rala f ionships 

The Bajo las Pampitas prospect lies astride the contact between the Alto de la 

Blenda monzonite and an intrusion of andesite porphyry (Fig. A-19). The centre of the 

bajo is intruded by a srnall rhyodacite porphyiy stock, the northeast quadrant of which has 

undergone intense quartz-magnetite stockwork veining and replacement (Fig. A-20). 

Sulphides are not abundant but minor copper oxides are encountered dong the eastem 

margin of the rhyodacite stock. The centrai hills are surrounded by a low-lying zone, 

covered mainly by alluviurn and colluviurn. Several srnaIl dacite porphyry dykes are 

exposed in the bajo (Fig. A-21). Sillitoe (1973) reports potassic alteration of the central 

stock, but this is not observable in the field. Samples collected during 1993 from the 

central zone consisted largely of sheeted quartz-magnetite veins and veinlets, and staining 

studies by Bucci (1994) did not indicate the presence of potassium-feldspar. 



Figure A-19. 

Geology of the Bajo Las Pampitas prospect. 
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Figure A-20. 

Quartz-magnetite alteration at Bajo las Pampitas. A series 
o f  banded, mutualIy cross-cutting quartz-magnetite veins are 
seen intruding the central rhyodacite porphyry. Very fine 
magnetite veinlets appear to pre-date the quartz-magnetite 
veins. Pyrite veins cut the earlier magnetite-bearing veins. 





Figure A-21. 

Flow-banded dacite porphyry from the NW quadrant of the 
Bajo las Pampitas prospect. 





sirudure 

Bajo Las Pampitas is located within the NW-trending extensional corridor (Chapter 

2) which transects the Farallon Negro Volcanic Cornplex. The central rhyodacitic intrusion 

is elongated in a NE direction, whereas the dacite dykes strike NW-SE. Mapping of 

phyllic aiteration is impeded by colluvium, but it is assumed that the flat valley-floor 

represents more easily eroded material, possibly due to hydrothennal alteration. The valley 

is siightly elongated to the NE. 

Min eralization 

Bassi (1 987) provides the most extensive documentation of geochemical and drill- 

hoIe results, but it is not clear if this incorporates new analyses or is simply a re-iteration 

of previously existing data. 

Two drill-holes on the property have reported recoveries of only 15 - 20%. DDH 

1 is located to the NE of the centrai quartz-magnetite zone within the colluvium-covered 

area It is a 37 m hole that intersects 28 rn of oxidized rock followed by 9 m of hypogene 

mineralization consisting of pyrite and chalcopyrite. Minor coveliite is reported but it is 

not evident if this represents a hypogene or supergene phase. Average grades for the 

length of the hole are 0.02% Cu and 0.2 g/t Au, with restricted intervais with up to 0.5% 

Cu (Bassi, 1987). Sillitoe (1973) reports 0.01% Cu in argillized and some propylitically- 

altered andesite porphyry, and notes that oxidation extends to the bottom of the hole. 

DDH 2 is collared within the central silicified rhyodacite hills but to the SW of the 

outcropping zone of intense quartz-magnetite alteration. The 52 rn hole exposed 



chdcopyrite and Fe-oxides throughout. Malachite and azurite are reported from the first 

25 m and native gold was encountered at 30 m. Average grades are 0.13% Cu and 0.5 g/t 

Au (Bassi, 1987). Sillitoe (1973) reports 0.15% Cu, largely in oxidized material with 

minor malachite. 

Surface geochemistxy over an area of roughly 1 km2 delimits an anornalous zone, 

in the centrd quartz-magnetite zone, with 10 sarnples containing between 650 and 2 150 

ppm Cu. It is not clear whether other elements were analyzed. Weakly-anomaious values 

of 50-100 ppm Cu are encountered in the SW quadrant at the edge of the bajo. No 

regiond background vaiues'are given. Any anomalies that may exist in the flat area are 

probably masked by the colluvium. 

A geophysicai survey (P) was conducted over the central hills. Vein and veinlet 

mineralization is shown to continue to 250 m below the surface, with the possibility of 

disseminated mineralization at depth. Longer profiles were recommended to veri@ the 

extent at depth. 

Bajo La Chilca 

Location and Access 

Bajo La Chilca (Figs. A-1 and A-22), approximately 2 km south of the Farailon 

Negro mine-site, is accessible by a series of animal trails from the road leading to the 

slaughterhouse. 



Figure A-22. 

Bajo la Chilca. 

View to the west of the Bajo la Chilca prospect which is 
hosted by the largest body of La Chilca Andesite. The low, 
pale hills in the central valley are eroded into weakly- 
developed phyllic aiteration in the Andesite. A young 
andesite dyke underlies the low ridge to the right of the 
central valley and cuts across the alteration zone. The hills 
in the background (near horizon) are underlain by breccias 
and flows of the Main FaraIl6n Negro Stratovolcano. The 
Sierra de Hualfin forms the distant horizon. 





Previous Work 

No record of this prospect has been encountered in the literature. Mapping of the 

prospect was conducted by Mari Carrim (mine geologist at Farallon Negro until early- 

1994) for a seminan'o (undergraduate thesis) at the Universidad Nacional de Tucumin 

in the late 70's. No assays are available. 

Geological ReIationsJt ips 

Bajo La Chilca consists of a small porphyq centre hosted by a large andesite 

stock, the La Chilca Andesite, with a srnail centrai, E-W elongated, zone of potassically- 

altered dacite (?) bodies, interpreted to represent apophyses of a stock intruding the 

andesite. The zone of potassic alteration is surrounded by phyllically-altered andesites and 

a peripheral quartz-carbonate vein swarm (Fig. A-23). The quartz-magnetite alteration 

common to the other prospects in the region is absent at La Chilca This may be due to 

a higher level of exposure. The area is cut by at least three different stages of andesite 

dykes, two of which appear to be post-mineralization. Sulphides and copper oxides are 

sparse. 

Stru dure 

The bajo appears to be controlled by an E-W trending structure. The zone of 

potassic alteration is elongated E-W. The epithermal veins are located on the eastem and 

western rnargins of the bajo and also trend E-W. The northem and southem boundaries 

of the prospect are rnarked by high ridges of La Chilca andesites. 



Figure A-23. 

Quartz-carbonate epzthemr al veins al Bajo la Chika. 

A series of E-W-striking quartz-calcite epithermal veins 
crop out in the eastern and western quadrants of the Bajo la 
Chilca prospect. The veins exhibit multiple stages of fluid 
flow and brecciation of the host andesite, and well- 
developed banding; quartz crystals are cornrnonly observed 
lining open spaces. No sulphides or manganese-oxides were 
observed. 





Bajo Las Juntas 

Location and Access 

Bajo Las Juntas is located approximately 2 km west of the confluence of the Vis 

Vis and Jaci Yaco nvers (Fig. A-1). Access is by four wheel-drive vehicle south dong 

the Vis Vis river vailey and west dong the Jaci Yaco river valley to the mouth of 

Quebrada del Aguila. 

Rrevious Work 

Several unpublished Y.M.A.D. and Plan NOA reports exist on the area, but only 

an undergraduate thesis by Viruel (1973) and a compilation by Durand (1980) were 

accessible. 

Geologicol Relutionships 

The Bajo Las Juntas prospect is largely underlain by an irregular body of andesite 

porphyry, hosted by the Capillitas granite (Fig. A-24). It is very similar in field 

appearance to the Alto de la Blenda monzonite and the Bajo de San Lucas diorite. A 

dacite porphyry unit also crops out in the area, and it is assumed that this represents a 

subsequent intrusive stage that rnay have been responsible for the mineralization. The 

nature of the dacite porphyry is not clear frorn the reports. Durand (1980) refers to the 

intrusions as a sub-volcanic body of "andesitic-dacitic porphyry". Several later andesite 

dykes also transect the area, one of which yielded an age of 7.59 Ma. 

A sequence of andesite breccias crop out to the nonh of the prospect in the 



Figure A-24. 

Geology of the Bajo las Juntas prospect. 
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hanging-wall of the Jaci Yaco - El Tigre fault. Their exact relationship to the other units 

is unclear, but they are interpreted to represent erosional remnants of the southern 

extension of the Farallon Negro Volcanic Cornplex. 

Alteration is largely confined to the quebradas and appears to be lithologicalIy 

controlled (Fig. A-25). Potassic, silicic and minor quartz-rnagnetite alteration are 

developed in the andesite, whereas the Paleozoic granite is affected by phyllic and 

peripheral propylitic al teration. 

Min eralitation 

Abundant quartz-pyrite veins and veinlets occur in the granite, in association with 

zones of silicification. Jarosite and hematite are seen on surface, but no copper minerals 

were encountered during a bnef visit. 

Geochemical anomalies of 100 up to 200 ppm Cu, with localized Pb and Zn, are 

reported for exposures in Quebrada del Aguila Cu, Pb, Zn anomalies are also reported 

in Quebrada Los Amarillos. It does not appear that the samples were analyzed for gold. 

A 10 400 m dipole-dipole LP. survey with 100 m line spacing is noted by 

Chipulina and Conzalez (1983). They report a positive response in the central zone of 

alteration. On the bais of an unspecified geophysical survey, Bassi (1974; in Durand, 

1980) concluded that disseminated sulphides exist at depth, but the indicated zone does 

not coincide with the surface geochemical anomalies. 

Three exploratory drill-holes with depths of up to 200 m are recorded (Durand, 

1980). The results of the drilling program were not encouraging, the core revealing 



Figure A-25. 

Alteration facies of the Bajo las Juntas prospect. 
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propylitic alteration with little mineralization. The locations of the drill-holes are not 

indicated in Durand (1980), and therefore this information is difficult to evaluate. 

Bajo de  Tampa Tampa 

Location and Access 

Bajo de Tampa Tampa is located dong the Quebrada del Agua Durazno, 

approximately 2.5-3 km south of Bajo el Duramo (Fig. A-1). It could be reached in 1993 

and 1994 by driving south along the quebrada from Bajo el Durazno, or by a trunk road 

that bears south from the Duramo access road; construction of the Bajo de la Alumbrera 

mine facilities may have affected the access. 

Previous Work 

Guerrero and Lavandaio (1969) reported on this prospect for Y.M.A.D. Surface 

geochemistry conducted over the prospect was discouraging. Samples were analyzed for 

Cu, Pb and Mo. One shallow hole was drilled on one of the outcrops (the collar is easily 

located in the field). The results of drilling were also discouraging. 

Geological Re futionslt ips 

The Bajo de Tampa Tampa prospect consists of a small group of outcrops in 

Quebrada Agua del Durazno. The area lies on the western edge of a large alluvial fan 

draining the S W slopes of the Sierra del Durazno. The area is covered by alluvium and 

aeolian deposits, and exposure is poor. 



The outcrops consist of bleached dacitic intrusive rocks in an andesite breccia host. 

The dacite is cut by scarce chalcedonic quartz veinlets and exhibits weak argillic 

alteration, minor gypsum veinlets and minor limonite along fracture surfaces. Dacite with 

similar alteration crops out 2-3 km further south dong the quebrada. 

Bajo del Espanto 

Location and Access 

Bajo del Espanto is located approximately 2.5 km south of Bajo de la Alumbrera 

(Fig. A-1). Access is difficult but, the prospect may be reached by climbing the high 

ndges to the south of Bajo de la Alumbrera and following a narrow, steep-walled 

quebrada down into the bajo. This quebrada is characterized b y  nurnerous 5-10 m high 

salros (cliffs). An alternative access route may be from the south, ascending from 

Quebrada de San Buenaventura. 

Revious Work 

Guerrero and Lavandaio (1969) described this prospect for Y.M.A.D. They report 

a large NW-trending fault in the area. Small fracture zones within the iarger structure 

contain quartz, pyrite, abundant gypsurn and lirnonite in a bleached host. Assays from 

these zones are veiy variable, attaining 435 pprn Cu and 630 ppm Pb, with no significant 

Mo. 



Geological Relaîionslr ips 

Bajo dei Espanto is nucleated by a dacite intrusive body hosted by andesite 

breccias and flows. n i e  breccias contain numerous clasts of basement Iithologies. The 

intrusive contact is locally marked by a narrow (10 cm) chilled margin. The host-rocks 

appear relatively unaltered. 1 encountered no sulphides, alteration or evidence of 

mineralization dunng a rapid traverse of the area The fault zone described by Guerrero 

and Lavandaio (1969) was not observed, but it may lie to the West of the area traversed. 

Structure 

Bajo del Espanto lies within the NW-trending extensional corridor that transects 

the Farallon Negro Volcanic Complex and appears to control the location of other 

deposits in the area. It is a circulas feature, but its classification as a bajo is perhaps not 

justified. It is bounded to the north and east by high ridges, but the south and West 

boundaries are less defined (Fig. A-26). It also lacks the low-lying weathering and 

alteration zones typical of the other bajos in the district. 

Bajo de los Jejenes 

Location and Access 

Bajo de los Jejenes is located approximately 6 km southwest of Bajo de la 

Alumbrera (Fig. A-1), on the north dope of Quebrada de San Buenaventura, 

approximately 6.5 km West of its junction with the Vis Vis valley. It can be reached by 



Figure A-26. 

Bajo del Espanto 

View to the southeast towards Bajo del Espanto. The area 
of the reported hydrothermal alteration and "bajo" is in the 
vicinity of the grey-green ridge on the left which is 
underlain by a body of Agira Tapuda Docile. A light- 
coloured dacite dyke, classified by Llambias as belonging 
to the Macho Mzrerro Daciie lithodeme, can be traced, dong 
an irregular path, into the "bajo". It intrudes flows and 
breccias of the Medial Volcaniclastic Facies. The Sierra de 
Ovejeria forms the ridge in the near distance. 





dnving West dong Quebrada de San Buenaventura. 

Prewious Work 

Guerrero and Lavandaio (1969) documented this prospect for Y.M.A.D. A more 

detailed study was undertaken by Toselli and Durand (1974), the results of which are 

summarized by Durand (1980). 

Geological Relat f imslr ips 

The prospect consists of a zone of propylitic alteration, in upwarped strata of 

andesite breccia in the footwall of the San Buenaventura Fault (Fig. A-27). Durand (1980) 

reports very restricted areas of phyllic and silicic alteration. No intrusive units appear to 

be associated with the alteration, although there are several narrow, relatively fresh, 

andesitic dykes in the area. 

Strucf ure 

Guerrero and Lavandaio (1969) report small zones of intense fracturing with 

limonite staining and quartz veinlets, and rninor NW-trending fault zones also hosting 

quartz veins. The bajo is located just to the West of the southern continuation of the NW- 

trending extensional corridor. The morphology of the prospect area does not justiS 

classification as a bajo. 



Figure A-27. 

Geology of the Bajo los Jejenes prospect. 
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Min eraliation 

Rare pyrite is encountered in the area. A geochemical survey of 104 rock-samples 

(Toselli and Durand, 1974) revealed no significant Cu, Pb, Zn or Mo anomalies. 



APPENDIX B. 

W hole-Rock Geochemical Data for Igneous Rocks 
of the Farailon Negro Volcanic Cornplex. 



Table 5-1. 

Sample locations. 





* Nok: FAR - Farallon Negro Rcgioiial 
BLA - Bajo de Ia Alunibrcra 
BAT - Bajo de Agua Tapada 
BLC - Bajo la Cliilca 
BSL - Bajo dc San Lucas 
BLJ - Bajo las Juiitas 
CAT - Cerro Atajo 
CAP - Capillitas 
MIV - Mi Vida/ Agua Rrca 
VISVIS - Vis Vis rireri 
VIL Villa Vil 



Figure 1. 

Locations of geochemical samples analyzed 
in this study. 





Table B-2. 

Whole-rock geochemical analyses generated by this study 
listed in order of increasing sample number. 



ELEMENT FAR 20 1 FAR 203 FAR 204 FAR 205 FAR 206 FAR 207 FAR 2 15 

Si02 
Ti02 
AI205 
Fe203 
Mn0  
M g 0  
Ca0 
Na20 
K20 
P 2 0 5  
LOI 

SUM 99.58 99.84 99.75 99.67 99.17 100.06 

FcO - 2.1 1 . M  0.34 1.1 2.02 3-64 



ELEMENT FAR 2 16 FAR 2 18 FAR 2 19 FAR 220 FAR 222 FAR 22-1 FAR 229 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0  
Ca0 
Na20 
K20 
P205 
LOI 



- - - - - -- 

ELEMENT FAR 238 FAR 244 FAR 254 FAR 262 FAR 267 FAR 269 FAR 27 1 

Si02 63.57 6 1.45 56.37 6 1 .O6 57.48 70.87 
O. 18 

14.57 
1.99 
0.03 
0.3 1 
1.55 
2.72 
3.9 1 

P205 0 2 0  0.4 1 U.42 0.38 0-4 0.03 
LOI 2.9 3.4 3 3-3  3.3 3.7 

SUM 99.72 99.75 00.33 99-42 99.73 99.86 99.65 



ELEMENT FAR 28 1 FAR 25-1 FAR 285 FAR 287 FAR 288 FAR 295 FAR 296 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0 
Na20 
K2O 
P205 
LOI 

S U M  99.9 99.67 99.34 99.88 99.8 99.8 99.52 



- - -- 

ELEMENT FAR 297 FAR 299 FAR 302 FAR 308 FAR 309 FAR 3 I O  FAR 3 1 1 

Si02 
Ti03 
A1203 
Fe203 
iMnO 
Mg0 
Ca0 
Na20 
KZO 
P205 
LOI 



- -- - -  

ELEMENT FAR 3 12 FAR 3 16 FAR 3 18 FAR 337 

Si02 
T i 0 2  
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
Pz05 
LOI 

SUM 99.49 99.4 99.63 99.84 

Fe0 0.7 0.32 f -82 0.28 



Table B-3. 

Trace and REE element analyses generated by this study 
listed in order of increasing sample number. 



ELEMENT L M T  OF FAR201 FAR203 FAR204 FAR205 FAR207 
DETECTION 

Li 
Rb 
Sr 
Y 
Zr 
Nb 
Mo 
Cs 
Ba 
Ho 
Er 
Tni 
Yb 
Lu 
Hf' 
Ta 
Tl 
Pb 
La 
Cc 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Bi 
Th 
u 



ELEMENT LlMlT OF FAR216 F M 2 9  FAR238 FAR244 F m 7 1  
DETECTION 

Li 
Rb 
Sr 
Y 
Zr 
Nb 
Mo 
Cs 
Ba 
Ho 
Er 
Tni 
'r'b 
Lu 
Wf 
Tri 
Tl 
Pb 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Bi 
Th 
U 



ELEblENT LIMITOF FAR384 FARZSS FAR296 FAR299 FAR311 
DETECTION 



Table B-4. 

Whole-rock geochemical analyses 
listed by rock type. 

(inciudes data from: Dostal et al. (1977); Caelles (1979); 
Allison ( i  986); and, Kay et al. (1988) and this study). 



Whole-Rock Composition - Absarokites and Shoshonites 

- - - -- - - 

ELEMENT IC-30 D-A AA-5 AA-l FAR 203 FAR 296 FJ2 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0 
Na20 
K 2 0  
Pz05 
LOI 



Whole Rock Composition - Bannkites 

ELEMEN AA-O AA-7 AA-11 AA-2 IC-193 FAR 206 IC-46 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
1MgO 
Ca0 
Na20 
K20 
P205 
LOI 



Whole Rock Composition - Banakites and Eligh-K Dacites 

- - -  

ELEMEN FAR299 FAR 302 AA-15 AA-1G FAR205 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
P205 
LOI 

S U M  100.45 99.S 99.01 101.37 99.75 



Whole Rock Composition - Alkali-Olivine Basalt 

ELEMEN JC-NA 

Si02 
Ti02 
Ai203 
Fe203 
m o  
Mg0 
Ca0 
Na20 
K20 
PZ05 
LOI 



Whole-Rock Composition - Volcaiiic Basalts 

ELEMENT FAR 222 FAR 308 JC-34C AA-1 FAR 207 FAR 219 FAR 271 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0 
Na20 
K20 
P205 
LOI 



Whole-Rock Composition - Volcanic Basaltic Andesites 

ELEMENT FAR 201 JC-95 FAR 3 11 JC-76B FAR 204 FAR 337 FAR 309 

Si02 
Ti02 
Al205 
Fe203 
Mn0 
M g 0  
Ca0 
Na20 
K2O 
P205 
LOI 



Whole-Rock Composition - Volcanic Basaltic Andesites 

ELEMENT FAR 285 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0 
Na20 
K 2 0  
PZ05 
LOI 



Whole Rock Composition - Volcanic Andesites 

ELEMENT JC-194 AA-3 FAR312 D-B JC-33 JC-222 FAR 284 

Si02 
Ti02 
Ai203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
Pz05 
LOI 

3 - 
3 3 0  94s 

4 
44 130 

GOG 690 
16 

120 2 10 
14 

o. 4 
6 

10 
7 

62 



Whole Rock Composition - Volcanic Dacite 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0 
Na20 
K 2 0  
Pz05 
LOI 



Whole-Rock Composition - Intrusive Basalts 

ELEMENT FAR216 FAR218 FAR254 



Whole-Rock Composition - Intrusive Andesites 

ELEMENT FAR 2 t5 AA-Il FJ3 FAR 267 AA-IO FAR 224 AA-8 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K10 
P205 
LOI 



WhoIe-Rock Composition - Intrusive Andesites 

- - -  - 

ELEbENT FAR 229 FAR262 FAR295 FAR244 AA-6 AA-12 FAR 297 

S i02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K2O 
Pz05 
LOI 



Whole+Rock Composition - Intrusive Andesites 

ELEMENT AA-1-C AA-13 FAR 220 

Si02 
Ti02 
Ai203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K 2 0  
P205 
LOI 



Whole-Rock Composition - Intrusive Dacites and Rhyolites 

ELEMENT FAR 238 F M 3 1 8  FAR 288 FAR 287 FAR269 FAR281 FAR316 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0  
Ca0 
Na20 
K20 
P205 
LOI 



APPENDIX C. 

CIPW Noi-ms for Igneous Rocks of the 
Fai-allh Negro Volcanic Cornplex. 



CIPW Norms for rocks from the Farallon Negro Volcanic 
Complex (includes data from: Dostal et al. (1977); Caelles 
(1979); Allison (1986); and, Kay et al. (1988) and this 
study). Abbreviations are: Qtz = quartz, Cor = Corundum, 
Zr = Zircon, Or = Orthoclase, Ab = Albite, An = Anorthite, 
Ne = Nepheline, Di = Diopside, WO = Wollastonite, Hy = 
Hypersthene, 01 = Olivine, Mt = Magnetite, Chm = 
Chromite, Hm = Hematite, Il = Ilmentite, Tn = Titanite, Ru 
= Rutile, Ap = Apatite, A/CM< = molecular Al,O, / Cao + 
N a 0  + K20. 



MINERAL FAR 20 1 FAR 203 FAR ZU4 FAR 205 FAR 206 FAR 207 FAR 2 15 

Qu 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
Wo 
H!. 
01 
Mt 
C lini 
W m 
I I  
Tii 
Rit 

AP 
A K N K  

MINEML FAR 216 FAR ? ! Y  FAR 219 FAR220 FAR 222 FAR 224 FAR229 

Qtz 
Cor 
Zr 
Or 
Al 
Ali 
Nc 
Di 
Wo 
H> 
O 1 
Ml 
Ctini 
Htii 
I I  
Tii 
Ru 
AP 
N C N K  



MINERAL FAR 238 Fm 244 FAR254 FAR262 FAR 267 FAR 269 FAR271 

Qu 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
Wo 
H y 
O 1 
Mt 
Chni 
Hm 
I l  
Tn 
Ru 
*P 
NCNK 

MINERAL FAR 251 FAR 2x4 FAR 235 FAR 287 FAR 288 FAR 295 FAR 296 

Q tz 
Cor 
Zr 
Or 
Al 
An 
Nc 
Di 
Wo 
H y 
0 1 
Mt 
Chm 
Hnt 
1 I 
Tn 
Ri1 

A P 
NCNK 



- - 

MINERAL FAR 297 FAR299 FAR302 FAR308 FAR309 FAR 310 FAR 311 

Qtz 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
'.vo 
H'. 
01 
M t  
C hm 
Hn1 
Il  
Tn 
Ru 
4' 
AKNK 

- - 

M I N E R U  FAR312 FAR316 FARSIY FAR337 D-A D-B D-C 

Qtz 
Cor 
Zr 
Or 
Al 
An 
Nc 
Di 
w o  
H y 
O1 
bit 
C hni 
H ni 
Il 
Tn 
Ru 

69.2 1 
S. 19 
0.0 1 

16.60 
0.25 
0.7 1 
0.00 
0.00 
0.00 
0.85 
0.00 
O.% 
0.00 
il. 14 
0.42 
0.00 
0.00 
0.02 
3.45 



QQ 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
wo 
H y 
O1 
hl t 
Chni 
Hm 
Il 
Tn 
Ru 

AP 
.;VCNK 

Qtz 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
Wo 
H y 
01 
hl t 
Ch 111 
H ni 
I I  
Tn 
Ru 
A P 
N C N K  



Qtz 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
cvo 
Hu 
O1 
Mt 
Chni 
Hm 
II 
Tn 
Ru 
AP 
A / C M  

Qtz 
Cor 
Zr 
Or 
Al 
An 
Ne 
Di 
Wo 
HY 
01 
Mt 
Chni 
Hni 
I I  
Tn 
Ru 
A P 
AKNK 



APPENDIX D. 

Du plicate W hole-Rock Analyses. 



Table D-1. 

Duplicate sarnple analyses for Farallon Negro samples. 



ELEMENT FAR220 FAR220 MEAN STD DEV 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
M g 0  
Ca0 
Na20 
K20 
P205 
LOI 



ELEMENT FAR302 FAR 302 MEAN STD DEV 

Si02 
Ti02 
Ai203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
P205 
LOI 



- - - - -  

ELEMENT FAR337 FAR337 MEAN STD DEV 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
P205 
LOI 



ELEMENT FAR201 FAR201 MEAN STD DEV 



Table D-2. 

Duplicate sample analyses for standards. 





APPENDIX E. 

Published Whole-Rock Geochemistiy foi* rocks of 
the Fai*aIlh Negro Volcariic Corn plex. 



Table E-1. 

Whole-rock geochemical data from Dostal et al. (1977) 



ELEMENT D-A D-B D-C DZ-14 DZ-15 DZ-16 DZ-17 



Table E-2. 

Whole-rock geochemical data from Caeltes ( 1979). 



- - - - - - - 

ELEMENT JC-30 IC-33 IC-34A JC-34C JC-16 JC-76B JC-95 JC-193 

ELEMENT JC- 194 JC-222 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
M g 0  
Ca0 
Na20 
K20 
P205 
LOI 



Table E-3. 

Whole-rock geochemical data from Allison (1 986). 



- 

ELEMENT 1 2 3 4 5 6 7 8 

Si02 
Ti02 
A1203 
Fe203 
Mn0  
Mg0 
Ca0 
Na20 
K20 
P205 
LOI 

SUM 95.82 95.25 96.30 100.01 100.21 100.30 97.44 94.92 

-- - 

ELEMENT 9 10 1 1  12 13 14 15 16 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0  
Na20 
K20 
P205 
LOI 

Fe0 1.80 1-80 1.80 



Table E-4. 

Whole-rock geochemical data from Kay et al. (1988). 





APPENDIX F. 

Petrography of Selected Samples from the 
Farall6n Negro Volcanic Complex 

listed by rock type. 



Mineratogy - Volcanic units - Shoshonitic Series 

FAR 203 FAR 296 FAR 206 FAR 299 FAR 302 

PHENOCRYSTS 
Clinopyrosene not obsenred colorless not obsewed not obsewed not obsen-ed 

i rregular 

Orthopyrosenc green, altered not observed iio t observed not observed not obsen7cd 

Plagioclase abundant twinned tw i med tnïnned euhedral 
twvinned. zoned zoned zoned zoned twinned. zoncd 
An 1 7-An32 An32-AnG5 An 17-An55 An3 1-An60 An I 1-An40 

Hornblende rirnmed by bronrn pieic. not obsemed green, hotlou. green 
opacite eutiedral euhedra1 eu hedral 

Biotite rare not obsen-ed cuhcdral cuhedral rare. euh 
fresh alt. to chl. 

Quartz no t obsemcd not obsenScd b rokcn not obsemd rounded 
cnstals and resor bed 
rounded grains 

Apatite browvn plicnos micro- prcscn t prcscnt rare 
and green rod- phcnocqsts 
shapcd inci. in 
plag and ops 

Osides ningnetitc prcscnt not obscnrcd present magncti te 

O t hcr puniice rare titaniie 

ROCK-TYPE 
porphyri tic porpliyriiic plag-bio porphyritic plag-hbl 
plag-hbl plag-hbl banalcitic plag-bio banakite 
shoshoni te slioslioiii tc tuff banakite 



Mineralogy - Volcanic units - Shoshonitic Series 

FAR 205 

PHENOCRYSTS 
CIinopyrosene not obsemed 

Orthopyrosene not obsemed 

Plagioclase eu hedral 
tninned. zoned 
An t 7-An40 

Hornblende 

Biotite 

Quartz 

Osides 

not obsened 

eu hedral 
not abundant 

not obsenecd 

Othcr 

ROCK-TYPE 
plag-bio 
\-CF high-K 
daci tc 



Mineralogy - Volcanic Units - Basalts 
- -  - - 

FAR 207 FAR 219 FAR 222 FAR 271 

PHENOCRYSTS 
- - - 

Cl inopyrosene twinned ? 
hourgtass 

Onhopj-rosene not obsewed not obsemed 

Plagioclase iwinned, zoned al tered 
An22-An56 to sericite 

Hornblende green ) 

euh, twinned 

Biotite rare. rims al tered 
d t .  [O osides 

Quartz not obsen-ed not obsened 

Apati~e micro- no t O bse wed 
plienocrysts 

Osides presçnt nbundant 
v.f. grained 

twinned 
zoned 

not obsewed 

twinned, zoned 
An 17-An62 

not obsen-ed 

not obsewed 

not obsemed 

micro- 
plienoc~sts 

prescn t 

not obsenled 

in groundrnass 

brown, euh. 
opacite rims 

not obsenrcd 

minor 
roundcd 

micro- 
phcnocqsts 

fine graincd 
in  matris 

nicd. grai ned altered microcrystalline altered 
feld-niafics fe1d-rntclil feld-pys-osides 

ROCK-TYPE 
plag-pys al tercd plag-pys mod. altcred 
basah plag-bio basal t hbl 

basal t basal t 



Mineralogy - Volcanic Units - Basalts 

PHENOCRYSTS 
Clinopyrosene zoned 

glomerop heres 

Orthopyrosene 

Plagioclase 

Hornblende 

Biotite 

Quartz 

Apa tite 

Osides 

irr. shaped 

in groundmass 

not obsenred 

in groundrnass 

prcscn t 

coarse 
plicno. phases 
poss. alk. fcld. 

ROCK-TYPE 
two pxrosenc 
basait 



Mineralogy - Volcanic Units - Basaliic Aiidesites 

FAR 201 FAR 204 FAR 285 FAR 309 

PHENOCRYSTS 
Clinopyrosene zoned 

Plagiodase altered 
large phenos 
microp henos 

Homblende altered 
opacite 

Biotite not obsen-ed 

Quartz not obsened 

Apa ti te prcscnt 

Osides in niatris 

Othcr 

twinned, zoned 
An 1 7-An66 

green 
opaci te ri 111s 

not obsened 

iiot obsen-cd 

nbundani 

prcscnt 

rare 

fresh stal fmg. 
aft. euh. staIs 
An 1 8-An50 

brown, euh. 
opacitc rims 

abundant 

prescnt 

alk. feld. phenos 

not obscnred 

twinned, zoned 

not obsewed 

fres h 
euhedral 

rounded 
resorbed 

not obsentd 

present 

pumice 

tracliytic glas? fine grained glassy 
feld wk. trachytic devitrified 

fc 1 d-os-ap 

ROCK-TYPE 
liblcps Iibl-plag plag-1161 bio 
bas-a ndcsi tc bas-aiidcsitc bas-a iidesi te bas-andesi tic 

tuff 



Mineralogy - Volcanic Units - Basaltic Andesites 

FAR311 FAR 337 

PHENOCRYSTS 
Clinopyrosene subangular not observed 

Plagioclase t~kinned. zoned altercd 
glomeropheric 
An36-An68 

Hornblende 

Riotite 

Apatitc 

brown. euh. rel ici 
opacite rims altered 

not obsenzd not obsen-ed 

not o b s c ~ c d  not obscn-cd 

prescnt 

present 

prcscii t 

prescnt 

MATRLY 
glass\. alicrcd 
feld 

ROCK-TYPE 
plag-libl alîcred 
bas-andcsitc plag-libl 

bas-andcsi tc 



Mineralogy - Volcanic Units - Andesites and Dacite 

FAR 284 FAR 3 12 FAR 310 

PHENOCRYSTS 
P Iagioclase fragments euh. and broken euhedral 

twinned. zoned twimed. zoned twinned. zoned 
An 17-An46 sie1.e test. glomeropheric 

An 17-AnlU An 1 L -An58 

Hornblende green not obsen-ed 
euhedral 

not obsemcd 

Biotite fresh fresli fresh 
cu hedral euhcdral eu hedra 1 

sub-rounded rounded 
resorbcd 

Apatitc not obscn-cd prcseiir 

Osides prcsent no[ obscnved 

Otiier pumicc puniicc 
lithic frag. titanitc 

not obsented 

present 

present 

g lassy glas? 
dcvi tri ficd 

ROCK-TYPE 
IibI-bio bio porphyritic 
andcsi tic andcsit ic 
tufi LUK 

plag-bio 
daci te 



Mineralogy - Eypabyssal Intrusives - Basaitic Andesites 

FAR 216 FAR 218 FAR 254 

PHENOCRYSTS 
Clinopyrosene twinned not obsened twinned 

glomeropheric 

Orthopyrosene not obsen8ed not obsened not obsenred 

PIagioclase in groundmass twinned. zoned aitered 
alt. to sericite 

Hornblende subhedral ? alt. to ch1 
and osides 

Biotitc niinor not obsewcd not obsened 

Quartz notobscnled notobscn.ed not obsenrcd 

Apatitc abundant not observcd present 

Osides magncti tc prcsen t prcscnt 

MATRIX 
nicd. graincd finc grainncd mcd. grained 
plag-aik. feId altcrcd alicred 

Md. 

ROCK-TYPE 
hbl a 1 tercd fcld-hbl 
bas-andesite porpliyritic bas-andcsi te 

bas-andcsirc dikc 



Mineralogy - Hypabyssal Intrusives - Andesites 

FAR 215 FAR 220 FAR 224 FAR 229 FAR 2-44 

PHENOCRYSTS 
Clinopyrosene not obsened no t obsen-ed al tered not observed not obscrved 

Orthopyrosene not observed not obsenred not obsewed not observed not observed 

Plagioctase An-35-An65 altered twinned. zoned twinned, zoned twinned. zoned 
An 1341153 An 17-An6 1 glorneropheric 

An12-An32 

Hornblende 

Biotitc 

Quartz: 

not obsened browii irregular euhedral euhedral 
relict wk. aitercd wk. altcred 

irregular relict relict? rare srnaII 
aItercd 

not obscmed sub-rounded not obsen-ed not obscn-cd resorbed 
large 

Apati te abundant not obscn!cd prcscnt prcsent abundant 

Osides niagnetite prescnt prcscnt prescnt prescn t 

Othcr alk. feld. titanite 

MATRLY 
equigranular al tered altered very fine fine grained 
tracliytic feld feld-qtz grained var. altcrcd 

ROCK-TYPE 
cquigrrinular altered mod. altered plag-hbl plW¶tz 
bio phg-libl-bio plag-bio andcsitc andesi te 
andcsitc nndesiic andesite porphyy porpliyn 

porpliyn porpiiyry 



Mineralogy - Hypabyssal intrusives - Andesites 

FAR 262 FAR 267 FAR 295 FAR 297 

PEENOCRYSTS 
Clinopyrosene not obsen-ed minor not observed not obsemd 

Ortho pyroxene green not observed one grain not observed 
twimed, zoned 

Plagioclase twinned. zoned twinned. zoned twinned, zoned altered 
glonieropheric euhedral g1omeropheric 
An28-An55 An22-An-IO An32-An45 

Hornblende 

Biotite 

Quartz 

green green green green 
euhedral euhedral rsn. rims 

fresli 

rcsorbcd 

poss. fres h 
rccnstal lizcd 

rounded rounded not obsenred 
rcrsorbed resorbed 

Apa ti te prcscn t prcscnt prcscnt present 

Osides prcsc~it p rcscii t prcscnt present 

Other titnnitc tiianitc 

MATRUC 
\S. fine grâincd fine grained fine grained fine grained 
feld fcldqtz feld-os-ap feld 

ROCK-TYPE 
plag-bio plag-hbl plag-w plag-bio 
andesi tc andesi te a ndesi tc andesi te 
PO di'. T porpliyn PQ r ~ h  T POV~YV 



Mineralogy - Hypa byssal In trusives - Dacites 

FAR 238 FAR 287 FAR 288 FAR 318 

PEENOCRYSTS 
Clinopyrosene not obsened not obsen-ed minor not obsewed 

PlagiocIase twinned. zoned twinned. zoned t \ v i ~ e d ,  zoned var. altercd 
euhedral glomeropheric glomeropheric An 16-An38 
An25-An54 An 16-An36 

Hornblende relict minor brown relict 
euhedral 

Biotite euliedrd euhcdral fres h altered 
euhedral 

Quartz rounded rounded rounded rounded 
resorbed resorbed niinor resob. resorbed 

Apatite prcscnt prcscnt abundant present 

Osides prcsent 111 i no r prcsent present 

Othcr niinor titanite iitanitc titanite 

MATRLY 
\.. fine graincd dcvitrificd glassy fine grained 
fcldqtz fcld-ap altercd 

ROCK-TYPE 
plag-hbl ~ l a H t z  P ~ - W  altercd 
dacile dacitc dacitc plag-bio 
porpliyry porphyq porphyy dacite 

porphvr~. 



Mineralogy - Rhyolites 

FAR 269 FAR 281 FAR 316 

PfIENOCRYSTS 
Plagiodase altered sieve al tered 

test ure 

Quartz minor rounded rounded 
resorbed resorbed 

Apa ti te minor 

cypto- cnpto- firic-10-med. 
crptalline cn.stalli~ie grairicd 

q tz-fcl d 

ROCK-TYPE 
altercd riiyolitc a1 tcrcd 
rhyolitc porpfij~y rh~olitc 
porpliyry porpli!.~. 



APPENDIS G .  

Pubiished Whole-Rock ~~~~~~~~~~~~y from the 
Andean Shoshonite Suites. 



Table C-1. 

Whole-rock geochemical data for Pocho 
from Kay and GordilIo, 1994. 



TOTAL 97.3 1 99.1 1 98.96 100.25 100.1 1 99.68 99.93 



ELEMENT CB3 CC3 

TOTAL 99.92 99.96 



Table G-2. 

Whole-rock geochernical data for San Geronimo 
from Deruelle, 1991 (sample numbers beginning with N), 

Schreiber and Schwab, 199 1 (sample numbers beginning with SS), 
and Kay cf al., 1994 (sample 5525). 



ELEMENT SI25 SS2 SS3 SS4 SSS SS6 SS7 

Si02 
Ti02 
A1203 
Fe203 
Fe0 
Mn0 
brgo 
Ca0 
Na20 
K20 
P205 
LOI 

TOTAL 99.42 99.85 99.83 99-58 99.47 99.93 99.75 



Si02 
Ti02 
A1203 
Fe203 
Fe0 
Mn0  
Mg0  
Ca0 
Na20 
K2O 
P205 
LOI 

TOTAL 98.92 98-33 99.05 S .  100.06 99.52 99.6 



Table G-3. 

Whole-rock geochemical data for Chorillos 
from DerueIle, 1991 (sample numbers beginning with N), 

Schreiber and Schwab, 199 1 (sample nurnbers beginning with SS), 
and Kay ef ai., L 994 (samples P24-4, Tl 43, and T20). 



ELEEVENT PZ44 T 143 T20 SS 1 N16X N16W NlGY 

Si02 
Ti02 
A1203 
Fe203 
Fe0 
M n 0  
M g 0  
Ca0 
Na20 
K 2 0  
P205 
LOI 

TOTAL 98. 15 99.9 98.75 100.14 99.25 99.5 99.25 



Table G-4. 

Whole-rock çeochernical data for La Poma 
from Kay et al., 1994. 



ELEMENT LPL99 LP36 PU 16 

TOTAL 98.46 98.3 99.3 

La 
Ce 
Nd 
Sni 
Eu 
Tb 
Yb 
Lu 
Rb 
Sr 
Ba 
Cs 
U 
Th 
Hf 
Ta 
Sc 
Cr 
Ni 
Co 



Table G-5. 

Whole-rock geochemical data for Picotani 
from Sandeman, 1995. 



ELEMENT MAC- 19 MAC-20 MAC-2 1 MAC- 13 5 

Si02 
Ti02 
Ai203 
Fe203 
Fe0 
Mn0 
M g 0  
C a 0  
Na20 
K 2 0  
P205 
LOI 

TOTAL 101.76 101.12 101.23' 99.52 

Cr 222 169 247 4 12 
Ni 2 3 28 30 41 
Sc 22 
Cs 34 26 84 
Co 2 9 
Pb 4 3 27 19 
Sn 
V 14 1 1 I G  144 9 7 
Ga 2 4 3 4 3 1 2 9 
Cu 10 
Ba 8 13 900 446 1673 
Rb 167 228 137 223 
Sr 278 422 255 4 48 
Y 2 3 2 8 17 17 
Zr 138 197 145 311 
Nb 2 5 2 2 1 O 1 O 

Tli 18.9 9.9 30.9 
U 9.2 6.3 5.6 
Ta 2.8 3.5 1.1 
Kf 4 3.4 1 0 
La 45.78 23.71 59.3 
Cc 94.G-l 51.16 1 17.3 
Pr 10.8 6.06 
Nd 40.13 23.39 5J.G 
S ni 6 -96  4.8 1 8.9 
Eu 1 .48 1.2 1.97 
Gd 5-5  4.8 
Tb 0.63 0.6 1 0.87 
Dy 3.33 3.94 
Ho O.GG O .  77 
Er 1-86 2.2 
Tni 0.26 0.33 
Yb 1.73 2.05 2.25 
Lu 0.24 0.32 0.38 

727 



Table G-6. 

Whole-rock geochemical data for Cerro Moromoroni 
from Kontak et al., 1986. 



- - - - -- -- 

ELEMENT MOR22 MOR35 MOR.32 MOR33 MOR34 MOR38 MOR39A 



ELEMENT MOR4O MOR41 

Total 97.6 1 98.5 1 



Table G-7. 

Whole-rock geochemical data for Tacaza 
from Wasteneys, 1990. 



ELEMENT %ARE 195 BARB382 BARBJ 17 BARBU6 BARB198 BAR8221 BARB3 13 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
P205 
LOI 

Total 98.05 09.69 99 100.27 99.43 98.17- - - - - -  9 8 . 6 i  



- - - - - - - 

ELEMENT BARI3324 BARB326 BARI3380 BARI34 19 BARB 1 17 BARB393 BAR8386 

Si02 
Ti02 
A1203 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K 2 0  
P205 
LOI 

Total 100.55 99.96 9 . 1  101.01 98.33 99.14 99.14 



Table G-8. 

Whole-rock geochemical data for SW Bolivia 
from Kussrnaui er of., 1977. 



ELEMENT SWB-L4 SWB-L5 SWBL6 SWB-L7 SWB-LS SLW-L9 S WB-L I O  

Total 99.66 100 99.79 99.74 99.93 99.64 100.02 



Table G-9. 

Whole-rock geochemical data for the Abaroa Fm., BoIivia 
from Jiménez et al., 1993a. 



Si02 
Ti02 
Ai203 
Fe203 
bln0 
Mg0 
Ca0 
Na20 
K20 
P203 
LOI 



Table G-10. 

Whole-rock geochernical data for the Sillapaca Group, 
southern Peru from Aramaki er al., 1984 (sampIe numbers 
prefixed by PUNO) and France, 1985 (sample numbers 

prefixed by S). 



ELEMENT S5O S5 1 S60 PüN04-l PUNO45 PUNO46 PLTNû47 

S i02 
Ti02 
A1203 
Fe0 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
PZ05 
LOI 

TOTAL 100.23 98.33 99.25 



ELEMENT PUNO18 PUNO39 

TOTAL 



Table G-11. 

Whole-rock geochemical data for the 1 1  Ma shoshonites 
from France, 1985. 



Si02 
Ti02 
A1203 
Fe0 
Fe203 
Mn0 
Mg0 
Ca0 
Na20 
K20 
PZ05 
LOI 

- - 

TOTAL 100.48 98.9 



Table G-12. 

Whole-rock geochemical data for the Linga Group, Peruvian 
coastal batholith, from LeBel et ai., 1985. 



- - -- -- 

ELEMENT BLBSO BLB48 BLB37 BLB47 BLB45 

Si02 
Ti02 
A1203 
Fe203 
M n 0  
Mg0 
Ca0 
Na20 
K20 
Pz05 
F.L. 

TOTAL 100.22 99.75 99.19 100.24 99.17 

La 
Ce 
Nd 
Sn? 
Eu 
Gd 
Tb 
Tni 
Yb 
Lu 
Rb 
Sr 
Ba 
Cs 
U 
Th 
Hf 
Ta 
Sc 
Cr 
Ni 
Co 
Zr 
v 
Cu 
Zn 



APPENDU H. 

40~r/3grir laser microprobe geochronological data. 



FAR-2 Biotite (45-120 mesh) 

'Ic 1 urne 3 9Ar : 6 3 . 5 4  x 1E-LG cnj :if? iipprox. 9 . 1 5 4  K 
Intograted Age: 6.60 t 9.17 Xa 1.954 Ca 

Initiai 43/36: 2 7 7 . 3 3  t 1 6 - 5 6  (ushi - i . 3 3 ,  isochron betweon 0 . 5 9  anC 2 . 4 1 )  
CorreLation Age: 7 - 3 6  r 0.2? Ha L:Oü-31 û f  39Ar, sceps marked by >) 

Plateau Agt: 7.10 f 0.13 Ha ( 93.58 of 39Ar, stops e e d  by <) 

7000 0.003t1638:0.0~~017391 5.051303:0.00025i 0.001 C . 2 5  94-76 :.2v 
50.34 30.94 

a.971:o.oe2 4.rk4.20 
d o 0 0  0.00173832 0.0CC0OOOO 0.203203 0.0OOCCO 0.002 0 . 2 5  1-67? 0.054 7.00 0.22 

300 0.00333030 O-COCOOJOO 0.042360 O.GOOOC0 5.001 a.30 98.17 ? - S A  0.391 0.67: 1-66 :.a4 
c l000  0.00165235 O.OOGO201l 0.309551 0.000671 t3.002 0.37 47.75 20.02 1.674 0.055 7.06 0.23 
300 0.003252% 0.00000000 0.075472 0.000000 0.ûOl 0.2: o5.71 2 . 7 2  0.528 0.534 Z.24 2 - 2 6  



FAR-1 0 Biotite (45-60 meshl 

Run date: 1995/::/17 
Run: AS-59 

Vo 1 urne ? 9Ar : 1 3 - 7 2  y. LE-IO sn3 YT? 
Integrated Age: 5 - 5 4  : 0.15 na 



FAR-12 Biotite (45-120 mesh) 

Pan date: 1995/12/13 
ibn: AS-47 

'JO lune 3 9Ar : 170.G2 x LE-IO ca3 NT? 
Integrated Ag-: 5 . 4 5  I 0.07 Ma 

Correlatron Age: 4 .  i9 : 89.93 Ma (100.01 of 39Az, sceps marked by >) 

a .  
m 

naeuam rru 

i 
I a 



Flur. date :  19?5/12/!5 
Run: AS-LJ4 

Appcox. L.jL\ K 
0.131 Ca 

I n i t i a l  40/30: 2 0 6 . 9 i  2 ,382.18 (Wi) - :.GR, isachron b e t s 4 e n  0.50 and 2.00)  
Corrciacion Age: O. 12 5 0 . 0 9  Ma (LOO.Ol of 39-, s t e p s  marked by >) 

Plateau Aqe: 0 - 1 4  f 0.33 Ua [ 64.20 of S S A r ,  steps niarked by <) 

Pormr 

7000 
100 
LOO 
100 
100 

< 200 
< 200 
c 300 
< 500 

7000 

Hsnsuccd v o l u l i r r  a r e  x IE-10 c d  NTP. A 1 1  crcocs a r c  2 x s'.ra<ard ec tor .  

749 



FAR-57 Hornblende (60-120 mesh) 

Volme 39Ar: 85.86 x If-10 cn3 :l?> 
Inteqratcd Age: 7 . 2  : 0.13 Pa 

Initial 40/36: 2 8 6 . 2 2  r 22.44 tMSW3 - 3.24, isochron betueen 0.31 and 2.26) 
CarreLation Age: 7 . 7 ~  c 0.28 ,Ma (100.03 of 39Ar, steps rnarkod by >) 

Plateau AQe: 7 . 8 8  f O . 1 1 ~ a  ( 9 1 . 8 %  of 39Ar, step~narkodby<) 

roo o.oo3r7st7 o.oooacoo3 
<?O00 0.00146216 O.OOù00@00 

Heasuced Volumcs are % LE-10 c d  MT?. A I 1  a r r o r a  r r r  2 R scandard error.  

75 O 



FAR-65 Biotite (80-1 20 rnesh) 

Run dite: L9?5/1f/LI 
Xun: X - 5 0  6 AS-134 

Volume 39*: 144.60 x IE-IO c d  NT? 
Integrated kge: 7.40 r 0.15 Ha 

Approx. 7.901 X 
1.611 Ca 

Initial 40/30: 270.61 r 2 4 . 3 2  (MSiD - 4.15, isachron betwoen 0.42 and 2-15} 
Correlation Ago: 5.80 2 0.42 Ma (109.0i of 39Ar,  s t e p s  m c k e d  by >) 

P l a t e a u  Aqe: 7 . 8 9  f 0.14 Ka ( 89-89  o f  39-, s t o p s  nar)ced by <] 

K~asuted valunqs arc x LE-10 c d  IFiP. h l 1  errorr JE? 2 x scrndrrd ecror .  

75 1 



Rua da=+: 1995/11/?! 
Xun: AS-19 c M - 1 2 1  

volune 39Ar: 67.54 x lE-IO cm3 NT? 
Integrated Age: 8 -21 f 0.13 Ma 

I n i t i a l  4 0 / 3 6 :  291.07 2 31-61 (MSkP - 5 . 5 5 ,  isochron betweri 0.25 ar.d 2 - 4 1 )  
Correlation Age: 7.98 2 0 .40 Ma (100.02 of 39Ar, sceps markod by >I  

plateau wœ: 8.20 f O . I l N a  ( 9 4 . 9 0  o f  3 9 k ,  otepimatkedby<) 

i f c a s u f W  volumes a c l  x ? E - 1 0  d !PTP. A 1 1  erra:¶ ara : n s:rnaard error.  

752 



FAR-IO1 Whole Rock (60-80 meshl 

Run data: :395:::,,:4 
Run: A S - 6 4  

Volume 39.Q: 6 4 - 5 5  x LE-10 cm3 NT? 
fntegrated âge: 14.21 5 0.28 Ma 

J Value: O.ZJ23.15 
5 O.OJ?SIJ 

Initial 40133: Linaaz cegression ha3 positive slopo. 
Correlation Age: 

Plateau Me: 14.04 f 0.28 Ha { 98.78 o f  39Ar, stepr markedby <) 

Povmr 40- 3 9 k  3- 37Ar 3 S k  LuIo* tO& ABOS ( O / %  

300 33.93:O.CG 5.91:0.00 i.18:O.O: 9.17Gt0,OO 0.117:0.00 0.1:0:3.00 :97.6': : .9C 
<7000 147.01 9.00 i?. 15 0.Od d . 6 7  4.47 4.êOlt0.06 3.317:0.01 (1.156:9.00 ?97.67::.CO 
-3000 i ? a . 8 7 0 . W  2 3 0 . 1 0  11.30O.iii 5.166~0.07 0.496i0.01 0.069:~.00 237.67::.00 
<700O 213.46  0.00 20.84 0.09 10.54  0.09 5.12510.07 0.453:û.OL 0.060:0.00 Xl.i7::.00 

Measuced v a L w 5  rra * LE-!O cm3 MP. A l 1  errors  a r e  : r. s c s n a r d  error.  
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FAR-1 13 Biotite (60-120 meshl 

Volume 39Ar: 99.39 
Integrated Age: 6-69 r 

Initial 40/36: 232.41 : 
Correlacion Age: 7 . 3 4  I 

Plateau Age: 6.98 k 

J Value: 0.002344 
r 0.0000LO 

x 1E-10 cn3 NTP Approx. 8.05% K 
0.08 Ma L.16O Ca 

41.15 (MSwG = L f . 1 2 ,  isochrcn betveen 0.29 and 2 . 4 1 )  
0 .47 Ma (LOO.01 of 39-, Stops macked by >) 

0 .OB Ma ( 97.60 of  39At. stepr raadced by <) 

a m ;  
. - 



FAR-147 Biotite (60-120 mesh) 

Volume 39Ar: 170.19 
Integratsd Age: 7 . 2 3  2 

Plateau Age: 7.35 f 

Approx. 8 .061  K 
0.57% Ca 

21.70 !.MSwP = 6 . 5 4 ,  iaochron betsreon 0.29 and 2.41) 
0.21 .Md !1C3.01 of 39Ar. sceps marked by >) 

Kcrrucc l  - r o l ~ a  are x :P-13 c d  :iT?. A 1 1  errzsra are 2 x standard crcor. 
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FAR-157M Muscovite (60-80 meshl 

Voiuno 39Ar: 15-16 x LE-50 cm3 !lT? 
1ntogra:ed Age: 421.24 : 4 . 9 0  Ha 



FAR-I57B Biotite (60-80 meshl 

Initia? 4 0 i 3 8 :  irnear roçression nas p o s i t i v e  slape. 
Csrrelation Age: 



FAR-169 Hornblende (80-120 meshl 

J Value: 0.002341 
: 0.000012 

Approx. 0.96\ K 
2 8 . 4 9 9  Ca 

Initial 10/3Ô: 2 2 7 . 6 5  : 5 5 8 . 3 9  :.S'iD - 25-36, isocriron betwean 0.00 and 3.00) 
Correlacion A g t :  6.16 : 6.93 Ma iiOO.Û% Or' 39iCr, steps marked by >) 



Vo1~i.e 39kr: 4 8 . 0 4  x LE-IO cm3 h ï ?  
Inteqzated AJO: 2-78 r 0.56 Ha 

I n i t i a l  :O/2P: Sinear regressicn has ;ositive slote. 
CorroLetion kgo: 

*- 
Pl. :çz'f. 35 
11.9- 5 . 3 5  

57 5 . r . i  ... 
7.Eé 5 . 3 2  

5 9 * j 5  :t.:5 

12.3- 3 - 2 9  
5 . s  I . 4 4  
5 - 4 3  , 2 . 7 4  



FAR-1 69 Hornblende (80-120 meshl 

I n i c i a l  30/36: 306.63 r 120.34 (PISCI - 0 . 8 5 ,  i:ochron betuasn 0.53 arid 1 .541  
CarraLaczsn Age: 7.65 : 1.42 Ka ! 59.7% of 19X:. acepa sarkeci by > I  

Plateau Aga: 8.56 * 0.48 l& ( 78.1% of 391Cr. rteps nvrlrod by <) 



FAR-169 Hornblende (80-120 meshl 

B . . 1 
Rmefion J l u  

1.1  

__- - -  _ - - - -_  I l i  - 
- 

I 
.*- ----------------- l 

I . a 1  : 
" I  

! ! q a Hl - 
a t a  

h i C t l O n  f l l c  

Measured volurnes are  x LE-10 cm3 NTP. A l 1  errors  are 2 x standard er ror ,  



FAR4 75M Muscovite (60-80 meshl 

v0 ~ U Z E  3 9Ar  : 14 .25  :< IF-10 sin3 f i T P  
1n:egratod R g e :  398 .42  = 5 - 1 8  Mo 

P w - r  36Ar/(OAr 39&/4aAr r D / K  5 4 0 A m  'C39k 4Pk*/39K Ag* 

3000 0.000193€0:r).00003117 0.02~539:0.0001r)1 0.502 0.11 8 - 6 7  16.8s 37.217:0.141 536.5?:4. :: 
3000 0.0001*182 0.3500000C 0.024728 0.050000 6.001 C1.07 1 3 3ü.795 9 -19?  4OC.3: :.2: 



FAR-175B Biotite (6040 meshl 

y . ' ~ L ~ ~ s  39%: 4.93 :< LE-iO cm2 :ITP 
Intcgraced hge: 331.50 t 5 . 4 5  Ma 





.%n date: ?555/:0/03 
f i n :  AS-5 & AS-77 

1nit:al 40/36: iOL.00 z 407.37 W 3 T u  - 3.37. iscshron betueon 0.iï anc! 2 - 6 3 )  
Correlacion Age: 5 . 3 8  : 2 . 0 0  .Ha [100.0% cf jCAz, s t é p s  marked by >] 

Plateau Age: U.56 I 0 . 3 6  Ua ( 56.70  of 39A+, steps natked by <] 



0 i ' G  GR'$ i t O ' C  L i t ' ?  1 0 - 6 ;  L S - B E  90.6 OtP'O OFOGDO'O 9 6 L S Z t - O  ODUOOO@@'@ C Z O E E T D D ' O  COOOL7 
0 0 . 1  E E ' E  II:'@ O 5 L . 1  6 5 - 2  Sê'i.9 Z t ' D  2 1 s - G  t 5 5 0 6 0 ' G  0 1 2 0 0 1  ' C  O Z 6 E 1 0 0 0 ' 6  T 5 L I E Z O D ' O  0 0 5  
t Z ' O  9 6 ' 5  OEO'O 0 9 9 - 1  L?'OC CE'OS 00'0 I L @ - @  3 0 0 0 0 0 ' 0  SBESEC'G ODODDOOD'O 6 6 L C L I O O ' O  <OOOL? 
Cl *O êt'? S Z 0 . 0  L 9 C . l  ZZ ' t :  E I ' I E  03'0 C t 0 ' 0  0 0 0 0 0 C ' O  GbLOOÇ'O OOOOOOOD'O ? O L L O l O D ' G  COOOL> 
67 ' 0 Z 5 t ' L  O b @ ' @ = E 9 S - 1  1 6 ' C I  68'i.t 6 0 . 0  01:  ' C  ?5EfOO'O=LEZ6:E'@ 1 8 6 L 0 0 0 @ ' @ = 6 E E t S K O O ' D  OOC 



FAR-202 Whole Rock (45-80 meshl 

Fur, dace: 1997/05 /% 
fiun: AS-200 6 JG075 

Voluns 39Ar: 131.74 x 1E-10 cm3 NI? 
Inteqrated Age: 5 - 6 4  : O. i 3  Na 

I n f t i a l  40/36: 304.22 2 130.08 - 8 . 0 5 ,  rsochron bevlreen 9 . 2 9  anc 2 . 4 1 )  
Corr?lacion Age: 6 .62  r 1-16 Ma ( 90.8'1 of 3 9 k ,  stops mark-d Sy >i 

Plateau Ago: 6.55 k 0 . 1 4  b ( 90.88 of 39Ar, steps matked by <) 

H t s ~ u r c c l  v o l u m s  arc  a I f - 1 0  cm3 IiTP. AI! -r:crs sr* : x scandrra -croc.  
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FAR-202 Whole Rock (45-80 meshl 

.-,iai 40/35: C4i.6? :2313.05 (,%-Xi3 * 10.31, isachron bet-*en -CI.,'!. and 3.3:)  
C0r:eia:ion Açe: ' - 2 0  : 29-48 Ma (100.Q3 of 33Ar, s t e p  s a r k ~ c  by >) 



FAR-2û4 Hornblende 180-100 mesh) 

I n i r l a i  4 0 / 3 9 :  310 .30  : 9 7 . 1 3  (MSWD - 2.53, isochron between 0.29 and 2 - 4 1 )  
CarreLacion Açe: 9 . 0 2  t 1.20 Ma (100.OI of 39Ar, stops marked by >) 

Plateau Age: 8-51 f 0.35 ~a [ 99.20 of 39&, stepa nrsclced by <) 



O D ' T = L 9 - L B :  O D ' O Z C i I ' G  3CSG:tS: 'C :O'O:tc; - 1  '0.6 ~ o . e  3:-n ~ t - : t  o c - 6  ~ 1 . 6 1 ~  
3 @ - 1 = L 9 ' L E ~  O0'0;9::*0 @@'GZI;:*G T O ' O = t l S ' 6  ,J .C; t .E  ? l - p S i . ~ [  @ 3 ' @ ? t ' 0 0 :  OODL 
O O ' i = L 9 ' L S Z  0 O 4 O S ? C i - C  O ~ ' G : L C O ' C  I O - O = ; ~ L - D  fC.C.:O:-; I;'o;P~'c,: ~ ? . Q : ~ L ' [ L  OOOL DODL 

5C/O? '-Y -0 )  -8 W C  -LE -Cc -01 Z WrOd 



FAR-216 Hornblende (6û-100 meshl 

3 Value: 0 . 2 2 2 3 4 7  
: 0.220OL4 

VoImc? 3 9 A r :  5 0 . 5 5  x LE-10 cn3 NT? 
I n t e ç z a t e d A g ~ :  7 . ; 5 :  0 . 2 5 %  

1ni : ia l  4 0 / 3 6 :  7 9 6 . 6 7  z 5 0 . 4 5  ( P i S i )  - 6-64, iïochron betw9en 0.37 and 2 - 2 6 )  
Carreiation Aqe: 7.47 : 0 . 6 4  Ma ilOO.Ü\ ûf 39Ar, sceps marked Sy >] 

Plateau Me: 7 . 5 0  I O -20 Ma ( 99.6% of 39Ar, stop8 h e d  by <) 

soa 
CIO00 

U.1 1 
*.* 

...euII JIU 
1.e 

stanrlard cr roc .  
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'.'O 1-3s 3 5nr : I8.00 
Inteçrarod Açe: 8.44 i 

Àpprox. ù . 3 9 h  K 
::.;O\ Ca 

3 4 - 5 2  !W - 5 - 2 0 ,  isachron betwpen 0 . 4 7  and 2 -07) 
0.49 4la (IOG.OI of 39Ar, stops mark& by >1 

Plateau Aga: 0 . 3 3  f 

Paner 

7000 
750 

c7ooo 
C 750 
c7000 

300 
C7000 

300 
C7000 



FAR-227 Whole Rock (60-80 meshl 

Volüne 39Ar: :10.59 x IE-IO cn3 NT? 
Incegrared Aqe: 10.25 : 0.41 Ha 

Approx. 0 .59% K 
0.071 Ca 

; n i c i a l t 0 / 3 6 :  7 8 7 . 9 9  r 7 5 . 7 6  ( W n Z = 0 . 0 5 ,  : ~ 0 c h t a n b o t ; e e n 0 . 2 9 a n d 2 . 4 1 )  
Correlation Age: 11-26 = 1.38 Ma (iOO.Gi ?f 3 9 k ,  steps mazked by >) 

Plateau me: 11.02 f 0.13 Ma [ 7 5 . 0 8  o f  39Ar, stops marked by <) 



FAR-228 Biotite (45-60 meshl 

;ia?une 39Ar: 2 9 7 . 8 9  x LE-10 zn3 NT? 
Incoçzatec! nge: 0 . 5 4  2 0 . 0 7  Ma 

3 Value: 0.002350 
: 0.000012 

ï n i ' l i a l  4CJ/38: 2S5.50 : 57.73 (KS" - 1.77, isochron between O. Il3 and 2 - 6 3 ]  
Correlation kje: 5.40 2 0.05 Ma (100.02 of 59Ar .  steps marked by >) 

Plateau Age: 0.51 f 0 .06  Ka ( 95.10 of 39*, stops matked by <) 



FAR-229 Hornblende (60-100 meshl 

?.us.',ate: ?995/!C.'?: I- -a.?.'?Zs: - .7 Vaiue: C.002351 
RIZ: 25-15 a =-Loi  à 3 1 . 0 n g  : 2.GCO012 

Vol LZIC 3 OAK : 5 5 . 6 3  x 1L-10 cm3  X? Appzox. 1.780  K 
Znteçrated iige: 8 . 2 4  : 0.10 ?fa 7.,35 Ca 

I n L t i a l  4 O / j 6 :  273.92  2 6 6 - 6 0  (M>-X2 = 7 .33 ,  i s o c h r o n  between O. i8  and 2 - 6 3 )  
C o r r e l a t i o n  Age: 5 . 0 9  r 0.63 Y !  ( L O O - 0 1  sf 3 9 k ,  steps markod by >) 

1000 G.JOLi?d7S:O.OùùOaO~l a.3:9803:9.C01446 ,>.CO4 6.54 33.86 12.72 1. ?98:0.072 3.4520.30 
7000 o.co:oan~ o.oaocoooo o.~sorai o.ooooco o.30~ o.os 10.32 18.41 1.977 0.040 8 . 3 7  o.:? 
7000 S.C01:?i27 0.00r'000CO 0.339731 0.000OC9 0.306 6.60 35.88 15.88 1-872 0.052 7.32 0.22 
500 5:30210933 J.5G~J04329 5.207342 J.COC403 J.CO7 7 60.09 6.64 l.d94 0.:'- d.02 0.52 

7000 o.aciioa7sc -~.moaaooo a. ite~ol o.daocoa 2.~04 6 - 6 4  2s. 70 co. 37 1.954 0.027 9.27 0.L2 

7000 1: .5Gz5.$:r; 7.18~0. Jî 3 - 3 2  - 7 3 .  49320. 1: 0.043:0.00 0. ::OZO. 0.3 :37.67:?. 00 
7000 9 . 3  . :C.37 0.04 1:. ?5 .3. :.: 12. ?95:<3.16 0.052:o.o~ 5. r17:o.co -9:. 67=:.00 
7000 2 8 . 4 6  0 . 3 G  dA34 0.04 2 .  C . ?  :O-354r0.13 0.052:O.JO 3.::7:0.00 ?37.67rI.J0 
506 :!3.>1 2 . ~ ~ 2  3 . 7 4  0.S- 4 .  ? ?  .:. 3: 1.455~0.02 3.046iO.OC 5.06920.G0 :37.67::.00 

1000 4 . 26.JS 0 . : :  23.11 1.Ii 5-?3LlO.i2 O.0%3~ù.ùO ù.J?i)20.00 :47.672?.0i3 



FAR-238 Biotite (60-100 meshl 

VaLume 39Ar: ;S. 50 x 1 E-10 en3 Pl?? 
Integratod Age: f .32 t 0.20 Ha 

Apprax. 7.271 K 
0.37\ Ca 

I n i c i a l  10136: 320 .54  : 149.60 (MS& - 3.22, isochron between 0.18 and 2.63) 
Correlation Age: 6 - 9 5  : 1.38 .% (100.01 of 39A.c. s teps marked by >) 

Plateau Aga: 7 . 3 9  f 0.17 Ma ( 96.28 of 3 9 k ,  stpps mark& by <) 

Pavmr 36Ar/40* 39Ar/40& r C I / K  WOAtai  \39& 40&-/39K N e  



FAR-239 Sericite (60-80 meshl 

Volune 34Az: 2 2 - 2 7  :< 1E-10 cm3 NT? 
I n t s ç r a t e d  Ag?: 7 - 5 1  = 0.36 'la 

i n i t i a l  4 0 / ? i :  2 9 9 . 0 5  = 65-67 (W'+rD = 7 . 5 0 ,  tsochron becween 0 . 2 9  and 2 - 4 1 )  
C ~ r r e l a t i o n  Ac;*: 3 - 6 5  = 1-18 .Ra (100.0t of 39Ar, s t e p s  marked b y  >) 

300 0.002555:6:0.JG305226 0.090i75z0.000392 O.OUI 0.03 03.90 L9.*4 Z.745:0.193 7.3?rO.d2 
7000 5.30z-l:923 S . O ~ C C ~ C O O  0.155538 o.oooo30 3.001 o .  10.95 5.16 f.a39 0.427 7.1- :.do 
100 3.00303730 0.00000CCO 0,059420 0.003000 0.001 0.03 09.53 14.43 1.725 0.301 7.3: i . 2 7  

7000 5.30705398 O.JCCùlOi7 O.Li9792 0.000391 0.601 0.09 90.22 21.43 2 .  i87 O. 102 4 . Z i  O. $3 
LOO 0.~0313092 0.000Gù9UO 0.054794 0.000000 0.1102 0.03 92.32 4.76 1.503 0.383 6-31 1.62 

Po*. t 40- 39Ar 38- 37Ar 36& 40- 40/36 

300 i?.7iI:c).C9 6.3220.03 0 7 . 1  0.01710.00 0.210:O.SO 9.572rJ.CU 2e7. i7=:.OF) 
7000 :o.sa ~ . ù ù  :.a9 0.01 o. 1: o.ûo o.o:oro.oO 0.o33:O.oo J.97kO.00 237.<-::.30 
LOO 7 - 6 6  O 4.70 0.02 0. 1 3 . 0  0.415:r7.00 0-,TS?:O.OU 0.072:O.Oo 29?.i7::.&J 

7000 38.2; I.CY 6. S7 0.03 9.24 03.55 Q.037Z0.00 0.08@:0.90 5.572:O.OO 2 5 ' .  0 : : : .  JO 
100 43.49 4.33 3.16 0.01 3-12 J.?O 0.01420.00 0.210z0.00 0.071rJ.OU 287.~7::.05 



FAR-239 Whole Rock (60-80 meshl 

Z Value: 9.001677 
: 9.0000?4 

'loLrme j 4 A r :  150.ûl x LE-10 cn3 t;?? hpprox . 
Incogzatid Age: 7 - 2 3  : 0.50 Ma 

:nicial 40:36: 2 5 9 . 5 2  : 31.70 (,WlD - 5.83, rsozhron becueon 0.29 and 2-41) 
Ccrzelacion Aço: 7.31 = 0 . 4 0  Ha (iOO.Oi of 3 ? i \ r ,  steps macked by > I  

Plateau Age: 7 . 5 5  f 0.24 Ma ( 96.48 of 39Ar, stepr mar)tQd by <) 

Porar 3hk/4OAr 39&/4- r 0/1( C 4 O A b  U 9 k  4-*/39K 

IO0 ~3.003407:5:0.0030:049 0.005325rO.00773: 0.340 0.00 100.66 0.06 -:.283:6.510 
(7000 3 . 0 ~ ~ ~ 7 7  J.SCCCOJOO o.rias~2 o.~wcao 0.022 0.17 90.14 2e.33 1.5do 0.116 
300 0.30334749 0.3~1~3CO6Ç)O 0.016760 0.0OC000 O. 311 0.44 98.84 2-01 0.648 1.002 

do00 3.dC203987 0.34220'708 G.250579 0.0005ü3 0.007 0.07 59-61 29.17 1.587 0.043 
300 5.CC34ü?73 O. JGOCOOOO 3.008596 0-OJQOCC 0.475 0.92 102.49 0.30 -2.439 Z.041 

<7000 ,J.GG25:eZa *j.J<jCOG61 O. Li4796 0.0000CO 0.610 ù. 29 74.17 39.34 1.537 0.571 

Pouar 4 O k  3 9 k  37Ar 



FAR-244 Hornblende (60-100 mesh) 

a O :  290.73 r 19.86 i.WX - i.27, isochron beiz-ees 0.37 and 2 . 2 6 )  
Cosrelation Açe: o.-: = 0.73 :4a (i5G.01 of 39Ar ,  steps aarkea by >) 

Pormr 

C7000 
soo 

cf000 
500 

Cl000 

400 
C7000 



OOOL> 
OOC > 
OOOL 

DO'C C t ' c '  
03'C 95-0 
O h ' t  Cr'O 
@cf-: pt-:, 
O>-.:.;Cf" 

O O D D  
ODC > 
ODDL 

OEL > 
ODOL> 
ODS 
OOOL> 
DDC 



? ~ n  cate: i995/10iOô 
?un: AS-22 5 AS-209 

Volume 34Ar: 56.24  x LE-iO cm3 NT? 
In tegrated  Age: 8.10 2 0.13 Ma 

I n i t i a ?  40136: 303.25 : 94.31 (YS03 = 74-07, F S O C ~ L O O  Setueen 0.3; and 2 .26 )  
îorrelacion Rge:  7-66 I 1.10 .Xa [IOO.Y\ a ï  39Ar, steps marked Sy >1 

Plateau Age: 7.94 I 0.12Wa ( 8 5 . 8 6  of  3 S k ,  stepamarkedby<) 



FAR-262 Hornblende (45-80 meshl 

Approx. 1.031 K 
7 . 9 9 1  Ca 

Initial 40/31: 2 6 i . 4 7  z 174.49  ,- = S i . 2 8 ,  isochran betueen 0 . 7 3  and 2 . 4 1 )  
Corre?ation kge: 9.01 = 1-52 Ma (10C.01 cf 39iit, steps narkod ~y >) 

P l a t e a s  Age: 7 . 8 8  f 0.22 Ma ( 97-38 of 3 9 k ,  stops marfEed by <) 



FAR-262 Biotite (45-80 meshl 

Volume 3 9 A r :  82.53 x IE-10 a 1 3  !iTP 
ïntegrated Age: 7.83 : 0.14 ,xa 

Inicfal  40/36: 2 2 8 . 7 4  : 79.73 (HSWD - 6 2 - 5 6 ,  isachran between O . ! ?  and 2 - 2 6 )  
Correlation Age: 10.91 : i.54 Ha (100.5% o f  3 9 k r ,  steps markod by  >) 

S 3 9 k  

16.07 
IO. 74 
19.00 

5.82 
18.08 

O. 13 
24-17 

nessucea valusci are x LE-IO ia3 inp .  Al1 arrGc3 s:e 2 .* StJndAcd crror.  
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FAR-266 Whole Rock (45-60 meshl 

~ o i m e  39Ar: 2 9 0 . 3 4  
Inte~rated Ag?: 7 - 6 6  z 

2 5 - 6 9  !YS4L - G . 8 3 ,  lsochron between 13-37 and 2.26) 
0 . 2 3  Ma (i30.0i of 34*, Zceps marked by > l  

Plateau Age: 8 . 0 1  f 



FAR-266 Sericite (45-60 mesh) 

'dolune 3 9 A r :  2 5.06 x LE-10 cs13 tiT? 
integraced Age: 6 - 8 2  r 2-01 A% 

Int t ia?  40136: 246.15 t 362.07 {MID - O _ 2 ? ,  :sochron b c t ' e e n  0.00 and 3.001 
CorreTacion Age: 6 . 4 5  2 5 - 4 9  Xa (100.03 or 3gAr, s t e p s  marked by >) 

%-azurrd  v s i u e s  ace x L E - I O  cn3 ICP. A 1 1  c c c o r z  a r e  : x scanQIrd  c r ror .  

784 



FAR-271 Hornblende (45-80 mesh) 

'Joluaz 39Ar: 81-35 x LE-iO :iT? Approx. 
inteqrated Açe: 3 -69 z 0.11 Ha 

Lnicial  40/?6: 301.r'û : 17.03 (.GI;, - 1-02, isochron between 0 . 3 7  and 2-26] 
Carrelacion Age: 9 . 3 7  r 0.15 .Ma (LOQ.G3 of 39Ar, sceps marked by >) 

Plateau Age: 8.59 t O .  10 Ms ( 99.48 of 39Ar, steps nadred by <) 



FAR-284 Hornblende (45-60 mesh) 

J Value: O . G W 3 5 5  
: 0 .~30CûiO 

:z:cral 4 3 / 3 6 :  294.5i : 34.62 (FbW - 3.41, :soctiron between 0 . 2 9  and 2.41;  
Cczrelacrcn A40: i . 4 e  : 0 . 3 5  Ma ( l00.û% of 39Arr s t o p s  ~ a r k e d  by >! 

Plateau Age: 6 .72 f 0 . 0 8  Na ( 96-53  of 39&, steps markid by <) 



FAR-285 Horn blende (60-80 mes hl  

Plateau Aqe: 9.14 i 0.09 Ha ( 9 9 - 0 6  of 3 9 h ,  stops nnukecî by <) 

! f l r s u r e l  ?>:unes 4:- r LE-IO cal !CP. il: crrnc: rrc 2 x i:sr.:lr.l e c c o r .  

787 



FAR-288 Biotite (45-60 meshl 

Approx. 8.361 K 
:.:21 Ca 



FAR-296 Hornblende (60-80 meshl 

i n i c i a !  40/3é: 209.95 : Z . 3 6  {N>-?iû - 2 .89 ,  xczh ron  betsreen 0.00 and 3.001 
Cozrelztion Age: 3 . 1 5  : 0.33 Ha iaL00.Jl cf i 4 U .  steps marked by >] 

."a 

. m .  

a n a  T 

-. 
"mm! 

I i 
! - . . 

I '\. I 
a m !  -y ! * i 

. I.. . __C ! 

. .I l 
m a -1 -8 a "t  a w 

JLA.1.0.. 
a a 

r.. CI&*  m.. 
I a 



Volume 34Ar: 4 6 - 3 8  x iE-10 .sm3 :;Y? 
Integratob Aço: 9.30 t 0.12 Ma 

Initral ;0/38: Z59.1G t 122.80 (bs-*Y = 1 2 . 7 2 ,  zsosbron Ser-een 0.00 and 3-03) 
Cor:oLotron Age: $.;O : 13-95 'la (:C'f.Qt of i?.ir, scepz m r k C  5y >) 

Plateau Age: 8 .37  î 0.11 Ma ( 99.28 of 3 9 k ,  stepr my)cedby <) 



FAR-297 Biotite (60-100 mesh) 

I n i c i a l  4 0 / 3 6 :  1 5 8 . 9 5  z 9.72 ( Y ! ? ,  - 1 -63 ,  isochron berdeen 0.18 and 2 . 6 3 )  
Correlation Age: 9 - 3 8  r 0.10 ,Na i100.03 3 f  39Ar. steps marked by >) 

Plateau Aqo: 8.91 2 0 . 0 7  Ma [ 90.3B of 39Ar, steps matkecâ by <) 

. m, ! 1 
. a  

r l a l t l -  ni. 
I a 

Ucs3ucecl .rrilurne- arc 1E-19 cm) nTP. A 1 1  crcocr a r c  2 .T scandard ertor.  
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FAR-299 Hornblende (45-60 meshl 

initia! 40/16: 296-43 : 44-50 (HSWD = 7 - 1 8 ,  isachron between 0.00 and 5-30) 
Ccrre1a:ion Ags: 9.49 : 0 . 3 3  Ma (100.05 of 3 4 k ,  s teps  marked by >] 

Plateau Age: 8.48  f 0 . 0 8  Ma ( 99.60 of 39A.r, rteps marJsed by <) 



FAR-299 Biotite (45-60 meshl 

J Value: 0.002360 
: 0.ûOTJCiO 

r r i c t i l i  ltu 
1.. 



Far-301 Hornblende (60-80 meshl 

Volune 39j4': 9 4 . 5 8  x 15-10 cn3 :E? 
1n:oçrated Age: 7 . 5 5  2 0.08 ~a 

inizial !0/36: 2 5 7 . 3 7  r 96-10 (MSWD - 3-35, isochron betiieen 0.18 and 2-63) 
Cor:zlat:on ;.g.go: 7.45 : 0.62 Ma (100.09 of 39Ar,  Step.3 marked by > I  

Plateau Age: 7.59 2 0.08 Wa ( 99.80 of 39Ar, st-s marlted by <) 

Powrr 3 6 A d t O k  39&r /40k  r U / K  14OAb 139k 4Ok./39K M i  

KcasurrJ voluacs are x LE-IO c d  .-P. il1 -sacs arc ? .Y zcandard erroc. 

794 



'JOL-e 3 9 i i r :  i o e . 4 6  x IE-10 cm3 :ITP ~pprox. 8.05% K 
Integrated  kgo: 7.50 2 0 . 0 5  Na 0 . 0 4 %  Ca 
:niriai ( 0 i 3 Ô :  2783.79 : 342.06 (.%-&LI - 1 8 9 . 1 4 ,  isochron b e t w e n  -0.41 and 3 . 8 3 )  
t c Z : e h t i ~ n  A g i :  5 . 3 4  : 3-48 Ms i 7 5 . E t  of 3 9 U ,  sceps marked by >1 - .  
Plateau Age: 5 . 4 1  f 0 . 0 5  Ma ( 75.88 oE 39&, atops matked by <) 

P a r o r  4 o k  3 9 k  38& 37Ar 3- û&& 4OAr A b o s  40/36 
1000 153. 43cC..:': 4:.:3zQ.:3 

c7000> 
' 6 : .  3.C35t0.00 0.0T9:0.00 Q,l77~9.00 2 3 7 -  ol,:.,~~ 

l a . 4 -  j . , ? ~ ,  4: .33 o.:o .:.:4 3 . ~ ;  J.uI::.J.o~) o.of0~0.00 o.:~~:G.co :?:.+,::.O,, 
<7000> . . 0 . 4 ?  - . c ' i  47-26 10.20  
Cfooo> 3 . 5  . 33-41 0.:: 

2 . 2  - 1  0.047:0.00 0.079:o.oo o. 136:o.oo :a7.o7::.~0 
5.5: *j:ii) 3.023:O.ao 0.072f0.00 1.:0,j:g.~0 :g;.o7=l.~o 



FAR-303 Whole Rock (45-80 meshl 

'JO 1 LTC 3 9Ar : 1 5 3 . 0 5  x IE-iO cn3 Xi? Apprûx. 1.33t K 
Znto&zated Age: 5 . 4 3  : 0.06 Ma 0.031 Ca 

T r i G - ; -  - ,,,oi 10/36: f a - .  36 = 5 7 - 5 5  (XSK'D - 2.97, isochrcn bordeen 0 . 0 0  and 3.00) 
Cor:?-ation Age: 5.61 = 0.63 Ma (?00.0\ sf 39Az, steps marked by >) 

Plateau Age: 5 . 4 5  f 0 . 0 6  Ma ( 99.09 of 39Ar, ateps marked by <) 

P o w a r  4 OAr 39- 3- 37- 3- B h n k  4OAr A b o i  40/36 



FAR-304 WhoIe Rock (45-60 meshl 

Vo 1 m.e 3 ?Ar : 406.43 
Integratcd kçe: 4.79 z 

1ni:ial 43/36: 379.49 : 
CorrelaCion Ag-: 5-22 : 

Plateau Age: 5.11 & 

Cân:Fcs: i ;S /S  
Hass: 100.0 mg 

6.75 (HSrJD = 1 - 2 9 ,  isochrcn betwesn 0.24 and 2.41) 
0.05 Ma (100.01 a f  3 9 A r r  5teps narked by >1 

I a ., 
5 ..*ml 

I 
B m. 

E m.*, 
i 

II... 

n e a 9 u r e  v l l m e l  are x :E-10 rad :rrP. A I 1  +r:ors A:? 2 .r 3:rndard er roc .  
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FAR-304 Sericite (45-60 meshl 

J Value: 0.002251 
= 0.0000iO 

Approx. ll.û3\ K 
O . 2 S i  Ca 

Plateau Age: 5.73 f 0 . 0 8  Ma [ 5 4 - 9 8  of 39Ar, steps rna.rked by <] 



FAR-307 Whole-Rock 160-80 meshl 

'JO lune 3 9 A r  : 72.6E x If-10 ca3 NTP 
Intograted Xge: 7 -99 2 0. 1L Vd 

:ni:iaL 40/3i: 335.40 r 117.50 (Ms-Xü - 21.37, rsochron betveon 0.29 ànd 7 . 4 ! ]  
Sarrolation Ag*: 7.77 i 1.32 .Xa (lÛO.C\ of 3%r, steps markca b y  >) 

Plateau M e :  8.15 f 0.10 Ma ( 94. 50  o f  39Ar, atopa d e d  by <) 



FAR-3 1 1 Hornbtende (45-60 meshl 

1nF::al ?0/36: 3 5 - 5 6  = 60.67 (WXû = iO.53, rsochran between 0.18 and 2.63) 
Correlatlon Age: -3.52 : 0.45 Ma (100.01 of 3 9 U ,  steps marked by >) 

Plateau Aqe: 8 . 4 1  1: 0 . 0 8  Ma ( 99-06  of 39As. rtepsmarkedbyC] 

d o 0 0  
tao 

27000 
400 

27000 



FAR-312 Biotite (45-80 rnesh) 

Iriirral 401'36: 294.8: : 58.92 ;.W5(i - 14-80, isochron bctueon 0 . 1 8  and 2.631 
Cs::?:ation f igo: 9.5.;  : 0.39 ,Ha ((:00.0% or  29irr. steps rnarkeci by >) 

Plateau Age: 8 .75  i 0 .07  Ha ( 86.18 of 39Ar, stops am9cad by <) 



FAR-316 Sericite (60-80 meshl 

Volune 39Ar: 124.26 x i & - L O  au3 tm? 
Intoçrated Age: z 2 4 . 5 8  r 1.99 Ma 

I n i t i a l  40/36: i i n e a :  regcossion has positive slope. 
torr~iation Age: 

Plateau me: 437.93 f 2 .06  Ha ( 95-76 of 39h, rtepa masked hy Cl 

Povor 

300 
<7000 
100 
200 
300 

500 
<1000 
QOOO 
<4000 
CIO00 

CI/K 

0.JL 
0 . 0 0  
ri. 35 
6 .00  
0 .05  

0 . m  
r i .  00 
,>.O0 
0 .05  
0 . 0 3  

Pou-r 

300 
47000 
100 
200 
300 

500 
<ioao 
QOOO 
ctooo 
C7000 



InitFa? f W 3 r 5 :  3 4 4 . i i  z 4 1 - 2 7  (WïiXC - 5.21, Lsochran hecueén 0 . 2 9  and 2 . 4 5 )  
Corzela:ron Ags: 4 .70  : 0 . 2 4  Xa i : O r l . C i  cf 392, 5tep5  marked by >) 

Plateau  Aga: 5 . 1 6  t 0 .05  Ma ( 98.10 of 39Ar, r t e p s  e e d  by Cl 

UcarursU ' r ~ l u ~ e s  are  x :E- IO c d  !.:P. A i 1  r c r o r s  rzt 2 x 5:an8.3:d c r r o r .  
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FAR-322 Whole Rock (60-80 meshl 

Volume 3 9 A ~ :  j 4 L . i - i  x 1E-?O cm3 XTP 
Inteqrated Aqe: 6 . 2  : 0.05 %a 

Plateao Aga: 6.12 I 0 .05  Ha ( 99.38 o f  39h, steps marfsed by C) 



FAR-322 Whole Rock (60-80 meshl 

Volumê 39Ar: 683.56 
Xntegraced Age: 5.99 I 

Inicial 4 0 / 3 6 :  3 0 8 . 7 3  r 
Corteiation A ~ P :  6 - 0 0  c 

Plateau Aqr : 6.10 f 

Pouor 

400 
dOOO> 
CIQQO> 
<7000> 

1000 

2000 
6000 
BO00 
1000 

QOOO> 

4500 
7000 

Po--r 

400 
<7000> 
<7000> 
c7000> 

1000 

2000 
6000 
eooo 
1000 

aooo> 

4500 
7000 

r 

0 .  r o i  
'3.005 
0.005 
a3.004 
0.915 

'.O1C 
0.013 
0.01é 
0.02C 
9.024 

(3. ?:O 
0.9-4 

M l a s u r d  volumes a r t  x :E-10 es3 IrfP. hl:  rc:?rl a:* : x s c r f i d a c d  ercgc .  
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Initial 40135: 321.81 2 32.39 - 1.83, isochron bet-deen 0.00 and 5-00) 
Correlation Ago: 5.33 2 0.31 .% ! 43-01 of 39Az, steps  !narked by >) 

Plateau Age: 5.42 f 0.11 Ha [ 44.8% of 39&, =teps matlced by <) 



FAR-324 Biotite (8û-100 mesh) 

Voicsq 39.4:: $ 2 . 5 3  x LE-10 cm3 NTF 
Iategrared Àgo: f . 2 9  t 3 . 0 3  M.z 

Xrisïrau v ~ l m c ¶  4c.1 x : i - i V  cm3 !iT?. A l 1  r c c o r z  rr.? 2 x scandard c r r o c .  

807 



FAR-324 Biotite (80-100 mesh) 

' J o ~ u ~  3 % ~ :  2 2 6 . 4 6  x iE-!O m3 !iT? Apprcc.  0.491 K 
1ntegra:ed Aqe: 6 . 2 4  t 0.09 Ma '3.223 Cc 

I s i t ~ a l  50 /?0 :  361.49 : 2 s . 7 4  (r-1515 - 0.34, L S O C ~ Z O C  Setueen 3 - 4 2  3:.c 2.1:) 
correlati3n Age: 6-04 t 9 - 1 4  Ma ( 64-05 3i j4Az, stops aarked bp >; 

Plateau Age: 6.30 i O .10 Ha ( 50.00 of 39Ar, .teps niarked by <l 

, I t 
1 

* * 
~ISCUI ni. 

I O  



FAR-324 Biotite (80-100 meshl 

Eun dace: 1997/05/06 

R u :  AS-40, JG-O69 C ;G-i)70 

I n i t i a l  40/36: Z91.a; : 89.20 (MSd - 18-90, isochron berneen 0.53 and 1 - 9 4 )  
C~rrelatian Aga: 6.01 t 0.53 Ma l 71-99 cf 3 3 A r ,  staps markad by >! 

r 

0.002 
O.OC2 
0.003 
O. 879 
O. 020 

0.013 
0.010 
O. O07 
0.509 
0.992 

.3 .  :O< 
3.016 
3 . 3 I ï  
9. ooa 
9.093 

Hoarurod volumas =a x LC-10 an3 HZP. Al1 ariorr u o  2 x standard orror. 



FAR-324 Biotite (80-100 meshl 

Measured volumes are x 1E-10 cm3 NTP. Al1 errors are 2 x standard error. 



iaitial 4 0 / 3 6 :  289.53  : 141.25 (Pi.SXLu - 5 . 3 4 ,  laochron between 0.29 and 2.41) 
Correlation Age: 5.36 : L . 3 3  .Cai00.31 of 39Ar, stepa marked by >) 

Plateau Aqa: 5.34 i: 0.10 Ma ( 99.36 of 39Ar. stepa markod by <) 

Povmr & O h  3 9& 3Bh- 37- 3- atank 4OAr A b a s  40/36 

400 4.3120-CC J.O?20.'20 3 .  J.90d~O.ùi) '3.32220.iiC 0.13220.00 234.57=1.00 
<7ooo 3 4 - 2 2  5 . c ~  -3.50 a.:: , - -  - 

- . *J ,  . . ' 3 i  ~3.01~1'3.~3C O.2OitO.33 0.i3iZ0.35 234.57:l.OO 
500 7.00 0 . ~ 0  8 ~ . ï a  0.00 3 - 2 2  :.w ~.üi::u.ao c.03o:o.oo 0.i3t:o.co :94.~7t1.00 

<IO00 96-94 0.~20 33.24 O. 13 - 4 . 2 1 - 3 1 S : J . O O  8?.1?5:0.00 O. i3710.03 221.57zI.00 
500 il.00 J . G O  0.44 0.513 4?.5j ,:.a: 1 0.bS~iQ.CIO 0.133Z0.00 294.57:L.OO 

i I .. - 
8 Y 

I m . a1 . ma* . -a IU  
ZLIlI4n.r 

Kaoruird v o l u m e s  a r e  r LE-Id cd KfP. A l 1  e r r o r l  a r r  : r icrndard t r r o r .  

81 1 



54M- 

03-88 
se. 95 
41.13 
3 1 - 5 6  
71.13 

68.49 
66-17 
5 1 . 2 4  
6 1 - 9 1  
17.71 

66-51 



FAR-325 Alunite (45-60 meshl 

Volwnc 39Ar: 154.59 x LE-10 cm3 Nt? 
Inregrateri Aga: 5.20 : 0.!6 Ha 

I n i t i a i  40/36: 300.22 : 66.07 iX%T = i.JO, iaochzon becusen 0.53 and i . 5 4 )  
Correlatron Açs: 5 . i i  c 0 . 6 0  Ha 1 80.:i O <  35Ar, SEep3 markad by > )  

1.304 0 . 5 4 0  5 . 5 1  Ci.! 
-21.003 5.370 -91.12 26.5 

1.246 5.531 5.26 ).l 
-ù .<Z@ 1.56- -36.01 6.8 

;.2350.2;3 5 . 2 2  2.2  
?.834 5.334 7 - 6 2  22-3 
1.21: 0.142. 5 . 0 5  9 . B  
1.Z37 0.;03 5 . 3 5  2.6 
:.O43 0.393 6 . 8 5  1.6 

3 8Ar 

O.OIt'l.30 
!.O7 0.31 
0.62 0.60 
1-14 (2.01 
?.C3 0.JL 

Q . 7 3  0.01 
9-03 9-21 
51-2i O-l?l 
0.22 0.J1 
o.:s J.01 

0.60 0.02 
9.04 S.01 
0 . 5 0  0-O? 
5 .47  4.01 
5.4: 0.01 

1 . 0 0  o . . ; :  
i.29 0.53 



FAR-325 Alunite (45-60 meshl 

1 

M. 
, - . .. t . mm. e ..l . ..* l 0.1 

f 6 l r I 4 O U  
. n a  

IL- t  

a 
r r i cc ton  19- I 

Heasured volumes are x 1E-10 cm3 NTP. A U  errors are 2 x standard error. 



FAR-327 Biotite (45-80 meshl 

J Value: 0.002357 
: O.r ,OùOlC 

Volune 39Ar:  72.03 x 12-iO cm3 NTP 
Integracod Ago: 12.21 = 0.15 Ma 

I n i t i a i  4G/36: 2 5 5 . 5 0  : 120.57 (Ns-Hü - 3 0 . 2 6 ,  iochron betueen 0.47 and 2.07) 
Carrelation Age: 15-55 t 3.52 Ma (100.01 of 39Xr. scaps marked by >] 



FAR-327 Biotite (45-80 rnesh) 

.?an date: 1997/05/rii 
Rün: ;Ga65 r JG-066 

2 Value: O.OC2357 
t 0.0000t0 

'JO 1 urne 3 9Ac : 70.53 a 1E-10 cm3 NT? 
Integratod Age: 4.97 t 0 .42  Ma 

Approx. 2 . 0 1 1  K 
0 . 9 5 \  Ca 

initial 40/30: 290.96 t 3 3 7 . 3 3  - 0 . 8 4 ,  isochron betkrlon 0.00 and 3.00) 
CorroLation Ag-: 12-20 : 8 . 3 5  Ha ( 4 9 . 1 %  of 39Ar,  3topa marked by >) 

Plateau Aqo: 11.84 f 0 . 5 6  Ha ( 48.18  of 39Ar, rtepa markad by <) 

Parer 40Ar 

7 7 .  i6~0.21 
i 9 . 3 5  O . : :  
6 1 - 6 9  0.:) 
i5.93 4 . 5 '  
5 - 5 2  0 .03  

ao.a5  O.!? 
3 7 . 7 0  0.32 
:I6.22 3 . 2 1  
::1.22 9 - 2 9  
L13 .15  3.:3 

5 2 . 5 1  3 - 1 5  



FAR-327 Biotite (45-80 mesh) 

' J o l u e  39Ar: 142.62 x IE-IO ca3 :ï?P 
1nteg:r:èd Age: 11.05 z 37.2; 3: 

i n i t s a l  :0/36: 275.47 : 7g.22 (?EiiQ - 8.59,  isochran becuean 0.3' ana 2.261 
Csrrsiation Xqa: 14-14 r 2.05 ka ( 43.4i 5 f  3?A:, szepa mackea b:: .) 

Maasurud voltmuis ara x lE-10 an3 HTP. A î l  orrors aro 2 x standard orror. 



FAR-327 Biotite (45-80 meshl 

II. . - . . - -. 
I . .. - . -. - .- -... .... -. . .- 1 
I 

Measured volumes are x XE-10 cm3 NTP. A U  errors are 2 x standard error. 



FAR-329 Sericite (45-60 meshl 

V~lune 39Ar: 176.77  x iE-IO cm3 NTP 
intograted Age: 3 3 9 . 3 8  t 1 .50  Ma 

Approx. 7.051 h 
O.??\ Ca 

Initial 40/36: Linoar regrission has posi t ive  zlope. 
CarreLarion Aqo: 

P o r r r  

300 
c7000 
500 

<lOOO 
QOOO 

cf 000 
100 
zoo 
300 
500 

cl000 
C7000 

Powmr 

300 
C7000 
500 

<la00 
QOOO 

C7000 
100 
200 
300 
500 

<la00 
<7000 



FAR-333 WhoIe Rock (60-80 mesh) 

Plateau Age: 6.73 * 0.09na ( 95.5% of 3 9 ~ ,  steponatkedby<) 

1 

mm. 

X ~ a s u r c d  volume3 ars x L E - 1 0  cm3 !JTP. A 1 1  err>:z  a r e  2 a s c ~ ~ d l r d  error .  

820 



FAR-333 Whole Rock (6080 meshl 

Volume 3 9 A r :  217.21 x LE-!O cm3 SI? Approx. 1.23' ;: 
Integrated Age: 5.20 2 O. 16 .Ha O.tfi :a 

Initial 40/36: 329.75 t 8 0 . 1 9  (MSX'i) = 0.58, irochron betweon 0.00 and 3.00) 
Correlation Aga: 5 . 8 6  t 9-67 Ma ! 69-61 of 39irr, stops narked by >) 

Plateau Age: 6.83 f 0.22 Xa ( 33.20 of 39k. steps -ad by <) 



FAR-333 Whole Rock (60-80 meshl 

V5luree 3 3 X r :  173.01 x :5-10 cm3 tJTi 

I n c e g r a t a  Age: 6 .20  t 0.11 Xa 

Plateau -a: 6 . 7 5  2 0 .09 -  t 6 6 . 9 b o f 3 9 A c .  s t o p s m u k o d b y C )  

hi1 -ors a o  2 x standard o r r o r .  



FAR-333 Whole Rock (60-80 meshl 

Measured volumes are x 1E-10 un3 NTP. A U  errors are 2 x standard error. 



FAR-334 Biotite (25-60 meshl 

Valume 39Ar: 2 6 - 6 2  x ? Z - I O  cn3 NT? 
1e:eçzatod Age: 5.63 : 0 . 5 4  Hn 

1ni:ial 4 0 1 3 6 :  230.21 = 310.53 (b-fi?3 - 2 . + 5 ,  isccriron between 5.00 and 3.30) 
Correlation Ago: 16-42 : 37.59 .Ha (105.0% 0f 3 4 U .  steps mürked by >) 

Plateau Aga: 5.63 f 0 . 5 3 U a  [ 99-18 o f  39Ar. s t e p s & d b y < )  



FAR-334 Biotite (25-60 mesh) 

L O :  292.22 : 460.54 !HStlD - O-i5, isochron becween 0 . 5 3  anc 1 .44 ;  
zûrrelacion dço: 5 . 7 3  : 5.79 !-IJ id 930.01 ~f 39AKr -teps markir: ty >) 

Plateau Age: 6 .05  f 0 . 1 2  Ha t 44.68 of 39*, steps markPd by <) 



FAR-334 Biotite (25-60 meshl 

Initrai J0/36:  Z89.77 r 135.24 (XSJi] - J . 6 d ,  ,oc.cir:n bst.dean 15-59 lad : . a 2 1  
Curreiaiion Açe: 5 - 9 2  1 i . 8 3  Ha ( 9 4 . 0 1  O :  29Ar.  steps mark- by s t  

Plat~au NP: 5.78 î 0.44 W ( 68.6% of 39*, stops niukod by O 

Mcasurcd volumes u o  x LE-10 au3 NTP. AL1 m a r s  UQ 2 x standard crror. 



FAR-334 Biotite (25-60 mesh) 

Heasured volumes are x 1E-IO cm3 NTP. A i l  errors are 2 x standard error. 



FAR-336 Biotite (25-80 meshl 

J Value: a. G O Z ? S J  
= 0.0~0010 



FAR-336 Biotite (25-80 meshl 

Volume 39Az: $07 - 4 ;  x iS-10 cm: t ï ï P  App rox. 
Lntegrated Age: 6 - 1 7  2 0.10 Ha 

i n l r i a l  !0/?6: 290.72 : 2 7 . 5 7  (HSrlfrlf - L.59, ~sschron Setueen 0.5d and :.CO) 
Correlation Àge: 5.45 : 0 . 2 2  Pa ( 98-31 of 3 9 h .  3teps market? by >) 

Platean Aga: 6.68 f 0.08Ka (90.68of 39Ar,  steprlrarkedby<) 

c A / K  

O. 13 
J. 15 
S. 10 
0. 10 
Q.10 

O .  10 
0.10 

7 5 . 5 1  
2 1 . 3 6  
O. 10 

o. Ir) 
o. :c 

3- 

3.  :?:Q.d 
O.?? 0.41: 
3 . 4 3  il.03 
: . ? 2  3 .04  
: . 9 9  0.04 

51-46 9.06 
2 - 5 4  .).O3 
1 - 5 0  0 . 3 3  
1 - 4 9  0 .04  
2 - 4 1  9.:0 

? . ? 5  0.00 
1.37 0.15 

H c ~ l u t c d  rolum.ts rce r IL-l0 ~=it :CP. AI! r c r o r r  arc : x seandic i l  - c r o c  

829 



FAR-336 Biotite (25-80 meshl 

?un a r a :  143'/05:06 

?.un: AS-Ji, JG-063 L CG-054 

LniciaL 40/36: Z05.66 : 63.65 (Wi'ID = :0.2=. i sochron becwaen 0.57 and 1.351 
Correlation Aga: 6 . 5 8  r 0.43 Ma ( 9 7 . i J  of 39Ar. s t o p s  narkadby .i 

Plateau Aga: 6.83 f 0.07Mir { 76.2* of 39n. staprnurkcd by <) 

Z4OAtm 

95 -07 
27.40 
90.92 
25 - 5 9  
32- O7 

79.05 
32.72 
99.12 

102.75 
5 9 . 0 3  

t 7 .  oo 
20 - 05 
-. - 
LL. 27 
2 4 - 5 8  
79.77 

73.70 
35.38 
26.93 

Morsutad volirmca axo x LE-10 an3 NTP. At1 orrors u o  2 x atrndaxd arror. 



FAR-336 Biotite (25-80 meshl 

Measured volumes are x 1E-10 cm3 NTP. A U  errors are 2 x standard error. 



FAR-338 Hornblende (60-80 mesh 1 

Parer 

C7000 
300 

~ 7 0 0 0  
400 

~ 7 0 0 0  

tao 
<7000 

Xersurl2 sJi-<S a r +  a LE-13 :z13 .utp. A l i  e c C Z : s  a:? .% s:andrcd eccor .  

832 



JC-30 Whole Rock (40-60 mesh) 

Plateau Age: 6.30 i O .  11 Ma ( 97 -58  of 39hr, rteps iœuked by <) 

~ 0 0 0  1 ,:..,:,j*;,j,j,j,?: 8 x . : ~ 7 ? $ d  s?.,:~:c~Cu O.s j0~4  3. 6 :  5 2 - 6 3  32. 5 :  :.id7 . ] . > a i  a.:: ü.13 



JC-31a WhoIe Rock (40-60 mesh) 

Plateau Aga: 6.91 * 0 . 2 5  Ha ( 82.70 of 39&, stops uaxked by <) 



JC-33 Hornblende 

Volune 3 9 A ~ :  56-93 x LE-10 cm3 X P  
ïntegzated Age: 12.28 : O.tZ Ma 

Initial 40/36: 291.85  = 70.81 (.%-XE - ::.;.(, isochron between 0.00 and 3.C101 
Corrola t ion  Age: 7-94 : 1-03 Y !  ; l e . 5 3  of 39Ar,  s t e g s  narked by >)  

Plateau me: 8.09 f 0.22 Ma ( 78.58 o f  39A*, steps irsrkad by <) 

Mearru:ed vo1Laes a r e  x iE-lù .ca3 !EP. 1111 r r z > r s  r r e  : x s:~nddrd c c r o r .  

83 5 



JC-41 Biotite (20-60 meshl 

Plateau Age: 6.90 $ 0 . U  Ha ( 99.06 o f  39Ar, stops &ed by <] 



JC-42a Whole Rock (40-60 mesh) 

P o v i r  36k/40& 39Ar/40& r C . / K  CtOAtn $39- 40&*/39K Ni 

Porir 40- 39- 3tUr 37& 3 6 k  Blaak 4 O k  Auma 40/36 

300 ' 9 .  GU:+>. . --  ~ . C L Z O . J ~  .?. :j: . - .z .I  ).8:>:t.>.dd ~3.;12:C.2<3 o .  L:sj:*3.G.3 Ii7.97::.JÜ 
7000 . 0 . 4  >k.50 i). 16 ?.i? 1. 2 1  2 .  -3. :0:: .2:33 , 2 .  :3::a-n.t.d 1 j7.6-:1.00 
7000 : G i . J I  .?.>O 50.783 '3.25 . 4 . ~ ? . O S P ~ 3 . 0 ~ 1  ':.Z?':.j..J! - .  : . . i5 :5 .??~3 2?'.e7:I.CiI 
7000 0 . 3  4 .  JO 0 .  :O ,? .TT  ::IL n~.17?2.> ,>o 3.:fC:*2.JiI .:.::.j:O.jU : 5 7 . < j ' : : . $ O  

I m m .  



JC-47b Biotite (60-100 meshl 

I n i t i a l  40/39: 286 .86  : 17.24 PiSn'3 = 2 - 3 5 ,  Isochrsn betsroen 0.19 and 2 - 4 1 ]  
CorreLacion Age: 9 . 5 5  : 0.21 ,XI [ lOC.h? \  of 3%r, s t e p s  marked by > l  

Plateau Age: 8 .46  I 0.10 Ma ( 96.48 of 3 9 k ,  steps natkd by <) 

?ïessur--I voluaxes arc  x IE-:S rn3 !=P. AIL e c c 3 : x  a:? 2 x r c r n a c d  -ccor.  

838 



JC-77a Whole Rock (40-80 meshl 

Platean Aga: 7 .O2 t 0 .22  Ma ( 94.98 of 39Ar, ateps d e d  by <) 



JC-191 Biotite (4560 meshl 

: n i c i a l  4 3 / 3 6 :  7 0 e . 3 6  : 35.69 (PSI=. - 5.39, soshron b e c w ~ e n  0 . 2 9  ar.d 2 - 4 1 ]  
r -3----zt:on C r P t  Aqe: , 0 : 0.41 Y I  (10G. 1 4  3: ??A:, stèps narked by > l  

Plateau Age: 7.03 f 0.10Ha ( 95.18 of 3 9 U ,  rtepsmaukodby<) 




