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ABSTRACT 

Geochemical and structural data from the Paleocene 

magmatic arc in a part of northern Chile constrain magmatism 

and metallogenesis in the Sierra Gorda, Sierra del Buitre, 

Lomas Bayas, and San Crist6bal districts. 

The Paleocene magmas were primarily derived from the 

mantle which was enriched prior to and/or during ascent by 

crustal materials. The Nd and Sr isotopes have ranges of 1" 06 

to 3.34 and 0.703888 to 0.707142, respectively. La/Sm ratios 

increase and Eu/Eu* ratios decrease from the mafic to felsic 

phases but these ratios do not correlate with Si02 content 

within the districts. The subtle isotopic heterogeneity and 

lack of REE systematic behavior within the districts indicate 

that multiple sources and/or petrogenetic processes generated 

this rock suite. The geochemical data do not predict metal 

type among the districts; the spatial relationship, however, 

of a quartz-eye porphyry with gold mineralization implies 

consanguinity. Tne petrogenesis of the quartz-eye porphyry is 

distinct from that of the other Paleocene rocks. 

The investigated area is characterized by epithermal 

mineralization that is constrained to two discrete episodes: 

1) 65-60 Ma when polymetallic veins, silver rich in the Sierra 

Gorda and Sierra del Buitre districts, and copper-rich veins 

in the Lomas Bayas district were emplaced during normal con-
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vergence, and 2) 60-55 Ma when shear veins, copper-rich in the 

Sierra Gorda district and gold-rich in the San Crist6bal dis

trict, formed during oblique convergence. Copper mineraliza

tion occurred in the Sierra Gorda district during the transi

tion between these episodes. 

The structural geology of the Chilean continental crust 

preserves a record of plate interactions along a consuming 

margin and provides constraints for convergence angle of the 

oceanic plate. A comparison with other Paleocene-Eocene 

deposits in northern Chile and southern Peru aR well as with 

Jurassic copper deposits to the west and Oligocene porphyry 

copper deposits to the east shows that the emplacement of 

large, magmatism-related ore deposits is principally con

trolled by change in plate motion. Optimum conditions occur 

when a change to oblique convergence allows the development of 

trench-linked strike-slip faults. The paucity of known large 

ore deposits in the investigated area is due to the lack of 

extensive margin-parallel strike-slip faults that did not 

develop because of short-lived oblique convergence as well as 

the relative magmatic inactivity during changes in plate 

motion. 
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CHAPTER 1 

INTRODUCTION 

Spatial and temporal relationships of Mesozoic to Recent 

subduction-related magmatism and the rich ore deposits of nor

thern Chile have been the focus of many studies. K-Ar studies 

have established an eastward migration of magmatism and miner

alization since the Jurassic (Farrar, et al., 1970; McNutt et 

al., 1975; Zentilli, 1974; Ulriksan, 1979; Maksaev, et al., 

1988; Maksaev, 1990; and Boric, et al., 1990, among others). 

Rb-Sr and Nd-Sm studies have demonstrated that magmas evolved 

from a more primitive source during the Jurassic to a modern 

one that included a more enriched mantle, a crustal component, 

a slab-sediment contribution, or a combination thereof (Hil

dreth and Moorbath, 1988; Rogers and Hawkesworth, 1989; Stern, 

1991). Metallogenic lead (Puig, 1988; Zentilli, et al., 1988) 

and sulfur (spiro and Puig, 1988) isotope studies identified 

mixed sources for the metallic sulfides. These studies fur

ther defined and, in some cases, modified the implications of 

the longitudinal metallogenic provinces of northern Chile 

(Ruiz and Ericksen, 1962; Ruiz and Peebles, 1988; Sillitoe, 
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1988; 8illitoe, 1991). 

In Region II of Chile, mineralization in the last 300my 

is generally restricted to four longitudinal zones (Figure 1) : 

1) along the Coastal Cordillera during the Jurassic; 2) along 

the western edge of the Domeyko Cordillera during the Paleo

cene; 3) in the Domeyko Cordillera during the oligocene; and 

4) along the Andean Cordillera during the Miocene to the pre

sent (Boric, et al., 1990). The Jurassic and Eocene-Oligocene 

zones are dominated by copper deposits, including the strata

bound and vein types along the Coastal Cordillera and the 

world-class porphyry coppers and their related epithermal 

veins in the Domeyko Cordillera (Camus, 1986; Ruiz and 

Peebles, 1988; Boric, et al., 1990; 8illitoe, 1988). The 

basin between these mountain J:anges primarily contains 

polymetallic vein deposits; the Andean Cordillera hosts the 

iron-rich Pliocene lava flows (Ruiz and Peebles, 1988; Boric, 

et al., 1990). Thus, each time period reflects not only a 

change in deposit style but variances in metal compositional 

profiles as well. The spatial and temporal attributes of 

these metallogenic zones require further refinement through 

more detailed analyses. 

Location 

The investigated area is located between 22°40' 8-23° 45' 8 

latitude and 69015'W-69045'W longitude (Figures 1 and 2), con-
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Figure 1. Physiographic provinces in a part of northern 
Chile. General locations of magmatic arcs indicated at base 
of figure. study area is ruled. After Boric, et al. (1990). 
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centrated within the 1:50,000 Cerro C6nico, Sierra Gorda, 

Pampa uni6n, Sierra del Buitre, San Crist6bal, and Cerro 

Carrasco quadrangles (Plates 1, 2, 3, 4, 5, 6). situated in 

the Atacama Desert, the area is practically devoid of animal 

and plant life as a consequence of infrequent rainfall. In 

fact, the climate here has been super arid for about the last 

15 million years (Mortimer, 1973) resulting in a deep-weath

ered profile whereby the majority of "outcrops" are float en

cased in a very-fine powder, or "chusca," with sparse outcrops 

in washes (see, e.g., Figures 6, 7, 11). The area includes 

the Sierra Gorda, Sierra del Buitre, Lomas Bayas, and San 

Crist6bal districts (Figure 2), the mineral deposits at which 

are hosted by rocks of the Paleocene magmatic arc (Maksaev, et 

al., 1988; Boric, et al., 1990). 

Mining History 

Although there may be evidence for early Inca workings at 

San Crist6bal, mining within the study area did not become 

popular until prospectors, generally of European origin, moved 

northward from the richer deposits and wetter climate of the 

Region III (San Ramon, 1911; Kuntz, 1928). Mining in the 

Sierra Gorda District was active as early as 1887 at the San 

Francisco, La Vendida, and La compania polymetallic veins, at 

a copper-rich vein at La Salvadora, and the tourmaline breccia 
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at La Copucha with 10-12% cu (Figure 2); the Faride vein (ex

Rosario) was mapped at this time, but mining commenced at a 

later date (San Ramon, 1911). Camus and Skewes (1991) esti

mated that production between 1977 and 1990 at the Faride mine 

was 70,000 tonnes of 4 ppm gold and 280 ppm silver. Produc

tion from the Sierra Gorda district has been intermittent to 

the present date and the area was intensely explored during 

the 1970 I sand 1980 I S porphyry-copper search. Today, two con

centration plants, one at the Faride mine and one 11 kilome

ters south of Sierra Gorda, serve the Faride mine site (800 

tonnes/day capacity) and the La Copucha and La Salvadora mines 

(about 1000 tonnes/day total capacity), respectively. The 

Faride mill currently processes cupriferous slag trucked from 

the Chuquicama'ta mine. 

The Lomas Bayas copper deposit was discovered in 1880 

(Kuntz, 1928). Initially, mining was concentrated at the 

Andacollo and San Jorge pits, but peripheral veins were also 

exploited. Kuntz recorded 18,000 tonnes of production ex

ceeding 12.5% copper, mostly from atacamite in oxidized 

fracture zones, between 1915 and 1925; Boric et ale (1984) 

estimated 3,400,000 tonnes of reserves carrying nearly 2% 

copper. The area has been drilled in sear.ch of a viable 

porphyry copper deposit. 

Pre-Depression exploitation of the mines in the Sierra 

del Buitre District selectively extracted high-grade oxide 
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Today's production is by hand-cobbing tailings and 

fracture zones in the veins and generally does not exceed 100 

tonnes/month over the whole district. 

San Crist6bal district veins were actively mined in the 

1880' s (San Roman, 1911). Mining concentrated on the oxidized 

zones that were particularly rich at up to 100 ppm gold at 

vein intersections (Rivera, 1980). Camus and Duhalde (1982) 

esti- mated that 150,000 tonnes at 4 ppm gold and 50 ppm 

silver had been produced from these veins. outside the opera

ting pit, only a few operations are active today, producing up 

to 200 tonnes/month at a cutoff of 5 ppm gold. The San cris

t6bal mine is a modern bulk-mining operation run by Niugini 

Mining Limited with a heap leach operation onsitej daily pro

duction is 1000 tonnes/day of ore that contains an average of 

1. 44 ppm gold. 

In sum, until recently, mining focused on high-grade, 

easily-extracted portions of oxidized ores. Estimated produc

tion from the subject area is 750,000 tonnes of polymetallic

vein ore and, although it is more difficult to assess, nearly 

20,000,000 tonnes from the copper deposits and breccias. 

Previous Work 

Despite mining and exploration activity in this area and 

its potential lithotectonic and metallogenic significance, 

relatively little scientific data has been acquired. San 
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Roman (1911) and Kuntz (1928) provided general descriptions of 

the deposits as a part of a mineral assessment during their 

respective times. Montafio (1976) defined the Early Cretace

ous-Paleocene volcanic-sedimentary sequence nearly 25 kilome

ters southeast of Sierra Gorda as the type-section; Baeza 

(1976) described the volcanic-sedimentary section east and 

north of Sierra Gorda; and Tobar (1966) described the vol

canic-sedimentary section west of Lomas Bayas. Maksaev, et 

ale (1988) and Maksaev (1990) reported fourteen K-Ar, Ar-Ar, 

and apatite fission-track dates within the outlines of this 

study; his data constrained magmatic activity to between 57.9 

Ma and 77.9 Ma, three altered samples were dated at 60 Ma, 60 

Ma, and 33 Ma, and three apatite dates indicated that the 

Paleocene rocks were within three kilometers of the surface by 

49 Ma (Table 1). Specific references to mines include Rivera 

(1980), who mapped the San Crist6bal district, Lowell and 

Aspillaga (1987), who described the disseminated gold deposit 

at San Crist6bal, and Camus and Skewes (1991), whose efforts 

were concentrated on the detailed geology of the Faride mine. 

Purpose and Soope 

The aforementioned studies have established the strat

igraphic and temporal framework of magmatic and hydrothermal 

activity in this part of the Paleocene magmatic arc, yet a 

thorough understanding of all aspects related to mineraliza-
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tion is lacking. The recent interest within this metallogenic 

zone is exemplified by the work of Puig, et al. (1988) and 

Palacios, et al. (1991) to the south (Figure 3). The former 

constrained the timing, structural characteristics, and mag-

matic and hydrothermal environments of Paleocene-Eocene min-

eralization in the EI Soldado, Cachinal de la Sierra, and EI 

Guanaco districts over 100 kilometers to the south, while the 

latter constrained Upper Cretaceous mineralization in the Inca 

de Oro district about 300 kilometers away. 

To better understand mineralization in this part of the 

Paleocene magmatic arc covered in this study, additional field 

and geochemical data were required to resolve the following 

problems: 

1) What is the style of mineralization and what struc
tural mechanisms control mineralization in each dis
trict? 

2) How do the structural characteristics compare spa
tially and temporally to other mineralized areas, and 
what implications do they have regarding the tectonic 
history along this metallogenic zone? Is there a plate 
tectonic control on the metal content characteristic of 
each district and/or each mineralizing episode? 

3) To what stages of magmatism is the mineralization 
confined? Is there a magmatic control on the metal 
content characteristic of each district? 

4) What controls the magnitude of the occurrences along 
this metallogenic zone? 

Only 1:250,000 geologic maps were available (Ferraris, 1978; 

Ferraris and DiBiase, 1978); thus, mapping was initiated at 

1:62500. This scale not only permitted establishment of a 
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structural and stratigraphic framework, but it also provided 

a spatial perspective for the radiometric data of Maksaev, et 

al. (1988) and Maksaev (1990) as well as for complementing his 

data base (Table 1). During this phase, the mineral and ore 

occurrences were described to assess their metal content and 

style; samples of altered host rocks were dated to constrain 

timing of mineralization. Various rock types were then anal

yzed for major, trace, and rare-earth elements and by isotope 

geochemistry to discern spatial and temporal differences. 

Consequently, this study complements the existing regional 

work by focusing on a longitudinal belt on a sub-regional 

scale providing additional insight into the tectonic and mag

matic history of this part of Chile, and it adds perspective 

to the regional stress regimes during this time period. It 

represents an early phase of further defining the metallogenic 

history along this part of the Chile-Argentina consuming 

margin. 
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CHAPTER 2 

GENERAL GEOLOGY 

Geologic Setting 

Two orogenic cycles are recorded in the Phanerozoic rocks 

of northern Chile, the Paleozoic Hercynian and the Mesozoic 

Andean (coira, et al., 1982). The latter persisted from the 

Jurassic to mid-Cretaceous with the development of a magmatic 

arc, back-arc basin, and foreland area typical of a Mariana

type subduction zone (Figure 4). In mid-Cretaceous times, the 

Atlantic basin began to form and the Late Cretaceous-Paleocene 

arc shifted eastwards so that the younger arc formed over a 

Jurassic-Early Cretaceous back-arc sequence (Figure 4). Thus, 

a Chilean-type subduction zone prevailed and the magmatic arc 

formed just west of thrusting related to the closure of the 

former back-arc basin (Coira, et al., 1982). 

Rock units 

Jurassic 

The uppermost parts of the Jurassic section were mapped 

in the southwest corner of the Sierra del Buitre quadrangle 
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(Plate 4); micrites, calcareous shales, and siltstones com

prise the section. This unit was designated as the Sierra del 

Cobre Formation by Tobar (1966), and the cerritos Bayos Forma

tion by Garcia (1967), Montano (1976) and Baeza (1976). 

Early cretaceous 

Quebrada Mala Forma tiOD. Intercalated volcanic and 

sedimentary rocks that generally dip more than 45 degrees com

prise this unit, exposed principally in the eastern parts of 

the subject area (Figures 5, 6; Plates 3, 4). The type sec

tion, 25 kilometers southeast of Sierra Gorda, is 4500 meters 

thick and was designated as the Quebrada Mala Formation by 

Montano (1976). The unit was divided into four members, from 

oldest to youngest: 1) an 1800 meter-thick conglomeratic unit 

with red sandstones and gray-green, porphyritic andesites; 2) 

a 900 meter-thick andesite breccia with andesite intercala

tions, and a 30 meter-thick white ignimbrite; 3) an 1100 

meter-thick sandstone-dominated section with limonitic cement; 

and 4) a 700 meter-thic)c gray-green andesite, commonly amygda

loidal, and with large plagioclase phenocrysts at the top. 

Baeza (1976) described a time-equivalent section northeast of 

Sierra Gorda where it is no thicker than 1300 meters. In this 

area, the basal unit is a black lutite (Jurassic?) that is 

overlain by an arkose with andesitic clasts and an uppermost 

porphyritic andesite with plagioclase, hornblende, pyroxene, 

and magnetite phenocrysts. In general, the section becomes 
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younger from south to north within the subject area, and the 

four members are readily recognized. The lowermost section, 

or Montano's (1976) "Member 1," is a fine-grained oxidized 

immature sandstone with intercalated gray-green cherty beds 

that gradually coarsens upward into a moderately-sorted sand

stone in the northwestern part of the Sierra del Buitre quad

rangle (Plate 4); this sedimentary sequence is less than two 

kilometers thick and is overlain by andesitic flows and tuffs. 

"Member 2" was mapped in the west-central part of the same 

quadrangle and the east-central part of the Pampa Uni6n quad

rangle (Plates 3 and 4) and is similar to that described to 

the east (Montano, 1976), including white ignimbrite, the key 

marker bed. "Member 3" is repetitiously folded in the Pampa 

Uni6n quadrangle (Plate 3), and the primary constituent, an 

iron-cemented sandstone, is a useful marker for deciphering 

folding and faulting. Finally, "Member 4" is best represented 

in the northern part of the Pampa Uni6n quadrangle and 

throughout the Sierra Gorda quadrangle where intercalated an

desite flows, typically with plagioclase, hornblende, and/or 

pyroxene phenocrysts, and tuffs comprise the section {Plates 

2 and 3}. 

Late cretaceous 

Quebrada Seca Formation. The type section, defined by 

Montano (1976) approximately 25 kilometers southeast of Sierra 

Gorda, is an 800 meter-thick sequence primarily composed of 
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It unconformably overlies the Quebrada 

Mala Formation (Figure 6). 

The Cinchado Formation, consisting of a basal conglom

erate overlain by a white-gray ignimbrite and capped by an 

andesitic breccia with intercalated andesite tuffs and flows 

(Montafio, 1976), was mapped with the Quebrada Seca Formation 

as the Augusta victoria Formation (Garcia, 1967) despite its 

Paleocene age (Figure 5). The cinchado Formation is uncon

formable to the Quebrada Seca Formation and is occasionally 

lithologically distinctive, but it is difficult to always 

differentiate the two units because of the poor exposure. 

Andesitic flows and breccias typically characterize the latter 

while ignimbrites comprise the majority of the former; both 

sections contain intbrcalated clastic sedimentary rocks. 

The Quebrada Seca Formation is easily distinguished in 

the Pampa Uni6n quadrangle (Plate 3) where it has an angular 

unconformable relationship with the Quebrada Mala Formation 

(Figure 6), and in parts of the Sierra Gorda quadrangle (Plate 

2) and the southern part of the Cerro C6nico quadrangle (Plate 

1) where it is characterized by an oxidized, plagioclase-por

phyritic andesite (Plate 1); a K-Ar date from this unit yiel

ded 69.0 ± 1.6 Ma (Figure 4; Table 2). Yet in the Cerro Car

rasco quadrangle, where a unit younger than the Quebrada Mala 

Formation has been mapped, no distinction could be made. 

Here, the section consists of tuffs, vitrophyres, breccias, 
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Figure 6. View of cretaceous uDconformity. Early cretaceous 
Quebrada Mala Formation on left and Late cretaceous Augusta 
victoria Formation on right. This unconformity is located in 
the southwest quadrant of the Pampa Uni6n quadrangle and the 
view is to the southwest. Arrow marks contact. 
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and epiclastics that form an unconformable surface with a red

dish, amygdaloidal rhyodacite. A diorite that intrudes the 

section below the unconformity was dated at 73.4 ± 1.4 Ma by 

the K-Ar method (Figure 5; Table 2). The onset of volcanism 

associated with the Augusta victoria Formation is regarded as 

approximately 78 Ma based on K-Ar dates obtained from tuffs 

over 100 kilometers to the south of the study area (Boric, et 

al., 1990); the aforementioned intrusive relationship is thus 

compatible with the definition of this formation (Garcia, 

1967). 

Paleocene 

cinchado Formation. As discussed above, the main dis

tinction between the Quebrada Seca Formation and the Cinchado 

Formation is the change from basic lava flows to more silicic, 

explosive-type deposits with associated epiclastics. In the 

Sierra Gorda quadrangle (Plate 2), the Cinchado Formation is 

invariably silicified; generally, it is plagioclase porphy

ritic. A slightly altered ignimbrite gave a K-Ar age of 62.1 

± 1.7 Ma (Figure 5; Table 2). Based on the range of radiomet

ric dates from 44 Ma to 59 Ma on volcanics to the east and 

south of the study area (Boric, et al., 1990), this ignimbrite 

is a part of the basal Cinchado Formation. 

Intrusives. The ensuing discussion is restricted to 

field observations; see Chapter 3, "Petrography" for details. 

The intrusive rocks in this sector have been defined as Paleo-
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cene based on the age dates of Maksaev, et al.(1988) (Figure 

5; Table 1), although the 77.9 Ma age date in the Lomas Bayas 

area is not considered reliable because the granodiorite at 

the reported location contains diorite xenoliths up to one 

LOCATION 
(Deg-Min) 

22-50.5S/69-20.6W 
22-52.3S/69-21.2W 
22-53.3S/69-21.3W 
22-54.4S/69-22.2W 
22-54.8S/69-22.2W 
23-23.3S/69-35.8W 
23-23.3S/69-35.8W 
23-25.2S/69-33.6W 
23-25.2S/69-33.7W 
23-25.4S/69-29.7W 
23-25.4S/69-29.7W 
23-25.4S/69-29.7W 
23-28.3S/69-33.2W 
23-28.3S/69-33.2W 

MATERIAL 
DATED 

Plag* 
Bio 
Bio 
WR* 
Bio 
Bio 
Ap 
Bio* 
Bio 
Bio 
Hb 
Ap 
Hb 
Ap 

ROCK 
TYPE %K 

Gd 4.529 
Gd 6.131 
Gd 
Gd 3.357 
Gd 4.844 
Gd 
Gd 
Gd 0.560 
Gd 5.087 
Gd 
Gd 
Gd 
Gd 
Gd 

40Ar 
pm/g 
480 
689 

354 
538 

33 
543 

DATE AND 
ERRO~(Ma) 

60 
64 
62.3 
59.8 
63 
77.9 
49.5 
33.2 
61 
63.7 
57.1 
57.0 
57.9 
50.8 

± 4 
± 2 
± 0.8 
± 2.0 
± 2 
± 0.5 
± 5 
± 7.3 
± 2 
± 0.4 
± 0.8 
± 7.8 
± 1.8 
± 6.4 

METHOD 
K-Ar 
K-Ar 

Ar-Ar 
K-Ar 
K-Ar 

Ar-Ar 
FT 

K-Ar 
K-Ar 

Ar-Ar 
Ar-Ar 

FT 
Ar-Ar 

FT 

Table 1. K-Ar, Ar-Ar, and fission track age dates in study 
area (Haksaev, et a1., 1988; Haksaev, 1990). Plag-Plagio
clase, Bio-Biotite, WR-whole rock, Hb-Hornblende, Ap-Apatite, 
Gd-Granodiorite. * indicates altered sample. Methods are K
Ar - potassium-argon, Ar-Ar - argon-argon, and FT - fission 
track. 

meter long so that contamination is suspected; also, the 57.9 

Ma age date from hornblende may have been reset (see disclls-

sion under "structural Geology and Mineralization"). Rock 

types include diorite, quartz diorite, quartz monzodiorite, 

quartz monzonite, granodiorite, and granite. Diorites out-

crop throughout the study area as isolated stocks and dikes 

(Figure 5; Plates 1, 2, 3, 4, 5, 6). The rocks are more 

quartz- and occasionally potassium feldspar-rich in dikes 
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A K-Ar age date 

obtained in the Cerro Carrasco quadrangle yielded 73.4 ± 1.9 

Ma (Table 2). In this area, the diorites intrude the Que

brada Seca Formation but are intruded by granodiorites and 

granites. The remaining mapped diorites to the north, 

however, intrude the granodiorites and granites and are thus 

younger than 62 Ma. 

Granodiorite is the dominant plutonic rock in the area 

(Figures 5, 7a, 17; Plates 1, 2, 3, 4, 5, 6). The samples 

are typically plagioclase porphyritic with sparse orthoclase 

and quartz phenocrysts. Maksaev, et ale (1988) obtained K

Ar and Ar-Ar dates of 61-64 Ma and 62.3-63.7 Ma, respective

ly, for this rock type (Figure 5; Table 1). 

The granites outcrop sporadically throughout the area 

as small stocks and as dikes near faults (Figure 5; Plates 

2, 3, 4, 5, and 6). Plagioclase and orthoclase phenocrysts 

are common although an aphanitic texture typifies the dikes. 

A date of 65.0 ± 2 Ma from biotite was acquired for this 

unit in the Sierra Gorda area; altered plagioclase from a 

granite porphyry in the Pampa Uni6n quadrangle yielded 60.3 

± 1.5 Ma (Figure 5; Table 2; Plates 2, 3). In the Cerro 

Carrasco quadrangle (Plate 6), a granitic rock with rounded 

quartz and euhedral plagioclase phenocrysts encased in a 

quartz and orthoclase matrix occurs as small dikes. This 

unit is referred to as the "quartz-eye porphyry" and is 
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a) 

b) 

Fiqure 7. a) ict. 
Looking southeast, Quebrada Mala in foreground 
(black), the catalina-Santiaguina copper deposit in middle 
distance, and the Faride mine in background (arrow). b) 
View of contact relationship between Paleocene (62 Ha) 
ignimbrite (left) and Eocene (48 Ha) mafiC! sill (right). 
Ignimbrite dips 20oNE. Dashed line marks contact. 
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LOCATION MATERIAL ROCK 4uAr DATE AND 
(Deg-Min) DATED TYPE :tK I2mlg ERROR (rna) SAMPLE 
22-48.1S/69-22.5W Bio Gra 7.628 874 65 ± 2 SG8-5 
23-00.2S/69-29.0W Fspr And 1.643 200 69.0 ± 1.6 SG30-1 
23-12.6S/69-26.0W Fspr Gra 2.905 309 60.3 ± 1.5 CH10-1 
23-14.6S/69-27.4W Fspr* Ig 3.935 431 62.1 ± 1.7 CH9-2 
23-15.1S/69-29.0W Fspr Gab 0.372 31 47.9 ± 1.2 CHl-2 
23-36.9S/69-44.7W Fspr Dio 0.853 111 73.4 ± 1.9 PD3-6 

Table 2. potassium-2!.rgon dates obtained for this study. 
Bio-Biotite, Fspr-Feldspar, Gra-Granite, And-Andesite, Ig
Ignimbrite, Gab-Gabbro, Dio-Diorite. * indicates that 
feldspar was slightly altered. See Appendix C for %Ar data. 

typically sericitized. 

In the western part of the Sierra Gorda quadrangle, an 

aphanitic quartz monzonite porphyry outcrops (Figure 5; 

Plate 2). It is generally plagioclase porphyritic. Argil-

lic and propylitic alteration pervade the unit. Its fine-

grained nature and its intrusive relationship with the Cin-

chado Formation suggests that it represents a late-phase, 

near-surface doming event. 

A plagioclase separate from a gabbroic body located in 

the southwest corner of the Pampa Uni6n quadrangle (Plate 3) 

and northeast sector of the Sierra del Buitre quadrangle 

(Plate 4) gave a K-Ar age date of 47.9 ± 1.6 Ma (Figures 5, 

7; Table 2). Grain-size and subtle compositional differen

ces are reflected in outcrop giving it the appearance of a 

layered sill. The layering strikes N45W and apparently dips 

concordantly with the ignimbrite to the northeast; the ig-
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nimbrite is hornfelsed for about 20 meters. An aplite typ

ically intrudes this unit. In other areas, the mafic unit 

occurs as small pods, generally along faults, and the aplite 

is spatially associated with it. In addition, two-pyroxene 

gabbros are common constituents of these intrusions. Herve, 

et al. (1991) also mapped Eocene diorites south of the study 

area thus establishing this unit as an integral component of 

the Paleocene magmatic arc. 

oligocene-Miocene 

In the eastern half of the Pampa Uni6n quadrangle 

(Plate 3), fluvial conglomerates with intercalated tuffs 

crosscut the Quebrada Mala Formation. Clasts are angular to 

subrounded and include diorite, granodiorite, and various 

sedimentary rocks. The sequence is regarded as equivalent 

to a similar section to the south, the Pampa de Mulas Forma

tion (Herve, et al., 1991). Its origin is related to the Eo

cene uplift further east in the region of the Falla oeste 

(Boric, et al., 1990). 

structural Geology and Mineralization 

The following descriptions of the fault zones and the 

mineralized areas provide a basic understanding of their 

characteristics and spatial relationships. The first section 

covers the field evidence for the location and movement of the 

major structures; the section is subdivided into the three 
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dominant strike directions of the faults. The remaining sec

tions are grouped by district and the most important mines are 

discussed individually with emphasis on their structural char

acteristics. These descriptions are the foundation for the 

subsequent structural analysis of the study area. In conjunc

tion with the K-Ar age dates, it will be demonstrated that 

recurrent movement under varying stress and strain conditions 

was commonplace. 

Regional structures 

The main structural elements in the study area generally 

trend north-south, N45E, and N55W (Figures 8, 12, 14, 18i 

Plates 1-6). Folds, generally plunging southwest, were mapped 

in the southeastern sector of the Pampa Union quadrangle 

(Plate 3) and only affect the Quebrada I-Iala Formation. Recur

rent movement along faults is typical and many of them mani

fest strike-slip as well as normal movements. It is important 

to recognize that low-temperature silica flooding commonly 

occurred after the cessation of movement along a zone, thus 

overprinting and obscuring traces of earlier deformational 

features. The linearity of these silicified zones locates 

permeable zones along which fluids could ascend. Thus it is 

deduced that many of these silicified zones were active faults 

even though direct evidence of movement is lacking. with the 

exception of the greater Sierra Gorda fault, displacement, 

where measurable, is commonly in the range of tens of meters. 
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The following discussion presents the field evidence for 

each fault trend. 

North-South Faults. In the Sierra Gorda quadrangle 

(Plate 2), faults are characterized by silicification, hema

titized clay gouge and, where apparent normal movement demon

strably occurred, by escarpments. The Sierra Gorda fault ap

pears to terminate veins; further south, it dextrally dis

places S30-40W plunging folds nearly four kilometers (Figure 

8; Plate 3). In thin-section, the granodiorite is at least 

partially silicified, e.g., SG15-4, and where the granodiorite 

is completely completely silicified, the outcrop is a blue

gray color (cf. Figure llb). Dextral movement along this 

fault is further sUbstantiated by post-mineralization faults 

that crosscut the Faride vein (see "Mineralization - Sierra 

Gorda district" section, p. 46). In the Sierra del Buitre 

quadrangle (Plate 4), horizontal and vertical movements along 

the north-south trend are documented at the La Paloma mine 

(see "Mineralization - Sierra del Buitre district" section, p. 

60), but this fault does not appear to continue along strike. 

In the Sierra San Crist6bal quadrangle (Plate 5), the San 

Crist6bal fault marks the contact between.an Augusta victoria 

Formation andesite and Paleocene granodiorite and is charac

terized by a foliation defined by the segregation of epidote 

and quartz (Figure 9). This occurrence is the only example of 

deformation at greenschist-facies conditions and perhaps re-



flects a deeper level of faulting. 
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Maksaev, et al. (1988) 

reported a hornblende Ar-Ar date of 57.9 ± 1.8 Ma from a sam

ple less ~han one kilometer east of this fault; this age is 

interpreted as constraining the hydrothermal activity associ

ated with the previously unrecognized fault movement. From 

the same locality, a fission-track date from apatite yielded 

50.8 ± 6.4 Ma indicating that the area was within a few kilo

meters of the surface soon after fault movement. 

Approximately ten kilometers NNW of the San cristobal 

fault (Figure 8: Plate 5), a north-trending fault with sin

istral movement displaces a Paleoc,-;ne diorite. south and east 

of the San cristobal fault, north-trending faults not only 

occur along contacts but within rock units as well where re

current normal movement is commonplace and the zones are gold

rich (Figures 8 and 18). 

Northeast Faults. In the Sierra Gorda quadrangle (Plate 

2), these faults are characterized by silicification of the 

rocks that results in a blue-gray color in outcrop (Figure 

11). The Augusta Victoria Formation rhyolites are invariably 

silicified attesting to their permeable nature, and linear 

trends of intense silicification serve to. locate these faults 

in this unit. Dextral movement along this trend was con

firmed by displacement of a diorite dike in the southern part 

of the quadrangle; lenses of massive cryptocrystalline quartz 

occur along this fault as well. In the Pampa Union quadrangle 
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.) 

b) 

Fiqure 9. Foliation in San cristobal fault. Foliation formed 
by alignment of epidote and quartz. Field of view is 2.1mm x 
1.5mm. a) plane-polarized light, b) cross-polarized light. 
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.) 

b) 

Figura 10. Dislocations in plagioclase along a shear zone. 
Although the sample is not oriented, dislocations show general 
relationships of faulting in a strike-slip regime. In the 
photograph, the principal displacement zone (Y) trends NNW, 
the Reidel shears or synthetic strike slip faults (R) trend 
N15E, the conjugate Reidel shears or antithetic strike-slip 
faults (R') trend NaDE, and the secondary synthetic strike
slip faults (F) trend N25W. Refer to "structural Geology" 
section in Chapter 4 (p. 116) for explanation. Field of view 
is 2.1mm x 1.5mm. a) plane-polarized light, b) cross
polarized light. 
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.) 

b) 

Figure 11. 
silicified pebbles are remnants of earlier strike-slip move
ment; brecciation occurred during later normal movement. b) 
View of color change in silicified fault zone. Blue-gray 
color marks NE-trending fault in a granite porphyry (area 
within dashed lines). In background, Eocene mafic sill on 
right (a), granodiorite in center (b), and Quebrada Mala 
Formation on left (c) with Augusta Victoria Formation in left 
center (d). 
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(Plate 3), the fine-grained quartz and sporadic hematitization 

characterize these structures; oblique slickensides suggest 

dextral movement. The Cerro Green fault in the Sierra San 

Crist6bal and Cerro Carrasco quadrangles (Figure 8; Plates 5, 

6) contains lenses of quartz, and is propylitized along its 

strike; at its southernmost extremity, a wash exposes a brec

ciated zone with silicified clasts implicating reactivation 

(Figure 11a). Some of these zones are copper-bearing. Recog

nized displacements do not exceed 100 meters. 

In thin-section, strike-slip movements are recorded by 

plagioclase dislocations that lie along shear planes (Figure 

10). This thin-section shows brittle deformation and, most 

importantly, demonstrates the structural relationships in a 

strike-slip regime. 

Northwest faults. Hematitized fault gouge with calcite 

characterize normal faults and silicification typifies strike

slip faults. In the Sierra Gorda district, some of the exten

sional features were mined for copper, e.g., the San Feder

ico/santa Rosa mine. The most economically important exten

sional feature is represented by the quartz-eye porphyry dike 

that hosts gold mineralization in the San cristobal district. 

In the southwestern corner of the Cerro Carrasco quadrangle 

(Plate 6), intense silicification, typically comprised of 

chalcedonic quartz, locates the structures; based on dis

placement of intrusive units, movement is sinistral. 
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Mineralization - Sierra Gorda District 

El Gringo-Arizona. This hitherto unknown polymetallic 

vein system was discovered dur ing this study by means of 

quartz float in chusca. Bulldozer trenching confirmed that 

this epithermal system consists of parallel veins that extend 

nearly six kilometers along a strike between N70E and N80W 

forming a sigmoidal pattern (Figure 12). Sulfides are rare, 

but boxwork textures formed from the dissolution of pyrite are 

common, although massive banded quartz comprises most of the 

vein. Anglesite, chrysocolla, and malachite are encountered 

at various locales. The host-rock granodiorite is intensely 

silicified proximal to the vein. Only certain zones along the 

strike of the system yielded values greater than one ppm gold 

and 100 ppm silver (S. Iriarte, pers. comm.) 

Faride (ex-Rosario). This mine includes impressive 4-5 

meter-wide, steeply-dipping lodes that form a sigmoid between 

a N80E trend in the east to a N45W trend in the west along a 

two kilometer strike length (Figures 12, 13). EW-trending 

post-mineralization faults displace the vein system no more 

than 30 meters in an apparent sinistral sense (Camus and 

Skewes, 1991); dextral displacement on the scale of meters 

occurred along Ns-trending faults. Camus and Skewes (1991) 

identified two discrete mineralizing events: 1) an early 

quartz-hematite-gold assemblage with homogenization tempera

tures between 200°C and 320°C, e.g., Faride vein; and 2) a 
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Localion Map 

Figure 12. Happed veins (thin line), faults (thick line), and 
principal mineral deposits in sierra Gorda district. Dashed 
lines represent limits of copper deposit exploitation and 
triangles represent breccias. K-Ar age dates from sericite 
are mineralization ages and were obtained for this study 
(circled) and by Makseav, et ale (1988) (squared). See Tables 
1 and 3 for details. 
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Figure 13. Plan view of Farida vein system. After Camus and 
Skewes (1991). 
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late quartz-barite-silver assemblage which yielded temper

atures between 170°C and 245°C, e.g., Oscar vein (Figure 13). 

The veins are symmetrically banded, crustiform, and locally 

amethystine (Figure 15a). They are less than five meters 

wide, lenticular in plan, and appear to taper downward towards 

"focal points" interpreted as feeders by the above authors. 

The oxidized zone reaches a depth of 200 meters and includes 

minerals like boleite, psilomelane, and pyrolusite (argenti

ferous?), native gold, atacamite, malachite, cerussite, an

glesite, cerargyrite, jarosite, goethite, and hematite. An 

enriched blanket is not well developed and a transition zone 

composed of oxides and sulfides comprises the lower 50 meters 

of the oxidized zone (Camus and Skewes, 1991). Chalcocite, 

argentiferolls galena, sphalerite, chalcopyrite, pyrite, tetra

hedrite, argentite, and enargite comprise the hypogene zone; 

it is an adularia-sericite system (Camus and Skewes, 1991; 

Heald, et al., 1987). Reserves are generously estimated at 

1,000,000 tonnes of 4.1 ppm gold and 200 ppm silver (Sillitoe, 

1991). Sericite from altered granodiorite dated by the K-Ar 

method gave an age of 65.0 ± 1.5 Ma (Figure 12; Table 3; Plate 

2) • 

La Salvadora. This copper deposit consists of multi-

directional, less than one-centimeter wide fractures filled 

with atacamite and malachite, the higher grades at fracture 

intersections (Figure 12). An enriched zone between 140 and 
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270 meters depth was encountered by boreholes in a breccia; 

the average grade of this chalcocite-covellite zone is 1.15% 

cu and 0.055% Mo, mainly in the granodiorite clasts (Simic, 

1971). Torbernite and zeunerite occur in the more granitic 

and aplitic phases of the granodiorite (Serrano, 1960). 

Uranium mineralization, however, is erratic and lacks economic 

importance even though grades up to 1% uranium oxides were 

encountered. A silicified fault zone crosscuts the host 

granodiorite to the west; one kilometer east, the andesites 

are propylitically altered (Figure 5). Phyllic alteration is 

not well developed and potassic alteration was not identified. 

In conjunction with the Catalina-Santiaguina mine, the La 

Salvadora area was drilled by various companies in search of 

a viable copper deposit. The enriched blanket is not well 

developed and the hypogene zone, consisting of pyrite and 

chalcopyrite, contains an average of 0.4% copper. Also, cop

per grades are generally higher in the breccia zone that is in 

sharp contact with fresh granodiorite at depth. Based on 

these characteristics, the nature of the alteration, and the 

random orientation of the fractures beyond the exploited area, 

it is difficult to classify this deposit as a porphyry copper. 

No systematic study of the fracture systems was possible as 

permission to enter the mine was not granted. Kuntz (1928) 

described N30E-trending fractures with brochantite, chalcan

thite, and atacamite; mineralization extended up to ten meters 
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This 

copper deposit formed during open-space filling related to 

regional stresses and the intrusion of the quartz monzonite 

porphyry to the west (Figures 5, 8; Plate 2). 

catalina-santiaquina. This copper deposit, hosted by a 

granodiorite, includes tourmaline breccias less than 100 

meters by 100 meters at the surface on the north side (Figure 

7a, 12); multi-directional fractures host mostly malachite and 

atacamite. Alteration includes silicification, weak sericit

ization, and propylitization of the andesites to the east. 

The mine is operated separately from the La Salvadora today, 

but past exploration identified less than 45,000,000 tonnes of 

1% copper for both locales. An altered plagioclase from the 

granodiorite was dated at 60 ± 4 Ma by the K-Ar method (Boric, 

et al., 1990) (Figure 12; Table 1; Plate 2), who considered it 

to be a minimum mineralization age. It is here interpreted as 

a maximum mineralization age and a minimum cooling age. No 

access was granted to study the structures in this mine. 

Kunt~ (1928) described copper-rich veins with disseminated 

minercllization in the host rock; grades were 3-14% copper. 

As at La Sal vadora, these veins are related to regional 

stresses and intrusion of the quartz monzonite porphyry. 

La Copucha (ex Bella Esperanza). This deposit is a 

tourmaline breccia in granodiorite over an area of 250 meters 

in a north-south direction by 80 meters in an east-west 
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direction (Figure 12). The subrounded granodiorite clasts are 

silicified and weakly sericitized and mineralized with ata

camite, chrysocolla, and chalcanthite at the surface, but only 

the tourmaline-rich matrix is copper-bearing with depth; the 

average grade there is 1.4%. Two zones of chalcocite charac

terize the deposit suggesting that an earlier enriched zone 

was subsequently oxidized (ortiz, 1969). Drilling has encoun

tered mineralization to 400 meters depth but the primary zone 

consists of pyrite and chalcopyrite and copper grade is less 

than 1%. NS-trending faults with vertical striae define the 

east and west walls of the deposit and displace various seg

ments of the deposit dextrally. Faults trending N45W and 

N85W, the former crosscutting the latter, manifest sinistral 

movement of apparent small distances. Furthermore, the de

posit is situated along the trend of a N45E fault (Figure 12). 

A whole-rock K-Ar date of an altered granodiorite clast yield

ed an age of 59.8 ± 2 Ma (Maksaev, et al., 1988) which is in

terpreted as a maximum mineralization age in this study al

though Boric et al. (1990), Maksaev (1990), and Maksaev, et 

ale (1988) regard it as a minimum mineralization age (Figure 

12; Table 1; Plate 2). 

Union Minera-La Vendida. This set of polymetallic veins 

in granodiorite trends between N75E and N85W with subsidiary 

veins trending N10W (Figure 12). Atacamite and anglesite are 

common in the tailings; the hypogene zone was encountered at 
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about 90 meters depth where the assemblage is auriferous py

rite and chalcopyrite with subordinate galena and sphalerite. 

Tailings samples typically include banded and crustiform 

translucent to milky quartz with late veinlets of amethystine 

quartz. The veins are less than three meters wide and silic

ic, phyllic, and weak propylitic alteration do not extend more 

than one meter beyond the veins. The veins are similar to 

those at Faride in form and are adularia-sericite types 

(Heald, et al., 1987). The abundance of anglesite at the 

surface and the shallower depth of the hypogene zone as 

compared to Faride suggests that this deposit was recently 

uplifted and erosion has removed the more precious-metal rich 

cap typical of epithermal systems (Guilbert and Park, 1986). 

Rincon-Casucha (ex San Francisco). This vein, hosted by 

granodiorite and diorite, trends N80W (Figure 12), and the 

principal ore minerals were atacamite, malachite, and native 

gold; at the 100 meter level, a quartz-sphalerite-chalcopy

rite-pyrite assemblage with grades up to 15% zinc and 600 ppm 

silver was encountered. Five hundred meters to the east, the 

Casucha mine yielded ore carrying about 100 ppm silver and 1-2 

ppm gold. The quartz in this vein is banded and crustiform, 

similar to the veins at Faride and Uni6n-Minera. Silicic, 

phyllic, and propylitic alteration are restricted to a zone a 

few meters from the vein. These veins are located on the same 

mountain that hosts the Uni6n-Minera veins and a similar 
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structural history is envisaged for them as well. 

San Federioo-santa Rosa. A series of N45-60W-trending 

gouge zones in Quebrada Mala Formation andesite host atacamite 

and malachite grading less than 1% copper (Figure 12). The 

gangue is hematite, limonite, jarosite, and calcite. The 

zones are brecciated and generally less than one meter wide. 

The host andesite is locally propylitized. Exploitation oc

curred along northwest structures associated with the regional 

fault, which crosscuts the Sierra Gorda area (Figure 8). 

La compaiiiae This polymetallic vein strikes N75E for 150 

meters and is three meters wide (Figure 12). The ore minerals 

were atacami'te and native gold grading as high as 10 ppm gold, 

450 ppm silver, and 4.4% copper (Boric, et al., 1984). Banded 

crustiform quartz characterizes the vein. Auriferous pyrite 

was encountered at 70 meters depth where gold values reached 

2 ppm (Boric, et al., 1990). The host andesite is propyli

tized near the vein. Based on the high BrIel ratio (0.3) of 

the mine waters, the increased stability of aqueous Au-Br 

complexes with atacamite, and the lack of relict sulfides in 

some fractures, many of the high-grade gold zones were 

precipitated from ground water by evaporation (Pohl, 1986). 

Mineralization - Sierra del Buitre Distriot 

Julia. A Paleocene granite porphyry hosts this vein that 

trends N70-80W over a length of 400 meters and is up to 5 me-

ters wide (Figure 14, 15b). Amethystine and banded quartz 
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Figure 14. Veins (thin lines), faults (thick lines) and 
principal mineral deposits in sierra del Buitre, Lomas Bayas, 
and San Crist6bal districts. The San Crist6bal deposit is 
hosted by a quartz-eye porphyry dike. K-Ar age dates are from 
sericite and are mineralization ages acquired for this study 
(circled) and by Maksaev, et ale (1988) (squared). 
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fragments and very fine-grained milky quartz comprise the min

eralized zone that is characterized by a discrete fault sur

face with horizontal striae along its footwall. Quartz, ata

camite, malachite, native gold, and at depth, quartz, chalco

cite, galena, and sphalerite are the major minerals. Grades 

are generally no more than 3 ppm gold, less than 100 ppm sil

ver, and less than 2% copper, lead, and zinc. silicic altera

tion is intense around the vein and phyllic alteration extends 

five meters beyond its margins. A K-Ar date on groundmass 

sericite from the host granite porphyry yielded 53.3 ± 1. 4 Ma, 

a date interpreted as constraining the brecciation and hydro

thermal activity associated with sinistral movement along the 

vein (Figure 14; Table 3; Plate 4). 

Flor del Desierto. Atacamite, chrysocolla, and specu

larite are the principal constituents of this N70W-trending 

brecciated vein hosted by an andesite of the Quebrada Mala 

Formation (Figure 14). Its length is 50 meters, its width no 

greater than 0.2 meters, and the silicic and phyllic zones do 

not extend more than one meter from the vein margins. The 

northeast wall has vertical slickensides. The vein is dis

placed for five meters by a N65E-trending fault with apparent 

dextral movement. Sericite from the altered andesite host 

rock was dated at 61.2 ± 2.9 Ma by the K-Ar method (Figure 14; 

Table 3; Plate 4). 

Juan y Adrian (ex chicago). This mineralized zone is 125 
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b) 

Pigure 15. a) The Faride vein. Banded, crustiform vein typ
ical of open-space fill. b) The Julia vein. Fault gouge on 
the footwall (right) where striae indicate sinistral movement. 
This post-mineralization movement caused brecciation and frac
turing of the banded vein and low-temperature silica filled 
randomly-oriented fractures. Arrow marks pen used for scale. 
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.) 

b) 

Figure 16. a) The Lomms Bayas- copper deposit. In the San 
Jorge pit looking north, a post-mineral fault (arrow) dis
places mineralized fractures (foreground) that dip gently 
west. b) The Bolaco vein at San Crist6bal. Brecciated nature 
of vein (center) distinguishes it from open-space fill veins 
such as Faride (cf. Figure 15). 
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Figure 17. The San crist6bal mine area. The view is south
west with the mine on the left (arrow). The host rock is a 
quartz-eye porphyry and trends N55W from the left of the 
photograph to the center (light outcrop). The deposi t is 
hosted by a diorite that intruded a granodiorite (approximate 
contact marked by dashed line). The earlier exploited veins 
are in the pit, directly behind the pit, i.e., Bolaco (see 
Figure 16b) , and on the other side of the mountain. 
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meters long and trends N60W (Figure 14). Atacamite is concen

trated in fractures within a two-meter wide silicified zone in 

andesite of the Quebrada Mala Formation; phyllic alteration 

extends no more than two meters from this zone. sphalerite 

was encountered at a depth of 45 meters. Although the foot

wall and hanging wall are planar, no evidence of movement 

direction was recognized. 

La Paloma. A sandstone of the Quebrada Mala Formation 

hosts this two-meter wide vein that strikes N10W and dips 56W 

(Figure 11). The hanging wall manifests vertical movement 

while the brecciated footwall contains evidence of horizontal 

movement. Multi-directional fractures host atacamite in the 

vein; hematite-rich pockets occur along the strike of the vein 

most commonly in the hanging wall. A K-Ar date on sericite 

was attempted but the low potassium content renders the result 

of 65.1 ± 1.5 Ma unreliable (Figure 11; Table 3; Plate 4). 

Mineralization - Lomas Bayas District 

Lomas Bayas. Fracture filling atacamite constitutes the 

majority of this deposit, although sparse chalcopyrite grains 

are disseminated in and near the fractures in the host grano

diorite (Figure 14); no evidence of pyrite was encountered. 

Three fracture orientations are prevalent: 1) N60W-90, steeply 

dipping, with "dog-tooth" quartz; 2) N30E, dip 25NW, neglible 

quartz; and 3) N30E, nearly vertical, crosscuts other orienta

tions. Two open pits, the San Jorge and the Andacollo, cover 
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an area of 500 meters by 200 meters and accessed the miner-

alization; underground workings originated in the pits and 

along the periphery of the deposit and followed copper-rich 

fracture zones. In the northernmost pit, the San Jorge, ore 

zones were primarily located in the N30E- and N60w-trending 

fractures while workings in the Andacollo pit focused on 

mineralization in the east-west structures. Post-mineral, NS-

trending fault zones contain negligible atacamite. Argillic 

and silicic alteration is common and phyllic and potassic 

alteration are sparse or had not developed; no alteration 

zoning was recognized (Lowell and Guilbert, 1970). A barren, 

15 meter by 25 meter tourmaline breccia outcrops north of the 

San Jorge pit. The clasts are predominantly tabular quartz-

ite; granodiorite clasts are a minor constituent. 

Based on the preferred directions of fracturing, the lack 

of alteration zoning, the limited extent of alteration (less 

than 1000 square meters), and the apparent lack of an intru-

sion associated with mineralization, Lomas Bayas can not be 

LOCATION 4°Ar DATE AND 
{Deg-Min} :tK I2mlg ERROR (ma) MINE 
22-48.3S/69-23.0W 2.133 245 65.0 ± 1.5 Faride 
23-16.6S/69-21.5W 0.780 84 61.2 ± 2.9 Flor del Desierto 
23-17.6S/69-29.8W 3.386 318 53.3 ± 1.4 Julia 
23-25.1S/69-26.7W 0.172 20 65.1 ± 1.5 La Paloma 
23-25.1S/69-34.0W 1.443 88 34.6 ± 1.9 La Aventura 
23-32.8S/69-32.6W 1.322 131 56.3 ± 1.6 San Crist6bal 
23-32.6S/69-32.8W 2.446 255 59.3 ± 1.4 San Crist6bal 

Table 3. potassium-argon age dates on sericite obtained for 
this study. See Appendix C for %Ar data. 



62 

considered a porphyry copper deposit (Guilbert and Park, 

1986). Rather, its genesis is related to the fracturing of 

the host granodiorite under a regional stress regime. Sub

sequently, mineralizing fluids precipitated chalcopyrite and 

quartz in open spaces. 

La Fortuna. A N70W-trending vein, which dips steeply 

southward, hosts fractures enriched in atacamite and chalco

cite (Figure 11); the host rock is granodiorite. The vein 

pinches and swells, reaching a maximum width of 20 meters 

along its 100 meter length. Pyrite and chalcocite are 

encountered at about 75 meters depth. Phyllic and silicic 

alteration are restricted to within a few meters of the vein. 

Aerial photographs show EW-trending fractures covering an area 

of 600 meters by 800 meters; a leached, hematitized zone cor

responds to these fractures at the surface. A NS-trending 

fault displaces the west side of the vein one meter to the 

south, but no indications of movement direction were identi

fied. This vein is similar to the open-space fill veins 

exemplified by Faride and Julia. 

La Aventura. A strongly silicified zone trending from 

N75E to N75W and dipping steeply characterizes this occur

rence; it is not typical of the banded, crustiform veins in 

this sector. No mineralization was noted at the surface, but 

silicification and sericitization pervade the area up to ten 

meters beyond the exploited zone. The host rocks are grano-
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diorite and an Augusta victoria Formation andesite believed to 

be a roof pendant. In the latter, exploratory adits revealed 

stockwork and stratiform quartz-rich veins that appeared to be 

barren. Kuntz (1928) reported that argentiferous galena, 

cerussite, anglesite, and linarite comprised the mineraliza

tion; real ore was encountered only in small shoots close to 

the surface. A K-Ar date on sericite yielded 34.6 ± 1.9 Ma 

(Figure 11; Table 3; Plate 5) which conforms to the 33.2 ± 7.3 

Ma from a chloritized biotite acquired by Maksaev, et ale 

(1988) (Table 1). 

Mineralization - San Crist6ba1 District 

America. This vein, hosted by a Paleocene diorite, 

trends 0-N10W and dips 56W, and can be traced along the SSE 

slope of Cerro Zanelli for over 150 meters; it is accessed via 

portals at various altitudes (Figures 11, 18; Plate 6). Hema

titized fault gouge typically includes fine native gold. Ver

tical striations indicate normal movement and the footwall 

breccia is typically overlain by amethystine veinlets gener

ally less than ten centimeters wide. One of the lower ad its 

reveals an Ew-trending normal fault that displaces the vein 

approximately five meters; it is not mineralized. Near the 

mountain top, the vein is displaced by a N56W-trending 57S

dipping unmineralized fault with slickensides that rake 30S. 

Hine #1 (Name Unknown). Just west of the sununi t of Cerro 

Zanelli, at the highest point of the America mine, the diorite 
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hosts two zones that trend N32-56W and dip 76SW (Figure 18). 

One vein is characterized by a hematitized fault breccia on 

the hanging wall; a "dog-tooth" quartz vein less than eight 

centimeters wide is located on a footwall that displays ver

tical slickensides. A few meters to the east, a vertically

dipping vein displays horizontal slickensides indicating 

right-lateral movement. Horizontal striae on a surface be

tween the two veins trends WNW and displaces the westernmost 

zone dextrally about one meter. Limited work and data suggest 

that grades were sub-economic. 

santiago(?). Approximately 170 meters west of the Mine 

#1 area, a 25-meter ad it reveals a N40W-trending pinch-and

swell amethystine fault vein up to eight centimeters wide 

hosted by the diorite (Figure 18). Normal movement is indi

cated by striae on its footwall with the downside to the 

southwest. The vein is crosscut by a N5W-trending vertical 

fault zone. 

Maravilla(?). This vein is 200 meters west of the San

tiago vein and is hosted by diorite (Figure 18). Access is 

difficult, but a zone near the mined area showed a 2.5 centi

meter-wide, N5E-trending amethystine vein with evidence of 

sinistral movement; it crosscuts a N42E-trending fault with 

striae indicating dextral movement. The vein and fault were 

displaced dextrally by a N40W-trending fault. 

Explotadora. Located on the east flank of Cerro Zanelli 
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just south of the lower portal of the America mine, a N55E

trending silicified zone with horizontal striae showing right

lateral movement is exposed by an exploratory adit (Figure 

18). Here, the deposit is a stockwork hosted by an andesite. 

The majority of workings, however, are located south of this 

adit where the vein tends towards the north-south direction 

and is hosted by granodiorite. 

Bolaco. This fault vein was the most important in the 

San Crist6bal district until the opening of the San Crist6bal 

mine itself (see below). The name "Bolaco" refers to a system 

of fault veins (Rivera, 1980). At the northern extremity, a 

vein trends N12W and crosscuts a N44E-trending dextral fault 

(Figure 18). Dextral movement is recorded at the southern end 

in a N40W-trending vein. The vein system pinches and swells 

and forms sigmoids in both cross-section and plan; a stockwork 

of veinlets permeates the diorite host rock between veins 

(Rivera, 1980). A brecciated zone characterizes these veins 

in contrast to the banded forms of the Faride and Julia veins 

(Figure 16b). Gold was as high as 100 ppm near the surface 

but concentrations decreased with depth and are less than two 

ppm in the hypogene zone at approximately 130 meters below the 

surface (Rivera, 1980). Gold grades were particularly high 

where other veins crosscut the Bolaco veins. 

San cristobal. This is the largest operation in the 

study area and is a low-grade, bulk minable gold deposit with 
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about 15 million tonnes of reserves (Figures 11, 18) (Sil1i

toe, 1991; Lowell and Aspi1laga, 1987). The host rock is a 

sericitized quartz-eye porphyry dike about 100 meters wide. 

The high-grade zones are at vein intersections with low-grade, 

fine-graine'd silver-gold e1ectrum dissemination throughout the 

porphyry (Bro,.,n, pers. comm.). The economic mineralization is 

confined to the N55W-trending dike, the northeast and south

west margins of which are brecciated. To the northwest, the 

mineralization is limited by a north-trending fault, appar

ently an extension of the Bolaco vein. only the oxidized zone 

contains economic grades of native gold at a Ag:Au ratio of 

4:1; hypogene auriferous pyrite is low in gold at less than 

one ppm. The open pit incorporated north-trending silicified 

zones with fault gouge mined earlier from mines called the 

Choca and Pobre Diablo. A K-Ar date of the submicron sericite 

associated with the mineralization at San cristobal yielded 

56.3 ± 1.6 Ma; a K-Ar date of coarser-grained sericite from an 

altered quartz-eye porphyry with background gold values to the 

northeast of the pit gave 59.3 ± 1.4 Ma (Figure 11; Table 2; 

Plate 6). These dates constrain the length of hydrothermal 

activity to about 3my. 

Summary 

The cited evidence demonstrates that various, specific 

structural styles characterize regional faulting as well as 

mineralization in the study area. Moreover, recurrent 
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activity along many of these faults and zones complicated the 

structural history of the area. To elucidate and summarize 

the key evidence, the following list highlights noteworthy 

structural attributes. 

1) Mapped trends of the major faults are N45E, N55W, 
and north-south (Figure 19b). The N45E-trending faults 
are dextral and the N55W-trending faults are sinistral; 
normal movement occurred along some of the former at a 
later time. The NS-trending Sierra Gorda fault displaced 
veins and folds between four and eight kilometers in a 
dextral sense. Sinistral movement is characteristic of 
NS-trending faults in the Cerro Carrasco quadrangle (Fig
ure 8; Plates 1,2,3,4,5, and 6). In general, the NE
trending faults are cross cut by the NS- and NW-trending 
faults. 

2) Fault movement along the NNE-trending sinistral San 
Crist6bal fault is constrained to 57 Ma; gold mineraliza
tion hosted by the N55W-trending quartz-eye porphyry dike 
occurred between 56 Ma and 59 Ma. Sinistral movement 
along the N70W-trending Julia vein occurred 53 Ma. 

3) Low-temperature silicification typically charac
terizes older movements in the fault zones, but propyl
itic alteration developed along the NE-trending Cerro 
Green fault. Later normal movement is characterized by 
escarpments and, on a local scale, gouge zones; near 
the southwestern termination of the Cerro Green fault, 
silicified brecciated fragments encased in a clay
hematite matrix provide evidence for recurrent movement 
(Figure 11a). 

4) Trends of the banded, low-sulfide (adularia-sericite) 
open-space or tension-fill epithermal veins are generally 
ENE-WNW (Figure 19a). They are up to a few meters wide. 
In areas of high-density veining, a z-shaped sigmoid 
formed (Figures 12, 13, 14, 18). The veins have been 
extensively exploited only in the Sierra Gorda district 
where an age date of 65 Ma was obtained; veins in the 
sierra del Buitre and Lomas Bayas districts are of 
significantly lower grades, are relatively more copper 
rich, and have alteration ages that range between 61 Ma 
and 65 Ma (Table 2). These vein types are essentially 
barren in the San Crist6bal district. 
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Fiqure 19. a) strike frequency diagram of banded, crustiform. 
open-space fill veins in study area. b) strike rosette of 
major faults in study area. 
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5) with the· stunning exception of the San crist6bal 
disseminated deposit, gold mineralization in the San 
Crist6bal district favored north-south fault structures 
generally l~ss than two meters wide and was particularly 
rich at vein intersections and where later normal fault
ing occurred; these traits are unique to this district. 
The fault veins are gold rich in this area but copper 
rich in the Sierra Gorda district. 

6) Mineralization occurred at specific periods in 
the intervals 65-60 Ma and 60-55 Ma. The former is 
typified by open-space filling and the latter by shear
zone mineralization. 

7) The Ag:Au ratios range from 50: 1 at Sierra Gorda 
through 30:1 at Sierra del Buitre to 4:1 at San Crist6-
bali no economic precious-metal deposits have been 
encountered in the Lomas Bayas area. 

S) Economic mineralization is generally restricted to 
oxidized zones, highlighting the importance of supergene 
processes. 
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CHAPTER 3 

PETROGRAPHY, PETROLOGY, AND GEOCHEMISTRY 

Petrography 

standard point-counting methods were used to determine 

the modal mineralogy of selected samples. Increments were 

based on grain size and no less than 400 counts per thin

section were recorded (van der Plas and Tobi, 1965). Where 

the matrix was too fine for accurate determination, only the 

phenocrysts are reported. Sample locations are listed in 

Appendix A and plotted on Plates 1, 2, 3, 4, 5, and 6; modal 

mineralogies are found in Table B.7. 

According to the lUGS classification (Strekeisen, 1976), 

the rocks range in composition from a gabbro to an alkali

feldspar granite (Figure 20). The Paleocene diorites (CC1-1, 

CC15-1, SC8-2, CC16-3, SC9-1, SG16-4, CH8-3, PD3-6, and CC13-

4) consist of equigranular euhedral twinned plagioclase laths 

(An = 34-45), euhedral-subhedral hornblende, minor biotite, 

and opaque minerals; clinopyroxene is a constituent of samples 

CC15-1 and SC8-2. Accessory minerals include apatite and hem

atite. In samples from a stock periphery or a dike, inter-
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stitial quartz is sufficient to classify the rocks as quartz 

diorites (samples SG 16-4, CH8-3, CC13-4, and PD3-6). Al

teration includes sericite patches in the cores of oscilla

tory-zoned plagioclases or along twinning boundaries, and 

biotite and opaques after hornblende. Small quantities of 

primary biotite occur in some samples (CC16-3 and CC1-1); sam

ple CC16-3 also contains clinopyroxene pseudomorphs principal

ly occupied by hornblende. 

Various proportions of euhedral plagioclase (An = 24-40) , 

anhedral orthoclase, anhedral quartz, subhedral-euhedralhorn

blende, biotite, and opaque minerals comprise the Paleocene 

granodiorites (SG1-1, SG15-4, CH8-1, CC9-3, SC7-3, CC16-2, 

SB6-3, and CH9-1). Textures range from sub-porphyritic to 

porphyritic with predominant plagioclase phenocrysts in a 

matrix of orthoclase, quartz, and opaque minerals; orthoclase, 

quartz, and hornblende are uncommon phenocrysts. Apatite and 

zircon are common accessories while sphene and monazite are 

rare. A sample located near a contact with a diorite contains 

less quartz and is a quartz monzodiorite (CH9-1) (Figure 20). 

Orthoclase altered to clays and chlorite and/or epidote formed 

after the mafic minerals typify the scant alteration charac

teristic of these samples. 

Paleocene quartz monzonites consist of orthoclase, 

quartz, and plagioclase, the lattermost occurring in the 

matrix as well as a phenocrystic phase. They are aphanitic 
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Figure 20. 7UGB classification of plutonic rocks from the 
study area. Diagram based on proportions of quartz, alkali 
feldspar, and plagioclase (Strekeisen, 1976). 
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and moderately altered; all orthoclases are argillized and 

mildly sericitized and the mafic minerals have been altered to 

epidote. 

The granites were sampled from small stocks and dikes, 

the former having a porphyritic texture (CHiO-i, CHiO-3, and 

CC6-2) and the latter an equigranular one (SG8-5 and CCiO-3) . 

The anorthite content of the plagioclases is between 23 and 

38. Hornblende and biotite comprise the mafic minerals and 

accessories include opaque minerals, zircon, sphene, and apa

tite. Clay formed after orthoclase and hornblende has altered 

to epidote and/or chlorite in some samples. Sample CC13-1 is 

also a granite but will be termed a "quartz-eye porphyry" due 

to the large, euhedral to rounded grains of quartz in the 

rock. It is also plagioclase porphyritic (An = 26) and con

tains trace amounts of hornblende and opaque minerals. This 

sample is slightly altered and contains a veinlet of epidote. 

Samples CC19-4 and CC19-5 are completely altered versions of 

this rock type; the plagioclase and orthoclase altered to 

sericite, the mafic minerals appear to be secondary or are 

altered to chlorite, and silicification is ubiquitous. 

Plagioclase is the dominant pheno~ryst of the Paleocene 

extrusives (SG30-1, SC5-1, CH9-2, PD2-1. and CC14-4). The 

andesites, SG30-1 and SC5~1, also contain small quantities of 

opaque minerals, pyroxene, and hornblende and trace amounts of 

sphene. Opaque minerals are a constituent of all volcanics. 
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Samples PD2-1 and CH9-2 show evidence of alteration due to 

hydrothermal activity, magmatic activity, devitrification, or 

a combination thereof. 

The Eocene gabbro and diorites (CHl-2, CH9-3, CH9-4) 

consist of euhedral plagioclase (An = 45-51) with intersti

tial, anhedral-subhedral augitic pyroxene; orthopyroxene, 

olivine, and opaque minerals are accessories. The gabbroic 

body in the Cerro Carrasco quadrangle (Plate 6) contains two 

pyroxenes. Sample CH4-2 is an aphanitic equigranular alkali

feldspar granite that intrudes the gabbro and diorite; ortho

clase grains are subhedral and the quartz grains are anhedral. 

Major and Trace Element Geochemistry 

Sample locations are listed in Appendix A and plotted on 

Plates 1, 2, 3, 4, 5, and 6. Analytical techniques are dis

cussed and data tables are located in Appendix B. 

The rock suite analyzed is calc-alkaline as is expected 

from those formed in a magmatic arc (Figure 21). Furthermore, 

nearly all samples are metaluminous with the exception of a 

Paleocene granite (SG8-5), which is weakly peraluminous, and 

the Eocene alkali-feJ..dspar granite (CH4-2), which is peralumi

nous (Farmer and DePaolo, 1983) (Figure 22). According to 

Keith (1986), almost all samples are alkali-calcic, iron-poor, 

oxidized suites; the notable exceptions are the Eocene rocks 

whose mafic end members are calc-alkalic, iron-rich rocks and 
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Figure 21. UK diagram for analyzed rocks (Irvine and 
Baragar, 1971). Squares are mafic rocks, rectangles are 
granodiorites, crosses are quartz monzonites, "X"'S are 
granites, and circles are volcanic rocks. Rocks show a 
typical calc-alkaline trend. 
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whose felsic phase is an alkalic, iron-rich rock (Figure 22). 

Two diorites (CC1-l and CC15-1), a granite porphyry (CH10-1), 

and a rhyolite (CC14-4) are calc-alkalic (Keith, 1986) (Figure 

22). The Harker diagrams of the major elements show that MgO, 

CaO, Al203, FeO, Fe203, Ti02, and MnO have a negative correla

tion with Si02, K~O has a positive correlation with Si02, and 

Na20 does not vary greatly with respect to silica; P20S values 

are scattered throughout the ranges of Si02 reaching a maximum 

between 56% and 64% Si02 (Figure 23). Varying degrees of oxi

dation account for the broad linear range of FeO and Fe203 to 

some extent. 

Because of its economic importance in the study area, al

tered quartz-eye porphyry was sampled near the San cristobal 

mine to compare with the freshest quartz-eye porphyry encoun

tered in the field (CC13-1), approximately 17 kilometers ESE 

from the mine (Plate 6). Samples CC19-4 and CC19-5 are lo

cated less than two kilometers west of the economic limits of 

the deposit, the former from a dike and the latter from the 

feeder stock (T. Brown, pers. comm.). The samples are not 

plotted with the data set in Figures 22 and 23, but the re

sults show that MgO, CaO, and K20 are greater than and Na20 is 

less than those of CC13-1 (Table B.6). 

Trace and minor element data were plotted using Si02 as 

a differentiation index (Figure 24). Sr, Sc, Ni, Co, Zn, Cu, 

Cr, and V decrease with increasing Si02 while Th, U, Y, Rb, 
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Ba, Zr, and Nb, increase with increasing Si02• A notable 

exception to these trends is the quartz-eye porphyry, CC13-1i 

it is characterized by low Th, U, Rb, Zr, Y and Nb and high Sc 

relative to the other samples (Figure 23). Data from the 

altered quartz-eye porphyries show that they are enriched in 

Rb, Y, and Cu and depleted in Cr compared to CC13-1i CC19-4 is 

depleted in Sr but enriched in Zr and CC19-5 is enriched in Sr 

but depleted in Zr relative to the fresh sample (Table B.6). 

Other deviations from the general trends include a rhyolite, 

CC14-4, that contains low Th, U, Rb, Zr, and Y, and a granite, 

SG8-5, that has low Zr and Y (Figure 23). 

Rare Earth Element Geoohemistry 

Analytical techniques are discussed and data tabulated in 

Appendix B. Many of the samples were analyzed by Instrumental 

Neutron Activation Analysis (INAA) and Induced Coupled Plasma 

Mass Spectrometry (ICPMS) methods, the latter providing the 

more reliable results; thus, samples analyzed by ICPMS are 

preferentially plotted and discussed (see Appendix B for com

parative results). All data were normalized to orgeuil (An

ders and Ebihara, 1982). 

General Patterns of Rook Types 

Figure 25 shows the generalized trends of each rock type. 

The Paleocene mafic rocks have an (La/Yb)n ratio ranging from 

3.21 to 7.40 and averaging 4.85. The Eocene gabbro and dio-
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rite have a range of 3.01-4.35 with an average of 3.76; the 

two diorites plot within the Paleocene field. The range of 

the granodiorites is 4.83-7.50 and the average is 5.70; this 

does not include silicified sample SG15-4 which has an 

(La/Yb)n ratio of 10.34. Granitic rocks range from 4.50 to 

7.18 with an average of 5.97, not including samples SG8-5 and 

CC13-1 which have values of 14.20 and 26.16, respectively. 

The Eocene alkali-feldspar granite, CH4-2, plots within the 

field of Paleocene granites and its ratio is 5.97. Also, the 

signature of the quartz monzonites lies within the granite 

field and they have an average ratio of 4.66. Most of the 

(La/Yb)n differences among the rock types are reflected by the 

varying slopes of the LREE. In general, 

from the mafic to the felsic end members. 

(La/Yb)n increases 

The MREE and HREE 

patterns are essentially flat. The extent of the Eu anomaly 

is also unique (Figure 25). The Eu/Eu* ratios derived from 

the ICPMS results, Eu* a postulated value based on a straight

line interpolation between log-normalized Sm and Gd, range 

from 0.73 to 1.02 for the mafic rocks, 0.55 to 0.77 for the 

granodiorites, and 0.19 to 0.64 for the granitic rocks, the 

notable exception being the quartz-eye porphyry which has a 

value of 1.90 (any value <1 indicates a negative anomaly while 

a value >1 is a positive anomaly). The Eocene gabbro and 

diorite have values of 1.20 and 0.96, respectively. REE 

patterns that lie outside the general trends are the Eocene 
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Figure 25. REE-normalized data for eaoh rook type. Sample 
CH1-2 is Eocene; other Eocene rocks plot within the general 
fields defined by the Paleocene rocks. 
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gabbro, CHl-2, and the quartz-eye porphyry, CC13-1 (Figures 

25, 26, 27b, 27d). The relative REE depletion and small 

positive Eu anomaly of the gabbro is consistent with its posi

tion at the base of a layered sill. The diorites (CH9-3 and 

CH9-4) sampled at the top of the sill, nearly two kilometers 

from the gabbro, are three times more enriched, have an Eu/Eu* 

near unity, and (La/Yb)n ratios are slightly greater (Figure 

27b). 

The quartz-eye porphyry not only has a significantly 

higher (La/sm)n value than the other samples, but has a pro

nounced positive Eu anomaly as well (Figures 25, 26, 27d). 

The altered quartz-eye porphyries have a small negative Eu 

anomaly and are enriched in MREE's and HREE's relative to 

CC13-1 (Figure 26). Their (La/Yb) n ratios are lower as a 

result of both lower (La/Sm)n ratios and the aforementioned 

enrichment. Nonetheless, when compared to the data set, their 

HREE depletion implicates consanguinity with CC13-1. 

General Trends in the Districts 

Figure 27 groups the data by district. In general, 

notwithstanding the few distinct samples noted in the previous 

section, the data are very similar. The Sierra Gorda district 

is characterized by the large negative Eu anomaly and high 

(La/Yb)n of the granite (SG8-5) as well as the relatively 

smaller negative Eu anomaly (0.77) and higher (La/Yb)n (10.34) 

value for the silicified granodiorite (SG15-4) as compared to 
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Figure 26. REE-normalized plots for quartz-eye porphyry. 
INAA results are utilized for this comparison. Dy and Ho 
values are lower and (La/Yb)n higher for CC13-1 when analyzed 
by ICPMS resulting in a concave-up pattern for the HREE's (see 
Figures 25 and 27). 
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the granodiorites in the other districts (0.65-0.68 and 4.83-

6.80, respectively) (Figure 27a). A restricted range of 

(La/Vb)n values (4.50-4.84) characterize the Paleocene rock 

suite from the Sierra del Buitre district. The Lomas Bayas 

suite lies within a higher range of (La/Vb)n values (6.03-

6.80), a trait shared by San Crist6bal district felsic rocks. 

Finally, the patterns of the quartz-eye porphyry (CC13-1) and 

its altered equivalents are not only unique to the San Cris

t6bal district but to the other districts as well; outcrops of 

this unit are restricted to the Cerro Carrasco quadrangle. 

As a group, the Paleocene samples display a concave-up, 

albeit slight in some cases, HREE pattern. Also, none of the 

suites show a correlation between LREE-enrichment and Si02 

(Figure 27). Thus, the REE signatures are independent of 

modal mineralogies and bulk composition. 

xsotope Geochemistry 

Twenty samples were analyzed for Nd, Sm, Rb, and Sr 

isotopes; analytical techniques are discussed and data tables 

are found in Appendix B. Figure 28 shows the results grouped 

by rock type and by district. Mafic rocks have a eNdT range 

of 2.49-3.34 and an Sro range of 0.704008-0.704388 with an 

altered sample, CC16-3, having a higher value of 0.705538. 

Granodiorites are also clustered with an eNdT range of 1.71-

3.17 and a sro range of 0.704265-0.704892. Isotope data for 
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Figure 27. REE-normalized plots for each district. a) Sierra 
Gorda, b) Sierra del Buitre, c) Lomas Bayas, d) San Crist6bal. 
Some samples are categorized by their proximity to a district 
(see Plates 1, 2, 3, 4, 5, 6 for locations). Numbers repre
sent percent Si02 for each sample. All samples are Paleocene. 
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(continued). 
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the granites manifest a larger scatter and ranges are 1.06-

3.43 and 0.704426-0.707395 for €NdT and Sre' respectively. 

Due to alteration, sample PD2-1 has an anomalously high sro 

value; excluding this sample, the high end of the sro range 

for granites is 0.705448. 

variation of the €NdT and Sre values in the San Crist6bal 

district is approximately 2.0 and 0.000215, respectively; the 

variation of sro is greater when the altered samples, CC16-3 

and PD2-1, are included (Figure 28b). The Sierra Gorda dis

trict values vary 1.11 for eNdT and 0.001196 for Sro. Rocks 

from the Sierra del Buitre and Lomas Bayas districts have re

stricted variations of eNdT (0.57) and sro (0.001282). 

No correspondence between age and isotopic signature is 

discernible. Furthermore, the eNdT data do not vary in a 

systematic way with Si02 (Figure 29). However, Si02 increases 

and Sr decreases with increasing Sro although the correlations 

are weak (Figure 29). 
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Figure 28. 
district. 

€Nd~ versus sro qrouped by a) rock type and b) 
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Figure 29. a) ~Nd~ versus 8i021 b) sro versus Si021 and c) 8ro 
versus Sr plots. 
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CHAPTER .. 

DISCUSSION 

Introduction 

Detecting the relationship of mineralization to the 

source of its presumably related magmas has eluded the rigors 

of geochemistry; if the former is the end product of the lat

ter, the evolutionary processes are difficult to constrain. 

Mesozoic magmatism is well recorded along the northern Chile 

consuming margin, yet the inherent complexities of periodic 

magma generation and transport in a sUbduction environment 

obscure the processes inherent to anyone period of plutonism, 

volcanism, and related mineralization. The problem is exac

erbated by structural activity during the life of a magmatic 

arc, uncertainties created by structural overprint after ces

sation of magmatism, and variable levels of denudation. 

In the study area, textures and fluid inclusion studies 

(Camus and Skewes, 1991) show that the plutonic rocks and 

mineral occurrences were emplaced at high crustal levels. 

Fission-track data show that these plutons were within a few 
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kilometers of the surface by the Eocene (Maksaev, et ale, 

1988) and limited erosion has occurred since this time 

(Mortimer, 1973). 

The relationship between structures and mineralization is 

unequivocal. Late-stage fluids associated with magmatism 

comroqnly contain an elevated concentration of metals; they 

also require available space for migration to form a mineral 

deposit. Recurrent movement(s) along pre-existing structures, 

both mineralized and unmineralized, must be constrained by 

mapping and radiometric age dates in order to discern sequen

tial movements and properly identify the temporal interplay of 

faulting and their associated mineral deposits. Furthermore, 

if the stresses responsible for structural arrangements in any 

one region are largely a result of plate interactions, the 

nature of magmatism and its related mineralization provides 

direct evidence of subduction-related tectonics (Rehrig and 

Heidrick, 1972; Heidrick and Titley, 1982). 

The ensuing discussion will address magmatic and struc

tural mechanisms related to mineralization in this part of the 

Paleocene magmatic arc. Its relationship to other Paleocene 

mineral deposits in northern Chile and to magmatic arcs and 

their characteristic mineralization in an east-west transect 

will then be pursued. These data will then be synthesized to 

constrain the plate tectonic history along this part of the 

Chilean consuming margin. 
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Maqmatism 

Any petrogenetic analysis is plagued by the uncertainties 

of the provenance of magma generation and the complexities of 

magma ascent through the lithosphere. While certain parame

ters are accessible for determination of the geochemical na

ture of the crust in this part of northern Chile, models are 

hindered by the lack of lower crustal and mantle xenoliths. 

Rogers and Hawkesworth (1989) and Rogers (1985) have estab

lished some constraints on the geochemistry of the late Paleo

zoic to early Cretaceous rocks that are probably a constituent 

of the lower crust in this region (Figure 30). These parame

ters are useful for discussing magma generation in this re

gion, yet they can be only used qualitatively due to the un

certainty of the local nature of the deep crust and mantle. 

Disregarding alteration effects, geochemical data tend to 

support the presence of a comagmatic suite within the arc. 

Closed-system magmatic processes, however, are precluded by 

the isotopic data, the general decrease of Sr with increasing 

Sro ' and the lack of correlation between REE enrichment and 

increasing Sio2 content (Figures 27, 28, 29). Nonetheless, 

the general trend of gradual REE enrichment and increasing 

negative europium anomaly from the mafic suite to more felsic 

rocks demonstrates the importance of low-pressure processes, 

especially plagioclase fractionation, regardless of magma 

source (Figure 27). with the exception of apatite, other 
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Pigure 30. Schematic cross-section of crust within study 
area. Cross-section displays rock relationships throughout 
the study area and does not represent anyone line of section. 
Numbers indicate €NdT and Sro of specific rock types. Data 
for Cretaceous and older rocks are from Rogers (1985) and 
Rogers and Hawkesworth (1989). 
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possible fractionating minor phases, e.g., zircon, did not 

play a major role in the cooling history of anyone magma 

based on the REE patterns; the concave-up pattern of the 

MREE's in some samples suggests that hornblende fractionation 

was operative. In sum, the suite was generated from a variety 

of sources that were subjected to low-pressure processes. 

The Paleocene isotopic array conforms ,to or is near to 

the mantle array, with some exceptions, in between Jurassic 

and Oligocene values that correspond to rocks along an east

west transect in this part of northern Chile (Rogers, 1985; 

Rogers and Hawkesworth, 1989; Maksaev, 1990) (Figure 31). 

This trend has been attributed to a heterogeneous, enriched 

mantle wedge source (Rogers and Hawkesworth, 1989). Rogers 

(1985), on the other hand, suggested that some mechanism of 

crustal contamination resulted in LREE enrichments of various 

cretaceous rocks; also, he speculated that detritus from 

Permian rocks was subducted and assimilated by mantle rocks to 

generate the Jurassic igneous rock suite. Nevertheless, the 

bulk of the temporal isotopic differences are a'ttributed to 

magma sampling of heterogeneous mantle wedge as magmatism 

migrated eastward through time (Rogers and Hawkesworth, 1989). 

REE Element Behavior 

Based on REE patterns, the Eocene gabbro (CHl-2) encoun

tered in the study area is the least evolved of any rock 

within the east-west transect (Maksaev, 1990; Rogers and 
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Hawkesworth, 1989; Rogers, 1985) (Figure 27). Assuming that 

there was no crustal contamination during ascent, the gabbro 

can be considered to result from partial melting of a mantle 

source. Since this Eocene rock is spatially associated with 

the Paleocene rocks, is isotopically similar, and is only 15-

25my younger, and because the Paleocene suite was likely 

derived, at least in part, from the mantle, the gabbro can be 

considered as a mantle-source partial melt for modelling pur

poses (Figure 32). Inherent to the use of the gabbro as a 

potential source is that the REE patterns suggest that refrac

tory garnet was not a participating phase in the generation of 

this partial melt. Also considered as a potential source rock 

is a garnet peridotite (60% plagioclase-20% clinopyroxene-15% 

orthopyroxene-5% garnet) that is 3x-chondrite REE-enriched 

(Sun, 1982) (Figure 32). Sufficient crustal thickness to have 

resulted in a residual garnet phase is arguable, although 

James (1971) concluded that today's crustal thickness is 

approximately 40 kilometers in the area of interest. The 

majority of the samples are characterized by low (La/Yb) n 

ratios, HREE enrichment, and relatively high Sc concentrations 

suggesting that garnet was not instrumental in the generation 

of these magmas. On the other hand, the Jurassic-cretaceous 

back-arc basin that preceded the Paleocene magmatic arc was 

closed via thrust faulting and folding that likely resulted in 

crustal thickening (Coira, et al., 1982) and subsequent low-
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Figure 32. REE-normalized signatures for various modelled 
combinations of parental magmas. 



103 

ering of geotherms; thus, a partial melt derived from a garnet 

peridotite is plausible. Finally, since the Sro versus Sr 

plot (Figure 29c) implicates different sources for the rock 

suite, and because mixing is a viable mechanism for generating 

isotopic heterogeneities, the Limon Verde granodiorite, locat

ed approximately 45 kilometers northeast of the Sierra Gorda 

district, can be considered as a contaminant of the postulated 

mantle-derived magmas (Figure 32). The data utilized are an 

average of seven samples of Limon Verde granodiorite analyzed 

by Rogers (1985). 

Rayleigh fractionation and Berthelot-Nernst equilibrium 

models were used for fractional crystallization and partial 

melting calculations, respect.ively (Neumann, et al., 1954; 

Shaw, 1970) (Appendix D). Distribution coefficients used are 

listed in Table 0.1. Fractionating phases considered were 

based on petrography; accessory phases were not included in 

the calculations. Binary mixing of the mantle sources with 

the Limon Verde granodiorite is constrained by Nd and Sr 

isotope data. 

The results of modelled liquids using various fraction

ation parameters are shown in Figures 33, 34, and 35. The 

garnet peridotite must be 10% partially melted to reproduce 

the (La/Sm)n ratios of selected basic rocks, but the HREE are 

more enriched than modelled (Figure 33a). On the other hand, 

the same mafic rock suite can be generated by fractionation of 
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the gabbroic magma (Figure 33b). The more felsic rocks, how

ever, are more LREE-enriched and, in most cases, have a nega

tive Eu anomaly not reproduced by the model. These simple 

models demonstrate that the rock suite was created by more 

complex processes. In addition, they show that flat HREE 

patterns are related to a garnet-free source, that a later 

plagioclase fractionation ~vent is required to produce the 

negative Eu anomalies, and most importantly, that the mantle 

sources are more LREE enriched than postulated, possibly 

reflecting a slab contribution. Finally, isotopically similar 

rocks, e.g., SG30-1 and SG16-4, were clearly derived from 

different sources with the same isotopic signature or dif

ferent petrogenetic mechanisms operated on the same source 

during magma ascent. 

Binary mixing of the gabbroic partial melt and an average 

Limon Verde granodiorite reproduces neither the LREE enrich

ments nor the negative Eu anomaly characteristic of the iso

topically-constrained granodiorites and granite (Figure 34a). 

The REE patterns generated by the mixing of the same grano

diorite and a garnet peridotite partial melt more closely 

duplicate the subject rocks even though the LREE enrichments 

and negative Eu anomalies are not reproduced (Figure 34b). 

These models implicate that a phase with refractory garnet can 

play a role in magma generation when mixed with a crustal 

rock. 
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Negative Eu anomalies and LREE enrichments can be repro

duced by invoking a two-stage fractionation process of the 

mantle source partial melt (CH1-2) and the garnet peridotite 

partial melt-Limon Verde granodiorite mix (Figure 35). HREE 

enrichments are also compatible with derivation from the gar

net peridotite partial melt-Limon Verde granodiorite mix. In 

these examples, the samples shown are isotopically similar to 

SG30-1 (Figure 28) thus demonstrating that many of the rocks 

in the study area can be derived from a single mantle source 

that underwent similar low-pressure magmatic processes. 

Notwithstanding the simplicity of these models and the 

reliability of distribution coefficients, certain aspects of 

magma genesis in this region have been delineated. First, 

many Paleocene rocks can be generated directly from a garnet

free mantle source provided that fractionation, based on the 

phenocryst assemblages, occurred during ascent; thus, their Nd 

and Sr isotopes are reflective of the mantle source; however, 

mixing of a less evolved, garnet-bearing mantle source, e.g., 

€NdT = +6, with a crustal rock could also produce some of the 

Paleocene rocks. Second, LREE enrichment of the more felsic 

rocks indicates that a more enriched mantle source was tapped 

to produce them or a mantle source was contaminated somewhere 

along its ascending path. Third, HREE patterns are compatible 

with plagioclase and clinopyroxene or hornblende fraction

ation. Fourth, many of the negative Eu anomalies of the more 
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Figure 33. REE-normalized plots for fractional crystalliza
tion models. a) partial melting of a 3x-chondrite enriched 
garnet peridotite followed by olivine-clinopyroxene frac
tionation and b) partial melting of mantle source (CHl-2) 
followedbyplagioclase-clinopyroxene-magnetitefractionation. 
Selected samples are plotted with applicable models. F = 
amount of liquid remaining after fractionation. See text for 
discussion. 
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Figure 34. REE-normalized plots for binary mixing models. a) 
mixing of mantle source partial melt (CHl-2) (80%) with Limon 
Verde granodiorite (20%) followed by plagioclase and horn
blende fractionation and b) mixing of garnet peridotite par
tial melt (50%) with Limon Verde granodiorite (50%) followed 
by plagioclase and hornblende fractionation. Selected samples 
are plotted with models. F = amount of liquid remaining after 
fractionation. See text for discussion. 
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Figure 35. REE-normalized plots ror two-stage rractionation 
models. a) two-stage fractionation of mantle source partial 
melt (CHl-2) and b) two-stage fractionation of mix of garnet 
peridotite partial melt (60%) and· Limon Verde granodiorite 
(40%) followed by plagioclase and hornblende fractionation. 
Selected samples plotted with models. F = amount of liquid 
remaining after fractionation. See text for discussion. 
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rocks were generated by late-stage plagioclase fractionation. 

Thorough mixing of a mantle source with a crustal rock, 

thereby "enriching" the resultant magma, can occur in the 

mantle wedge or along the crust-mantle boundary. The former 

is the preferred mechanism of Rogers and Hawkesworth (1989) 

who show that Jurassic through Oligocene magmas tapped a 

progressively enriched mantle wedge in time as the magmatic 

arc migrated eastward; they suggest that crustal contamination 

was not a factor during its ascent. The latter occurs when 

the ascent of a mantle-sourced magma is impeded at the crust

mantle interface and mixes with lower-crustal rocks. Hildreth 

and Moorbath (1988) proposed this process, mobilization assim

ilation-storage-hybridization (MASH), for the geochemical het

erogeneity of Quaternary volcanics in a part of the Southern 

Volcanic Zone of Chile. Both mechanisms are supported by the 

thoroughly-mixed Pb reservoirs for galenas hosted by Paleocene 

rocks (Puig, 1988); Pb isotopes have a limited range located 

along the Stacy-Kramers line (stacy and Kramers, 1975). 

Assimilation-fractional crystallization (AFC) processes could 

occur during magma ascent but would be restricted to the 

involvement of Limon Verde rocks since Early Cretaceous and 

Jurassic volcanics are isotopically less evolved (DePaolo, 

1981) (Figure 31). It is important to note that an average 

value was used for the Limon Verde granodiorite and that its 

geochemical heterogeneity could generate the small geochemical 
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distinctions of the Paleocene rock suite. Moreover, the Limon 

Verde schist is also a feasible contaminant that could result 

in varying geochemical signatures (Figure 31). 

The above discussion concluded that mixing processes, in 

a convecting mantle or at the crust-mantle interface, were 

instrumental in generating the Paleocene rock suite. However, 

the quartz-eye porphyry has a unique REE signature that is not 

related to the above models (Figures 26,27). HREE and Y de

pletion is consistent with hornblende fractionation, Rb deple

tion with biotite fractionation, and Zr, Th, and U depletion 

with zircon and/or sphene fractionation; yet, low Rb contra

dicts the high Ba concentration if biotite control was opera

tive suggesting that the parent was Rb-depleted (Arth, 1976). 

Based on the concentrations of the immobile elements Sr and 

Zr, the altered quartz-eye porphyries show that plagioclase 

and zircon exerted control on the evolution of the magma that 

produced the quartz-eye porphyry (Table B. 6). The positive Eu 

anomaly characteristic of the fresh sample may indicate the 

high f02 of the magma (Drake and Weill, 1975). In sum, the 

processes responsible for the generation of the quartz-eye 

porphyry are distinct but modelling is difficult since field 

evidence for related rocks in the study area is lacking. That 

the TOM of CC13-1 is approximately 200my younger than the rest 

of the rock suite implicates a unique source or a contamina

tion process distinct from that of other magmas generated in 
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this area (Arndt and Goldstein, 1987). 

Magmatism and Mineralization 

Puig (1988) showed that Pb isotopes from vein galenas 

correlate with their host rocks. Nonetheless, consistent with 

the geochemical heterogeneities of the rock suite, the timing 

of magmatism and mineralization, and the metal contents and 

ratios characteristic of the districts, pairing a specific 

magma with a mineralizing event is untenable. The spatial 

relationship of granitic rocks to the main mineralized areas 

of each district implicates a genetic relationship between 

them. Indeed, the isotopic and REE signatures of SG8-5 

(Sierra Gorda - Ag:Au = 50:1) and CC6-2 (San cristobal - Ag:Au 

= 4:1) are distinct (Figures 27,28); also, the ages of SG8-5 

and the mineralization at the Faride mine are coincident 

(Tables 2, 3). Yet field evidence supports a clear spatial 

relationship only between the quartz-eye porphyry and gold 

mineralization in the San cristobal district. Furthermore, 

the 2.0 eNd difference displayed by the felsic rocks of the 

two aforementioned districts may be significant at the local 

scale but is not unique on a regional scale (Figure 31). 

Therefore, even though magma and Pb-isotope sources have been 

thoroughly mixed prior to ascent and emplacement, geochemical 

data acquired for this study does not convincingly demonstrate 

that anyone magma is related to the distinct epithermal min-
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eralization characteristic of each district. 

Copper deposits are commonplace throughout northern Chile 

(Ruiz and Peebles, 1988). within the transect between lati

tudes 22° and 24° south, the styles of mineralization include 

Jurassic copper mantos, veins, and breccias in the Coastal 

Cordillera, Paleocene copper veins characteristic of the study 

area, and oligocene porphyry copper deposits in the Domeyko 

Cordillera (Figure 39). Figure 36 shows characteristic REE 

signatures of host rocks to these copper deposits. While 

these examples may not be directly related to mineralization, 

they provide a cursory look at the nature of magmatism in the 

transect from the Jurassic through Oligocene time. The 

salient aspects of these plots are the increasing (La/Yb)n 

ratio, diminution of the negative Eu anomaly, and the HREE 

depletion with time. Rogers (1985) concluded that Jurassic 

mantle-source magmas were contaminated by a crustal component. 

This study shows that crustal contamination is plausible and 

could include a phase with refractory garnet. The high 

(La/Yb)n ratios and HREE depletion of Oligocene magmas were 

reproduced by partial melting of a garnet-bearing phase (Lo

pez, 1982). In addition, the MREE' s have a concave-up pattern 

and the Eu/Eu* ratio is near unity implicating hornblende 

fractionation and a lack of plagioclase fractionation, respec

tively (Figure 36). Remarkably, the REE characteristics and 

Nd, Sr, and Pb isotopes of many of the plutonic rocks related 
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to Chilean porphyry copper mineralization are similar regard

less of age (Lopez, 1982; Zentilli, et al., 1988; Maksaev, 

1990). Maksaev (1990) proposed that a partial melt derived 

from a garnet-bearing source that has undergone hornblende 

fractionation but not plagioclase fractionation was prequisite 

to generate the prolific Oligocene porphyry copper deposits in 

Chile, distinguishing them from other types of copper depos

its. vital to the development of such systems is a precursor 

tectonic event that thickens cool crust and thereby lowers the 

source region for magma generation (Maksaev, 1990). Neverthe

less, the aforementioned petrogenetic attributes are charac

teristic of barren plutons, e.g., Quaternary rocks of the 

Southern Volcanic Zone (Lopez, 1984); also, the Oligocene 

porphyry copper deposits are characterized by varying copper 

grades. Hence, late-stage processes appear to be the dominant 

controlling factor for the formation of Chilean porphyry cop

per deposits (Lopez, 1982). Interestingly, no volcanic 

equivalents to the Oligocene plutons have been encountered 

suggesting that ignimbrite eruptions and subsequent cauldron 

subsidence did not occur thus enhancing the development of a 

porphyry copper deposit (Sillitoe, 1980). 

Ignimbrites are a constituent of the upper part of the 

Augusta victoria Formation (Cinchado Formation) in the study 

area. A K-Ar age date on plagioclase from such a unit yielded 

62 Ma (Table 2). Mineralization older than this date is 
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Explosive 

volcanic activity followed by cauldron subsidence may be a 

factor contributing to the lack of a known large porphyry 

copper deposit in the study area. REE patterns and Nd and Sr 

istopes suggest that the Paleocene rocks have a different 

petrogenetic history than the Oligocene plutons. with the 

exception of the quartz-eye porphyry, the Paleocene samples 

are HREE-enriched and plagioclase was an important fractionat

ing phase. According to Maksaev (1990), petrogenetic condi

tions were not suitable for enhancement of metal concentra

tions, especially porphyry copper deposits. These petro

genetic criteria, however, are met by the host rocks, both 

fresh and altered, of the San Crist6bal gold deposit suggest

ing that metal contents and ratios are not dependent on the 

proposed controlling processes (Figure 26). 

Known deposits hosted by Paleocene rocks in the study 

area are significantly smaller than those hosted by Jurassic 

and Oligocene rocks to the west and east, respectively (Camus, 

1986) (Figure 39). Yet, the Paleocene section is host to 

economic porphyry copper deposits in northern Chile and 

southern Peru (Figure 38) (Sillitoe, 1988). The REE and 

isotope geochemistry may implicate a homogeneous source that 

underwent copper-concentrating petrogenetic processes to form 

porphyry copper deposits (Zentilli, et al., 1988; Maksaev, 

1990). These magmatic processes, however, do not preclude the 



116 

importance of structural preparation as suggested by Maksaev 

and zentilli (1988) and Maksaev (1990). The Jurassic and 

Oligocene copper deposits, for instance, are spatially related 

to strike-extensive, margin-parallel faults (Figure 39). This 

attribute verifies and elucidates the structural control of 

such deposits. In this light, the structural aspects of the 

investigated area will be discussed and compared to the 

salient features of the surrounding mineralized areas. 

structural Geology 

Introduction 

structures that develop within a strike-slip regime were 

reproduced experimentally by Reidel (1929) and Tchalenko 

(1970) (Figure 37). Practical applications to regional pat

terns are numerous, e.g., Rehrig and Heidrick (1972), Sibson 

(1987), Thatcher and Hill (1991), among others. To generate 

a strike-slip system, the principal (S1) and least (S3) stress 

directions are horizontal; the angular relationship between S1 

and the principal displacement zone is generally less than 45° 

(sylvester, 1988). Based on the experimental models, four 

structural orientations develop about the main shear (Reidel, 

1929; Tchalenko, 1970) (Figure 37a). Two sets of Reidel 

shears, the synthetic (R) and the antithetic (R'), are 

bisected by 51; the former has the same sense of movement as 

the main shear while the latter has the opposite sense of 
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piqure 37. structural features characteristic of a strike
slip regime. a) plan view of structural relationships as 
determined by clay-model experiments of Reidel (1929) and 
Tchalenko (1970); compare to Figure 10, and b) progressive 
development, from left to right, of open-space-fill sigmoids 
in a dextral shear zone formed by an east-west directed 81 
(after Ramsey and Huber, 1983). 
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movement. As deformation progresses, R' rotates clockwise in 

a dextral regime and counterclockwise in a sinistral regime. 

The third structure, P, forms due to strain modifications in 

the deformation zone and has the same sense of movement as the 

main shear; the main shear bisects the Rand P structures. 

The fourth structure is the extensional features (E) that form 

parallel to S1 and rotate during incremental deformation to 

form z-shaped sigmoids during dextral movement and s-shaped 

sigmoids during sinistral movement (Ramsey and Huber, 1970) 

(Figure 37b). Angular relationships among all structures, in 

the case of simple shear, are 90 - ~/2 between Y and R', ~/2 

between Y and R, and ~/2 between Y and P (Reidel, 1929; Tcha

lenko, 1970). The plagioclase grain in Figure 10 displays the 

outlined structural relationships on a micro-scale. These 

structures not only form between coupled shears, but also they 

are generated in dilational jogs between shears (Sibson, 

1985). An important aspect of these systems is that the main 

shear is typically barren of mineralization (Sibson, 1987). 

The following discussion uses these principles on a 

regional scale and will utilize the above terminology. 

structural synthesis 

southwest-plunging folds and small easterly-dipping 

thrust faults are the only evidence of pre-Upper Cretaceous 

events in the study area (Figure 8; Plate 3). The Jurassic

Lower Cretaceous movements along the Atacama fault in the 
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Coastal Cordillera have been constrained by mylonites and 

displacements to be sinistral; Sl therefore, was northwest

southeast (Herve, 1987; Scheuber and Andriessen, 1990) (Figure 

39) • Fold trends in the Quebrada Mala Formation south of 

Sierra Gorda are compatible with this stress regime, demon

strating that the NW-SE orientation of Sl continued to prevail 

during the closing of the Jurassic-Lower Cretaceous back-arc 

basin. In the Inca de Oro district, over 300 kilometers to 

the south, Sl was oriented NNW-SSE between 70 Ma and 80 Ma 

(Palacios, et al., 1991) (Figure 38). In short, field evi

dence documents a NW-SE principal stress direction prevailing 

for nearly 100my along a 250-kilometer length of Chilean 

crust. As the Paleocene magmatic arc developed, however, the 

stress regime changed. 

The banded, open-space-fill veins have been constrained 

to an interval between 65 Ma and 60 Ma by K-Ar age dates on 

sericite obtained from the Faride and Flor del Desierto mines, 

respectively (Figures 12,14,38, 39; Table 3). This type of 

vein is ubiquitous and the 81 veins measured trend ENE to WNW 

(Figure 19a). In addition, faults trending approximately N45E 

display dextral movement and are typically silicified, con-

taining pockets of chalcedonic quartz; those faults trending 

approximately N55W manifest sinistral movement (Figures 8, 12, 

14; Plates 1, 2, 3, 4, 5, 6). These attributes constrain Sl 

(east-west), S3 (north-south), and R' (55W) and Y trends N45E 
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Figure 38. Ore deposits along the Paleocene magmatic arc in 
northern Chile and southern Peru, their ages, and their 
oorresponding stress regimes. stress regimes are interpreted 
from the structural characteristics at the Faride, La Copucha, 
and San Crist6bal mines (this study), the Cachinal de la 
Sierra and El Guanaco districts (Puig, et al., 1988), and the 
Inca de Oro district (Palacios, et al., 1991). 0 - cu deposit; 
• - Polymetallic vein (high Ag:AU); ® - Au deposit. 
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(Figures 38, 39). Incremental movement along the main shear 

produces the banded, crustiform nature of the extension veins 

and forms a z-shaped sigmoid (Figures 12, 14). This attribute 

is best exemplified by the Faride mine where the earlier 

lodes, those that trend northwest today, have been rotated 

clockwise and the later lodes, those that trend approximately 

east-west today and include the later, lower-temperature 

barite-bearing veins, intersect and coalesce with the NW

trending structures (Camus and Skewes, 1991) (Figure 13). 

Throughout the study area, these structures conform to this 

pattern, notwithstanding the limited access and paucity of 

true outcrop (Figures 12, 14). 

The mineralized fractures at Lomas Bayas conform to this 

stress regime; the copper oxides that formed after chalcopy

rite are concentrated in the R' (N60W), P (N30E), and E (EW) 

structures (Figures 38, 39). La Fortuna also formed at this 

time and the non-mineralized WNW-trending veins at San Cris

t6bal are coeval as well (Figure 18). The Flor del Desierto 

mine, where mineralization was dated at 61 Ma, shows that the 

stress regime changed in time since 51 rotated clockwise to 

N70W; the Julia vein (N70-80W) is also intepreted as forming 

during this time (Figure 14). The 65 Ma age date from the La 

Paloma mine is incompatible with this interpretation; however, 

the low potassium content (0.17%) renders the result unreli

able. 
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The ore-deposit style of this age interval is in the form 

of banded, crustiform, open-space fill veins (Figures 15,16). 

Mineralization is polymetallic in the Sierra Gorda (Ag:Au = 

50:1) and the Sierra del Buitre (Ag:AU = 30:1) districts, 

copper-rich at Lomas Bayas, and essentially barren in the San 

Crist6bal district. 

Maksaev, et ale (1988) dated an altered plagioclase and 

whole rock at the catalina/santiaguina copper deposit and 

tourmaline breccia, respectively, constraining mineralization 

to less than 60 Ma (Figures 12,38,39; Table 1). No fracture 

patterns were discerned along the peripheries of the current 

mining operations. Yet, the tourmaline breccia at La Copucha 

contains N45W-trending sinistral faults, consistent with an R' 

direction during the later stages of the ascertained stress 

regime. It is thus concluded that copper mineralization, even 

though it is not clearly related to a porphyry-copper type 

deposit, was formed at the end of first mineralizing period 

and is transitional to the second. 

The next pulse of mineralization occurred between 60 Ma 

and 55 Ma coincident with the cessation of magmatic activity. 

At the San crist6bal mine, the N55W-trending quartz-eye por

phyry dike hosts mineralization \·lith a Ag:Au ratio of 4: 1 

(Figure 14). Coarse-grained sericite with relict biotite 

yielded a K-Ar age of 59.3 Ma and submicron sericite yielded 

56.3 Ma; since the dike hosts veins, it is assumed that the 



123 

veins immediately to the south are time equivalent. To the 

northwest of the San Crist6bal mine, movement along the NNE

trending San Crist6bal fault is constrained by a hornblende 

Ar-Ar a.ge date of 57 Ma (Maksaev, et al., 1988) (Figures 10, 

14). Northeast of this fault, the La Fortuna vein is dis

placed in a sinistral sense by a minor north-trending fault. 

In the Sierra Gorda district at the San Federico/Santa Rosa 

mine, copper-bearing zones that trend N45W to N60W coincide 

with the trend of the San Crist6bal dike (Figure 12). Thus, 

Sl and S3 can be resolved to be N55W and N35E, respectively 

(Figures 38, 39). Dextral movement along the Ew-trending 

lodes at Faride are coincident with the R' direction. 

The "veins" at San Crist6bal are actually brecciated 

shear zones distinct from the Faride-type vein (Figure 16b); 

they preferentially trend 0-N40W. Multiple movements are 

recorded along many of these shear zones suggesting that the 

stress regime changed, at least on a local scale. For in-

stance, the curvilinear trend and the dextral movement charac

teristic of the Bolaco vein suggest clockwise rotation of Sl 

from N55W towards the north (Figure 18). This is supported by 

the tendency of the San Crist6bal fault to trend towards the 

northeast at its northern extremity, and its sinistral move

ment (Figure 8). In addition, the northern extension of the 

Bolaco vein limits the mineralization hosted by the quartz-eye 

porphyry dike, demonstrating that metal-rich fluids were fo-
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cused into the Bolaco structure from the western end of the 

dike during the early phases of mineralization (T. Brown, 

pers. comm.). 

In sum, this mineralizing period is constrained to be

tween 60 Ma and 55 Ma and is characterized by gold (Ag:AU = 

4:1) in the San Crist6bal district and copper in the Sierra 

Gorda district. Mineralization occurs in structures coinci

dent with Sl(E) at the beginning of this phase and R' charac

teristic of the later stages. Extensional features include 

the quartz-eye porphyry dike that hosts disseminated gold. 

Soon after this mineralizing episode, changes in the 

stress regime are documented by sinistral movement along the 

footwall of the Julia vein. Brecciation and low-temperature 

quartz veinlets pervade the copper-rich mineralized zone 

(Figure 15b). The 53.3 Ma K-Ar age date on sericite con

strains the timing of the strike-slip movement that redis

tributed earlier mineralization; since no active magmatism was 

recorded in this area, mineralizing fluids are considered to 

be negligible. Nevertheless, the sinistral movement can only 

be resolved by invoking an S1 of approximately ENE, nearly 

coincident with the S1 of the first mineralizing period 

(Figures 38, 39). 

The terrestrial sediments and volcanic tuffs of the Pampa 

de Mulas Formation are evidence for the uplift of the Domeyko 

Cordillera (Maksaev, 1979; Herve, et aI, 1991). This unit 
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unconformably overlies Quebrada Mala Formation in the study 

area, but to the east of the Falla Oeste, it unconformably 

overlies Paleocene-Eocene volcanics; K-Ar age dates of 

intercalated tuffs in the Pampa de Mulas Formation constrain 

the unit to late Eocene-Oligocene (Maksaev, 1979). Indeed, 

Herve, et ale (1991) mapped this section south of San Crist6-

bal so that its extent along the western margin of the Falla 

Oeste is known to be nearly 200 kilometers in the northern 

part of Region II. Extensional features along the flanks of 

the Domeyko Cordillera are common and facilitated the in

trusion of the mid-Eocene mafic complexes. The structures are 

deep-seated since the geochemical evidence demonstrates that 

the sources for the Eocene gabbros and diorites are subcrus

tal. Therefore, the onset of this uplift can be established 

to be earlier than the late Eocene «48 Ma) (Maksaev, 1990). 

This event corresponds to the Peruvian Incaica phase (stein

man, 1929) and is responsible for the current longitudinal 

physiography of northern Chile (Figure 3). 

The normal faulting characteristic of the Incaica phase 

trends 0-N40W in the study area (Figure 8). This tectonic 

episode provided avenues for meteoric water infiltration and 

the subsequent breakdown of sulfides, particularly pyrite, and 

higher concentrations of gold in the oxidized zones of mineral 

deposits. Veins of the San Crist6bal district were subjected 

to this normal movement and the grades in the oxidized zone 
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were as high as 100 ppm gold as compared to the grades in the 

primary zone, which are generally 1-2 ppm gold (Rivera, 1980). 

Recurrent movement also occurred along the NW-trending, cop

per-rich zones at the San Federico/Santa Rosa mine as evi

denced by fault gouge. Evidence for the onset of leaching is 

also provided by a relict chalcocite zone in the upper por

tions of the La Copucha tourmaline breccia in the Sierra Gorda 

district (Ortiz, 1969). 

Major structural movements during the Oligocene are also 

documented within the study area. First, a sericite from the 

La Aventura mine yielded a K-Ar age date of 34.6 Ma (Figure 

14; Table 3); at the surface, no mineralization was noted 

along structures that trend from N75W to N75E and this age 

date is interpreted as constraining movement along an earlier, 

banded vein. Second, the Sierra Gorda fault displaces S55W

plunging folds by approximately four kilometers in a dextral 

sense (Figure 8; Plate 3). A northern extension of this fault 

is interpreted to have displaced the San Francisco and Uni6n 

Minera-IJa Vend ida veins dextrally from the Faride vein by 

nearly eight kilometers (Figures 8, 12; Plate 2). Finally, 

many of the NE-trending faults have formed escarpments 

implying normal movements (Figures 8, 12, 14; Plates 2, 3, 4, 

5, 6). Therefore, S1 and S3 were oriented N40E and N50W, 

respectively (Figure 39). The above age date and the 

structural trends are nearly time equivalent with movement and 
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mineralization along the Falla oeste about 30 kilometers to 

the east and implicate dextral movement along that megastruc

ture during the Oligocene (Lopez, 1939; Maksaev and Zentilli, 

1988; Maksaev, 1990). No mineralization associated with these 

structures was detected within the study area. 

A final phase of uplift, equivalent to the Quechua phase 

of Peru (Steinman, 1929) and to tectonism in north-centra"l 

Chile (Charrier and Vicente, 1970), was characterized by high

angle reverse faulting in and along the Domeyko Cordillera 

(Maksaev, 1990). Various pulses assigned to the Quechua phase 

occurred during the Miocene and Pliocene (Charrier and 

Vicente, 1970; Maksaev, 1990). This event further enhanced 

the leaching process discussed above but most importantly 

established the drainage pattern in northern Chile (Mortimer, 

1980). Due to uplift in and around the subject area, the 

water table was infrequently recharged and as a consequence, 

a significant supergene blanket never ~eveloped as the slowly 

descending aquifer impeded the formation of a chalcocite-rich 

zone. A lower, weak chalcocite zone developed in the La 

Copucha breccia and obliterated the earlier-formed supergene 

zone (Ortiz, 1969). Nonetheless, even this deposit is 

characterized by a mixed oxide-sulfide zone typical of the 

deposits throughout the study area, e.g., Faride (Camus and 

Skewes, 1991) and San Crist6bal (Rivera, 1980). 

In summary, six discrete Tertiary episodes of structural 
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development, mineralization, and/or hydrothermal activity are 

recognized in the investigated area. The first occurred 

between 65 Ma and 60 Ma when EW-trending banded, crustiform 

veins coincident with Sl (E) formed in extension fractures; 

mineralization was polymetallic and silver-rich in the Sierra 

Gorda and Sierra del Buitre districts and copper rich in the 

Lomas Bayas district. Low-grade mineralization characterizes 

the second episode, confined to between 60 Ma and 55 Ma, 

whereby orientations coincident with the Sl and R' directions 

were mineralized; the Sierra Gorda district is copper rich 

while the San cr.ist6bal district is gold rich. Sl returned to 

its former east-west orientation during the third episode; 

although strike-slip movements were documented, no mineral

ization is associated with this event. The fourth period, the 

Incaica phase, commenced before 48 Ma and continued into the 

oligocene (Maksaev, 1979); it is only significant economically 

in that the normal faulting provided access for waters for 

sulfide breakdown and subsequent native gold concentration. 

Hydrothermal activity was areally restricted but important NS

trending dextral movements and NE-trending normal faults 

typify the fifth episode; it is significant in that it was 

coeval with movements along the Falla oeste megastructure. 

F ina lly , the Quechua phase, 1 imi ted to the Miocene and 

Pliocene, resulted in further uplift of the Domeyko Cordillera 

and the consequent inhibition of aquifer recharge essential 
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for the development of chalcocite blankets. 

An important aspect of mineralization in the Paleocene 

magmatic arc in this part of northern Chile is that economic 

mineralization has been and remains restricted to the oxidized 

zone, a sUbstantial supergene-enriched chalcocite blanket 

never formed, and mineralization in the hypogene zone is low 

grade (Camus and Skewes, 1991; ortiz, 1969; Rivera, 1980; T. 

Brown, pers. comm.). In addition, structures of a magnitude 

comparable to the Atacama Fault and the Falla oeste to the 

west and east, respectively, did not develop (Figure 39). 

During Paleocene mineralization, S1 was dominantly oriented 

east-west, yet the most sUbstantial deposit formed during a 

short interval when S1 was oriented NW-SE. These deduced 

stress regimes are a result of plate interactions and are 

useful in ascertaining the tectonic history along this section 

of northern Chile, e.g., Rehrig and Heidrick (1972); Heidrick 

and Titley (1982). For instance, the Atacama Fault and Falla 

Oeste are regarded as trench-linked strike-slip faults indica

tive of oblique convergence (Fitch, 1972; Beck, 1986; Wood

stock, 1986; Sylvester, 1988; Naranja, et al., 1984; Thiele 

and Pincheira, 1987). Since the ore deposits spatially 

associated with these fault systems are more numerous and, in 

some cases, larger than those located within the investigated 

area (with the notable exception of the San Crist6bal gold 

deposit), it follows that such structures are a prerequisite 
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Figure 39. struotural evolution in a part of northern Chile 
durinq the Mesozoio and cenozoic. Age dates from Maksaev, et 
ale (1988), Maksaev (1990), puig, et ale (1988), Scheuber and 
Andriessen (1990), Sillitoe (1988), and this study. Numbers 
indicate age of fault movement and numbers in parentheses 
indicate approximate mineralization age. 
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for the formation of large mineral deposits. The following 

discussion will pursue this trait temporally and spatially on 

a regional scale. 

Regional struotural History 

East-dipping plate sUbduction along the margin of nor

thern Chile was clearly established during the Jurassic 

(Coira, et al., 1982). A Mariana-type configuration developed 

with the magmatic arc located along the Coastal Cordillera and 

a back-arc basin situated in the Intermediate Depression (Fig

ures 1, 4). Magmatism has been constrained to between 200 Ma 

and 140 Ma along the Coastal Cordillera (Rogers, 1985; Chavez 

1984; Diaz, et al., 1985; Boric, et al., 1990). Characteris

tic of this arc is the trench-linked, sinistral Atacama Fault 

that is comprised of a series of parallel north- and NNW

trending faults (Figure 39); R trends N20W and R' is essen

tially east-west. Thus, Sl is N55W, which is compatible with 

plate movements throughout the Jurassic and Cretaceous (Zonen

shayn, et a1., 1984; Cole, 1990). Two distinct sinistral 

displacements have been constrained to 168 Ma and 139 Ma along 

the R direction (Figure 39) (Scheuber and Andriessen, 1990). 

Other temporal constraints along the fault system range from 

143 Ma to 131 Ma (Maksaev, 1990; Herve, 1987). Mineralization 

along the Coastal Cordillera occurred between 186 Ma and 118 

Ma (Figure 39). structural relationships suggest that recur

rent movement along the Atacama Fault during this period was 
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instrumental in providing conduits and space for mineralizing 

fluids. At Naguayan, a Reidel shear (R) is mineralized, and 

the vein trends that are nearly parallel to transverse 

faulting in the Tocopilla and Gatico districts are compatible 

with the R' direction (Ruiz and Peebles, 1988). On the other 

hand, the breccias and mantos appear to be related to an 

extensional environment whereby fluids rising along weak zones 

rose and selectively travelled laterally into favorable 

stratigraphic zones (e.g., Camus, 1986; Munizaga, et a1., 

1985). In this scenario, the deposits would be related to 

transtensional structures between individual fault segments 

(Sibson, 1985), splay faults at the terminations of R struc

tures (Sylvester, 1988), or sidewall ripouts (Brown, et al., 

1991). Unfortunately, the singularity of each deposit renders 

generalizations presumptuous and to pursue this topic in more 

detail is beyond the scope of this work. It is clear, how

ever, that the deposits are related to recurrent movements 

along the Atacama Fault and its complementary structures. 

Although only one deposit, Mantos Blancos, contains more than 

1,000,000 tonnes of fine copper, the large number of known 

deposits SUbstantiates the importance of long-lived oblique 

convergence and trench-linked strike-slip fault systems. 

The Paleocene magmatic arc and accompanying mineral

ization migrated eastward with respect to the Jurassic arc to 

the location of the Domeyko Cordillera (Figures 1, 39). The 
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mapped structures formed during this time are not strike 

extant (Figure 39). South of the study area, the EI Soldado 

and Cachinal de la Sierra district hosts silver and gold 

(Ag:Au = 170-200:1) in fault-veins trending N25E in the former 

and N10W and N25-N40W in the latter (Figure 38) (Puig, et al., 

1988). Sericite K-Ar age dates yielded 57 Ma in the Cachinal 

de la Sierra area and are coeval with mineralization at San 

Crist6bal (Figure 38). In addition, the structures are com

patible with the interpreted stress regime applicable to the 

study area during this time period; the N10W structures are 

nearly coincident with the main shear direction and the N25-

N40W structures lie along a Reidel shear (Figures 38, 39). In 

the EI Gaunaco district, gold mineralization (Ag:Au = 4-10:1) 

is hosted by N70E-N75W veins and disseminated in the host 

rhyolites (Puig, et al., 1988). The deposit is one of the 

largest within the Paleocene magmatic arc (>500,000 ounces 

gold) and unique in that it is a.n acid-sulfate system (Camus 

and Duhalde, 1982; puig, et aI, 1988; Heald, et al., 1987). 

Alunites dated by the K-Ar method yielded 48-43 Ma; the trends 

and nature of the vein system are compatible with the stress 

regime determined in the investigated area where Sl had shift

ed to essentially east-west by 55 Ma. The mineralization at 

EI Soldado, assuming it to have been time equivalent, was fo

cused along the principal displacement zone (Y), which may ac

count for the small amount of ore (Sibson, 1987). These data 
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clearly reflect plate movements in that they are indeed 

regional, affecting an area over 200 kilometers long. More 

importantly, a st=ike-extant, trench-linked strike-slip fault 

system did not develop. 

Further south, the gold mineralization at the Inca de Oro 

district was controlled by a NE-trending sinistral fault sys

tem at 70-80 Ma (Palacios, et al., 1991) (Figure 38). The 

structures were generated by an S1 oriented N10W. It is im

portant to note that the location of this district is near the 

current east-west boundary of oceanic-plate segmentation (Jor

dan et al., 1983;) and the more northerly S1 direction rela

tive to that delineated to the north is possibly reflective of 

differing subduction-slab dip angles during the cretaceous 

(Beck, 1983). 

Mapping and age dates of the above areas illustrate three 

important traits of Paleocene mineral deposits. First, no 

relationship between mineralization age and metal ratios is 

apparent; in addition, Paleocene mineralization is not metal 

specific as gold- and silver-rich deposits and porphyry copper 

deposits characterize this metallogenic belt (Figure 38). 

Second p the two largest deposits, San Crist6bal and EI 

Guanaco, formed during a change in stress regimes. Third, the 

stress regimes delineated in the study area are applicable to 

other mapped areas along the Paleocene magmatic arc implicat

ing control by regional forces. This renders these structural 
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relationships useful for constraining plate interactions 

(Rehrig and Heidrick, 1972; Heidrick and Titley, 1982). More 

specifically, crustal structures constrain the convergence 

angle of the oceanic plate and provide useful parameters for 

plate-kinematic modelling. 

During the Oligocene, a number of world-class porphyry 

copper deposits were formed along the Falla Oeste (Figure 39). 

Based on the structural characteristics of the study area, an 

81 oriented N40E-S40W wa.s discerned. As the Falla oeste is a 

trench-linked strike-slip fault system, it is apparent that 

such a structure is instrumental in the emplacement of world

class porphyry copper deposits in northern Chile, yet it does 

not follow that their development always results in them. For 

instance, the Atacama fault formed under a long-lived period 

of oblique convergence (>68my), yet no bona fide porphyry cop

per deposit has been identified. The Oligocene porphyry cop

pers were emplaced soon after a change in plate motion from 

normal to oblique (see below); this emphasizes the importance 

of change in plate motion and subsequent development of 

trench-linked strike-slip faults and porphyry-copper deposits. 

In addition, the long-lived oblique convergence that generated 

the Atacama fault would tend to allow coalescing of faults and 

inhibit the formation of transtensional structures between 

fault segments that often provide ample space for porphyry 

copper deposits (Titley and Heidrick, 1978; Maksaev and 
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Zentilli, 1988; Sibson, 1985). In sum, a change from normal 

to oblique convergence that initiates trench-linked strike 

slip faults and their related structures offers the optimum 

environment for large metal concentrations. Moreover, metal

charged magmas and these structures are not mutually exclu

sive. 

Figure 38 shows that deposits located along the Paleocene 

magmatic arc do not display latitudinal metal zonation. Fur

thermore, the known porphyry copper deposits are situated in 

northern Chile and southern Peru. The Mocha and Cerro Col

orado porphyry coppers are relatively small «1,500,000 tonnes 

copper; Camus, 1986) and were formed during the resolved shift 

from normal to oblique convergence between 60 Ma and 55 Ma. 

In southern Peru, the porphyry coppers contain >3,000,000 

tonnes copper (Hollister, 1978; Richard and Courtright, 1958) 

and their ages overlap both ascertained changes in plate 

convergence (Figures 38, 39). Also, the nearly coeval age 

dates of magmatism and mineralization at Toquepala (Laughlin, 

et al., 1968) and their spatial relationship with margin

parallel, strike-slip faults (Pitcher and Bussel, 1977) 

emphasizes the consanguinity of trench-linked strike-slip 

faults and magmatism-related mineralization. 

Tectonic History 

The above analysis provides additional parameters to con

strain the relationship between the Phoenix and Nazca oceanic 
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plates and the Chilean continental margin. Plate-kinematic 

models along the western margin of South America are based on 

paleomagnetic data, hot spots, and fracture alignment, among 

other phenomena (Pardo-Casas and Molnar, 1987; Pilger, 1984; 

Zoneshayn, et al., 1984; Cole 1990). Field data collected 

from continental areas, however, is not incorporated. Yet, 

structural relationships preserved in the continental crust, 

especially those in ore deposits, have proven to be a useful 

tool for deciphering plate interactions (Rehrig and Heidrick, 

1972; Heidrick and Titley, 1982). The ensuing discussion will 

integrate the field data with the available kinematic models 

of plate convergence along the Chilean consuming margin. 

The structural geology along the Coastal Cordillera 

indicates oblique convergence spanning an interval from 168 Ma 

to 118 Ma (Figure 39). The plate-kinematic models of Cole 

(1990) show that convergence of the Phoenix oceanic plate 

between 145 Ma and 130 Ma was S35E at a rate of 8.7 em/yr. 

During the next 15my, convergence rate increased by 45% and 

the direction was oriented S55E. The consistency of the model 

and field relations shows that the latter directly reflects 

the angle of convergence along this consuming margin which, in 

turn, exerts control on the formation of mineral deposits. 

For example, the type, size, and distribution of ore deposits 

along the Atacama Fault may be a function of the fast conver

gence rate and the consistent long-lived convergence angle. 
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In the study area, the S55W-plunging folds in the Que

brada Formation are compatible with the southeasterly conver

gence of the Phoenix plate during the mid cretaceous (Cole, 

1990) • On the other hand, convergence of the Nazca plate 

during the Early Cretaceous was ENE and is not sUbstantiated 

by the sinistral movement along NE-trending structures in the 

Inca de Oro district (Palacios, et al., 1991; Cole, 1990) 

(Figure 38); plate-kinematic models predict dextral movement. 

Analysis of Paleocene structures in the study area 

resolved the shortening direction to be primarily east-west 

(Figures 38, 39). The plate-kinematic models of Pardo-Casas 

and Molnar (1987) and Pilger (1984) showed that the Nazca 

plate moved parallel to the coast during this time, inconsis

tent with the field relations. Cole (1990), however, modelled 

the convergence to be normal for the same time interval show

ing the convergence rate to be slow (1.3 cm/yr) between 85 Ma 

and 55 Ma; the rate increased five-fold between 55 Ma and 41 

Ma but remained normal. Field data support this arrangement 

but also demonstrate that a shift of the stress regime 

occurred between 60 Ma and 55 Ma, an event impossible to 

detect by kinematic modelling. Integration of these data 

suggests that a rapid change of convergence angle, oblique 

convergence, convergence rate, or a combination thereof are 

prerequisite for structural preparation necessary for the 

emplacement of ore deposits. For instance, the formation of 
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the porphyry copper deposits in northern Chile (Cerro 

Colorado, Mocha) and southern Peru (Toquepala, Cerro Verde) as 

well as the San Crist6bal gold deposit was contemporary with 

a rapid change of convergence angle from normal to oblique 

between 60 Ma and 55 Ma; the return of normal convergence 

approximately 55 Ma combined with the increased convergence 

rate coincides with mineralization at El Guanaco, the largest 

gold deposit in the Paleocene magmatic arc, as well as 

Peruvian porphyry copper deposits (Cuajone, Quellaveco). To 

reiterate, these areas were also the site of then-active 

magmatism. 

Rapid convergence continued into the Oligocene and is 

related to the crustal-thickening Incaica tectonic phase. 

More importantly, between 40 Ma and 26 Ma, convergence of the 

'Nazca plate changed from normal to northeasterly directed 

(Cole, 1990) corresponding to the epoch of porphyry copper 

emplacement along the Falla Oeste (Figure 39) (Sillitoe, 

1988). In this case, the change in plate motion is more 

influential than the subtle change in convergence rate. In 

Peru, convergence would have been normal; no Oligocene 

porphyry coppers have been encountered there. 

Titley and Beane (1981) suggested that the emplacement of 

porphyry coppers occurred during oblique convergence. This 

study emphasizes that change in plate motion is more of a 

controlling factor in the development of large ore deposits 
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than oblique convergenc~ or rapid convergence rate. There

fore, the change to oblique convergence whereby trench-linked 

strike-slip faults are capable of forming is an especially 

favorable scenario for the development of large mineral 

deposits in northern Chile and southern Peru. Only recently 

has large-scale fluid migration been related to the change in 

plate motion, but with specific reference to the development 

of mesothermal ore deposits (Goldfarb, et al., 1991). 
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CHAPTER 5 

CONCLUSIONS 

Results from this study are summarized as follows: 

1) Subtle isotopic differences demonstrate that magmatic 

constituents of this part of the Paleocene arc were principal

ly derived from various mantle sources. Modelling showed that 

thoroughly-mixed reservoirs, whether they originated from the 

mantle wedge or from MASH processes along the crust-mantle 

boundary, produced the rock suite in the investigated area. 

2) Isotope and rare-earth geochemistry, although deci

phering various sources for the magmas, do not predict metal 

type among the districts. The lack of singularity indicates 

that the concentration of anyone metal or metals is a func

tion of process during magma ascent. 

3) The quartz-eye porphyry is directly related to gold 

mineralization in the San Crist6bal district. The quartz-eye 

porphyry and the gold-rich fluids are the late-stage products 

of the latest Paleocene magmatism in the study area. The 

petrogenetic origin of this intrusion is difficult to assess, 

but it is spatially restricted to the southern part of the 



143 

subj ect area and its petrogenetic history is distinct relative 

to the rest of the rock suite. 

4) Epithermal mineralization occurred in three distinct 

episodes. The first is constrained to between 65 Ma and 60 Ma 

and is silver rich in the Sierra Gorda and Sierra del Buitre 

districts and copper rich in the Lomas Bayas district. Near 

the end of this period, the tourmaline breccias and the copper 

deposits of the Sierra Gorda district were emplaced. The 

second episode occurred between 60 Ma and 55 Ma and is copper 

rich in the Sierra Gorda district and gold rich in the San 

Crist6bal district. The El Guanaco district (gold rich) 

represents the final mineralizing period (55-48 Ma), but no 

Eocene mineralization was encountered in the subject area. 

5) Paleocene mineralization in northern Chile and south-

ern Peru is not characterized by longitudinal metallogenic 

belts. Porphyry copper deposits are common in southern Peru 

and northernmost Chile while gold- and silver-rich veins, 

copper veins, and disseminated gold deposits prevail in the 

Antofagasta region. 

6) Aquifer recharge was inhibited by an arid climate and 

surrounding uplifts thus impeding the development of a chalco

cite blanket. Ore deposits in the study area are of low 

grades in the hypogene zone. 

7) Recurrent movement along pre-existing structures is 

commonplace and seven structural episodes were recognized. 
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The first is related to a sE-trending shortening axis at the 

plate margin associated with the closing of the Jurassic-Lower 

cretaceous back-arc basin. The second is a consequence of an 

S1 oriented east-west as resolved by the formation of EW

trending banded veins characteristic of the first mineralizing 

period. A short-lived NW-NNW - trending S1 related to the 

second mineralizing episode characterizes the third." During 

the fourth, S1 returned to an east-west orientation. The 

fifth occurred during rapid convergence and resulted in the 

uplift of the Domeyko Cordillera and emplacement of mafic 

complexes during the Eocene. During the Oligocene, minor 

hydrothermal activity was detected along EW-trending struc

tures and dextral Ns-trending faults formed in response to a 

northeasterly-directed S1. Finally, further uplift of the 

Domeyko Cordillera occurred during the Miocene and Pliocene. 

8) stress regimes ascertained by field relations directly 

reflect plate interactions along the Chilean consuming margin 

and provide constraints for plate-kinematic modelling. 

9) Trench-linked strike-slip faults did not develop in 

the study area during the Paleocene due to normal convergence; 

as a consequence, smaller ore deposits formed. Only the San 

Crist6bal mine, formed during a short-lived period of oblique 

convergence, is of SUbstantial size (>500,000 ounces gold). 

10) Changes in plate convergence direction are the 

principal control on the formation of large, magmatism-related 
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ore deposits in this part of northern Chile; the San Crist6bal 

and El Guanaco gold deposits and the Cerro Colorado and 

Peruvian porphyry copper deposits resulted from changes in 

plate motion during the Paleocene-Eocene. optimum conditions 

are achieved when a change to oblique convergence occurs and 

trench-linked strike-slip faults develop as exemplified by the 

Oligocene porphyry copper deposits of northern Chile. 

11) Direct evidence has been collected to better under

stand plate tectonic history along a consuming margin and 

promotes the usefulness of metallogenic studies as applied to 

plate tectonics. 
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APPENDIX A 

SAMPLE LOCATIONS 

Table A.1 provides coordinates of samples analyzed for 

this study. Sample locations are also plotted on Plates 1, 2, 

3, 4, 5, and 6. Prefixes for each sample pertain to a quad

rangle or geographical feature, e.g., SG = Sierra Gorda, CH = 

Cerros Harding ( in the Pampa Union and Sierra del Bui tre 

quadrangles), SB = Sierra del Buitre, SC = Sierra San cristo

bal, CC = Cerro Carrasco, and PD = Paradero del Desierto (in 

the Cerro Carrasco quadrangle). An effort was made to sample 

each rock type within each district as well as to sample non

mineralized areas in an attempt to discern geochemical 

similarities and differences. 
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Table A.l. Sample looations. Latitudes and longitudes in 
degrees and minutes. 

No. 
5G 1-1 
5G 4-8 
5G 8-5 
5G15-4 
5G16-4 
5G19-1 
5G22-1 
5G23-2 
5G30-1 

CH 1-2 
CH 4-2 
CH 8-1 
CH 8-3 
CH 9-1 
CH 9-2 
CH 9-3 
CH'9-4 
CHIO-1 
CH10-3 

Rock Type 
Granodiorite 
Andesite (K) 
Granite 
Granodiorite 
Qtz Diorite 
Qtz Monzonite 
Qtz Monzonite 
Andesite (K) 
Andesite 

Gabbro 
K Feld Granite 
Granodiorite 
Qtz Diorite 
Q Monzodiorite 
Ignimbrite 
Diorite 
Diorite 
Granite Porph 
Granite Porph 

5B 6-3 Granodiorite 

SC 5-1 Andesite 
5C 7-3 Granodiorite 
5C 8-2 Diorite 
5C 9-1 Diorite 

CC 1-1 Diorite 
CC 6-2 Granite Porph 
CC 9-3 Granodiorite 
CC10-3 Granite 
CC13-1 Qtz-eye Porph 
CC13-4 Qtz Diorite 
CC14-2 Dacite (K) 
CC14-4 Rhyolite 
CC15-1 Diorite 
CC16-2 Granodiorite 
CC16-3 Diorite 
CC19-4 Qtz-eye Porph 
CC19-5 Qtz-eye Porph 

PD 2-1 Rhyolite 
PD 3-5 Ignimbrite 
PD 3-6 Qtz Diorite 

Latitude 
22-48.45 
22-51. 55 
22-48.15 
22-53.55 
22-58.65 
22-52.85 
22-47.95 
22-56.15 
23-00.25 

23-15-15 
23-13.05 
23-18.55 
23-17.55 
23-16.35 
23-14.65 
23-15.35 
23-15.45 
23-12.55 
23-13.05 

Longitude 
69-23.3W 
69-19.8W 
69-22.5W 
69-22.2W 
69-21. 2W 
69-26.8W 
69-22.0W 
69-28.3W 
69-29.0W 

69-29.0W 
69-12.8W 
69-28.3W 
69-30.1W 
69-25.3W 
69-27.4W 
69-27.8W 
69-27.9W 
69-25.6W 
69-25.8W 

Comments 
Near Faride mine 

Near Faride mine 
5ilicified 

Altered; sulfides 
Altered 

5trongly oxidized 

Near base of sill 
Clay altereation 
Near Julia mine 
Near Julia mine 

Top of sill 
Top of sill 

23-25.85 69-30.1W Near Lomas Bayas 

23-26.45 
23-23.45 
23-19.55 
23-20.45 

23-33.35 
23-33.25 
23-32.35 
23-33.35 
23-35.05 
23-41. 75 
23-38.15 
23-36.55 
23-34.95 
23-32.65 
23-32.35 
23-32.65 
23-32.45 

23-34.85 
23-36.85 
23-36.95 

69-38.5W 
69-35.8W 
69-34.9W 
69-31. 4W 

69-42.2W 
69-34.8W 
69-43.7W 
69-43.6W 
69-44.4W 
69-36.3W 
69-34.0W 
69-37.3W 
69-36.9W 
69-34.0W 
69-33.7W 
69-32.6W 
69-32.6W 

69-39.5W 
69-42.6W 
69-44.7W 

Dike 

5an Cristobal host 

Host to gold veins 
5ericitized; low 

gold values 
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APPENDIX B 

ANALYTICAL TECHNIQUES AND RESULTS 

sample Collection and preparation 

All samples were collected at the surface by the author 

except for CC19-4 and CC19-5. As "outcrops" commonly con

sisted of weathered fragments of rock, mapping and boulder

breaking were completed to ensure that a given sample was the 

freshest representative of a bona fide rock unit. Weathering 

rinds were removed in the field and any remaining weathering 

effects were sawed off prior to crushing. Terry Brown, mine 

geologist at San cristobal, collected samples CC19-4 and CC19-

5, the only completely altered samples analyzed for major, 

minor, trace, and rare-earth element geochemistry. A thin

section of each sample was studied by petrographic methods to 

assess level of alteration. Only samples SG19-1, SG22-1, CH4-

2, SG15-4, CH9-2, and PD2 displayed moderate degrees of alter

ation, yet were sampled due to their spatial relationships to 

other rock units and necessitated analyses. Argillic and 

incipient phyllic alteration affected samples SG1·9-1 and SG22-

1; orthoclase in CH4-2 was altered to clays to varying 

degrees; SG15-4 was silicified; CH9-2 and PD2-1 apparently 

underwent some level of devitrification but also may manifest 

a small degree of alteration due to hydrothermal and/or 
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magmatic activity. 

Samples analyzed for Nd, Sr, Rb, and Sr isotopes were 

crushed to a fine powder using an A1203-lined jaw crusher. 

Isotopic Analyses 

All levels of preparation and separation of Rb, Sr, Nd, 

and Sm were conducted by Thomas Musselman at the University of 

Arizona Radiogenic Isotope Laboratory. Rock powders were 

dissolved in HF-HN03 in an open beaker on a hot plate and then 

in high-pressure bombs at 160°C for seven days. Following 

treatment in HCl04 and HCl, the solutions were passed through 

an ion-exchange resin to obtain REE fractions, Rb, and Sr. Nd 

and Sm were separated by quartz ion exhange columns using an 

appropriate HCl eleunt. 

Isotopic measurements were collected on an automated 

VG354 thermal ionization mass spectrometer using the procedure 

of Patchett and Ruiz (1987). Nd isotopic values are reported 

in Nd units calculated by normalizing against a chondritic 

uniform reservoir (CHUR) model (Jacobsen and Wasserburg, 

1984). The (143Nd/ 144Nd)OM(T) ratio was calculated using the 

equation NdoM(T) = O.25T2 3T + 8.5 (DePaolo, 1981). 

Results are listed in Table B.1. 

Nd and Sm concentrations were also measured by Instrumen

tal Neutron Activation Analysis (INAA) and Inductively Coupled 

Plasma-Mass Spectrometry (ICPMS) (see below). Comparative 
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results are found in Table B.2 and plotted in Figure B.l. 

Where duplicate analyses are available, the results of the 

isotope dilution and ICPMS methods are within 5% of each other 

with the exceptions of the gabbro (CHl-2) and granite (SGS-5). 

Analyses of low Nd and Sm concentrations produced the largest 

error of all standards run through the ICPMS (Table B.3), but 

the plot of the "REE set analyzed by ICPMS is smooth (Figure 

B.3a). The isotope dilution results, moreover, are compatible 

and the Sm/Nd ratios are similar (Table B. 2) • Therefore, 

these results are a function of sample heterogeneity. The 

large error for Sm in SGS-5 is also due to a similar heteroge

neity. 

Rb and Sr were also analyzed by X-Ray Fluorescence (XRF) 

(Table B.2). Figure B.2 shows the ranges of the analytical 

results. Rb analyses of the mafic rocks (concentrations less 

than 100 ppm) are generally within 10% of each other, but the 

differences are greater than 20% for the felsic members of the 

group. Only Sr results from six samples are within 10% of 

each other (Figure B.2). Since the isotope dilution results 

are more reliable, they were utilized for all plots and 

discussions concerning Rb and Sr. 

Major Element Analyses 

Major element oxides were analyzed by the commercial 

laboratory of Bondar-Clegg, Inc. and are listed in Table B.4. 
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Results were obtained by DC Plasma Emission Spectroscopy 

(DCPES) after borate fusion; FeO and loss on ignition were 

determined titrametrically and gravimetrically, respectively. 

Repeat analyses on a gabbro (CHl-2) and a granodiorite (SG15-

4) are within acceptable analytical-error limits with the 

exception of P20S (Table B.4). 

Trace Element Analyses 

Bondar-Clegg, Inc. were also retained to analyze for 

trace elements (Table B.4). Ba, Nb, Rb, Sr, Y, and Zr were 

determined by XRF while the remainder of the trace elements 

were measured by Inductively Coupled Plasma-Atomic Emission 

Spectroscopy (although Ba, Nb, Rb, Sr, Y, and Zr were deter

mined by the latter method, their results are regarded as 

unreliable and are not reported). Duplicate analyses for CH1-

2 and SG15-4 are well within accepted limits of analytical 

error (Table B. 4). As mentioned previous ly, Rb and Sr concen

trations obtained by isotope dilution are preferred over those 

determined by XRF. 

Rare Earth Element Analyses 

Becquerel Laboratories, a subsidiary of Bondar-Clegg, 

_Inc., performed analyses of the rare earth elements by INAA 

and ICPMS (Table B.5). Although the repeat analyses of CHl-2 

and SG15-4 using INAA show good accuracy, values obtained for 
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MREE were not useful (Figure B. 3). Thus, certain samples were 

chosen to be anlayzed by ICPMS; comparisons of selected 

samples are found in Figures B.3 and B.4. Where available, 

ICPMS results were utilized. 

Results for the altered quartz-eye porphyries, CC19-4 and 

CC19-5, are found in Table B.6. Finally, modal mineralogies 

are listed in Table B.7. 
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CH 1·2 SG 3().1 CO 1·' SO 8-2 CCI6-3 0016-4 CH6-3 CO 13-<J SG 19-1 SG 1·1 
Gabbro Andaaite Diorite Diorite Diorite Ctz Diorite Ctz DIorite Ctz Diorite Ctz Mont Granodlo 

(I43Nd/I44Nd)o 0.512748 0.512753 0.512787 0.512746 0.512784 0.512741 0.512741 0.512756 0.512762 
Epsilon 0 CHUA 2.15 2.24 2.91 2.11 2.85 2.01 2.01 2.30 2.42 

Epsilon 0 OM -6.35 -6.26 -5.59 -6.39 -5.65 -6.49 -6.49 -6.20 -6.0B 
age,ma 47.9 69.1 73 63 62 63 63 64 60 

(I43Nd/I44Nd)1 0.512704 0.512685 0.512716 0.512689 0.512717 0.512688 0.512685 0.512701 0.51271 
Ersllon 1 CHUA 2.50 2.63 3.34 2.57 3.10 2.56 2.49 2.84 2.92 

TOM,Ga 0.62 0.72 0.63 0.63 0.83 0.56 0.62 0.55 0.54 
1475mJl44Nd 0.133112 0.150484 0.1·~9649 0.138436 0.164973 0.127572 0.136755 0.130670 0.131362 

Ndppm 21.08 15.67 13.93 18.94 3.00 19.13 28.10 19.93 31.40 
Smppm 4.85 3.90 3.45 4.34 0.818 4.04 6.36 4.31 8.82 

(87Sr/865r)0 0.704044 0.705023 0.704459 0.704043 0.706248 0.705019 0.705400 0.704768 0.707328 
(87Sr/865r)1 0.704008 0:104513 0.704247 0.703888 0.705538 0.704252 0.704519 0.704388 0.704947 
87Ab/86Sr 0.052901 0.519096 0.204433 0.173524 0.806654 0.857482 0.984592 0.418054 2.79384 

Srppm 42B.19 371.57 452.42 455.23 392.39 405.47 265.25 397.65 252.51 
Rbppm 7.83 66.69 31.98 27.31 109.43 120.21 90.30 57.48 243.87 

SG 15-4 5C7-3 CCI6-2 SB6-3 CHI 0-1 PD2·1 CH9-2 CO 6-2 CCI3-1 
Granodlo Granodlo Granodlo Granodlo Granite Rhyolite Ignimbrite Granite CtzEye 

(I43Nd/I44Nd)o 0.512711 0.512740 0.512696 0.512758 0.512772 0.512758 0.512766 0.512668 0.512772 
Epsilon 0 CHUA 1.42 1.99 1.13 2.34 2.62 2.34 2.50 0.59 2.62 

Epsilon 0 OM ·7.08 -6.51 ·7.37 -6.16 -5.88 -6.16 -6.00 ·7.91 -5.88 
age,ma 63 70 64 63.7 60.3 60 62.1 63 58 

(I43Nd/I44Nd)1 0.512664 0.512684 0.512643 0.512703 0.512718 0.512710 0.512712 0.512611 0.512739 
Epsilon 1 CHUA 2.08 2.65 1.71 2.B7 3.06 2.91 3.00 1.06 3.43 

TOM, Ga 0.53 0.52 0.62 0.55 0.57 0.50 0.55 0.76 0.35 
147SmJl44Nd 0.114741 0.121B07 0.126252 0.131210 0.138097 0.122288 0.133360 0.137549 O.OB6223 

Ndppm 22.67 35.11 24.88 22.B1 45.01 17.99 42.15 30.22 11.61 
Smppm 4.30 7.07 5.20 4.95 10.28 3.64 9.25 6.88 1.66 

(87Sr/BSSr)0 0.705835 0.706339 0.705921 0.705737 0.706751 0.710176 0.707186 0.705427 0.705417 
(B7Sr/865r)1 0.704892 0.704318 0.704507 0.704265 0.7048Q2 0.707142 0.705170 0.704603 0.704426 
87Ab/BSSr 1.05374 2.03231 1.55531 1.62694 2.27512 3.55908 2.28506 0.921017 1.20254 

Srppm 434.25 247.64 296.66 320.49 275.68 250.39 242.87 289.39 21B.36 
Rbppm 158.20 173.99 159.52 180.27 21B.82 307.97 191.84 92.15 90.79 

Table B.1. Results of isotopic analyses and calculated 
ENdcRUR(T), TDM, and sro values. 

0.512774 
2.65 

-5.85 
63 

0.51272 
3.17 
0.52 

0.131752 
32.75 
7.14 

0.707115 
0.704785 
2.60373 
268.51 
241.68 

SG8·5 
Granite 

0.512751 
2.20 

-6.30 
65 

0.512700 
2.84 
0.50 

0.119752 
49.40 
9.78 

0.712139 
0.705448 
7.24596 
232.36 
581.75 
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CH 1·2 SG30-1 CO 1·1 SC8-2 00 It).3 SG 16-4 CH8-3 00 13-4 SG 1·1 SGl5-4 
Gabbro Andesita Diorita Diorita Dlarita aDloma aDloma Cl Dlorita Granodlo Granodlo 

Nd Osotope DllutJon) nOB 15.67 13.93 18.94 3.00 19.13 28.10 19.93 32.75 22.67 
Nd(INAA) 5 15 18 18 22 23 2fl 18 31 21 
Nd(ICPMS) 6.2 16.5 13.7 nd rid 21.6 29.8 nd 31.5 23.6 

Sm OlOlope DllutJon) 4.66 3.92 3.41 4.34 0.B13 4.00 6.36 4.31 7.14 4.31 
Sm(INAA) 1.75 4.54 4.42 4.00 4.60 4.70 5.83 3.70 7.17 3.6 
Sm(ICPMS) 1.69 3.89 3.42 nd nd 4.04 6.09 nd 6.34 4.69 

SmJNd(ID) 0.231 0.250 0.245 0.229 0.271 0.209 0.226 0.216 0.218 0.190 
SmiNdONAA) 0.350 0.303 0.246 0.222 0.209 0.204 0.224 0.206 0.231 0.171 
SmiNd (ICPMS) 0.273 0.236 0.250 0.187 0.204 0.201 0.199 

Sr (Isotope Dilution) 428.19 371.57 452.42 455.23 392.39 405.47 2fl5.25 397.65 268.51 434.25 
Sr (XAF) 342 372 395 495 411 529 2B2 453 289 124 

Rb (laotope Dilution) 7.83 66.69 31.98 27.31 109.43 120.21 90.30 57.48 241.68 158.2 
Rb(XAF) 17 69 32 32 115 111 112 70 270 203 

RblSr (10) 0.018 0.179 0.071 0.060 0.279 0.296 0.340 0.145 0.900 0.364 
RblSr(XAF) O.OSO 0.185 0.081 0.065 0.280 0.210 0.397 0.155 0.934 1.637 

SB6-3 CC16-2 SC7-3 SG 19-1 CH10-1 006-2 PD2·1 CH9-2 SG8-5 co 13·1 
Granodlo Granodlo Granodlo atzMonz Granha Granha Rhyolite Ignlmbrita Granha atz Eya 

Nd Osotope Dilution) 22.81 24.88 35.11 31.40 45.01 30.22 17.99 42.15 49.40 11.61 
NdONAA) 22 21 27 27 42 30 18 42 29 10 
NdQCPMS) 22.2 25.3 32.4 33.0 44.8 29.4 nd 41.3 55.6 11.7 

Sm Osotope Dilution) 4.96 5.20 7.05 6.80 10.23 6.85 3.84 9.25 9.76 1.67 
Sm(INAA) 5.51 4.SO 5.15 5.92 10.60 6.37 3.70 9.87 5.78 1.30 
Sm(ICPMS) 4.1 t 5.37 6.20 5.86 9.36 5.82 rid 9.24 5.80 2.00 

SmiNd 00) 0.217 0.209 0.201 0.217 0.227 0.227 0.202 0.219 0.198 0.144 
SmiNd (INAA) 0.250 0.214 0.191 0.219 0.252 0.212 0.231 0.235 0.199 0.130 
SmiNd QCPMS) 0.185 0.212 0.191 0.178 0.209 0.198 0.224 0.104 0.171 

Sr (Isotope Dilution) 320.49 296.66 247.84 252.51 275.66 289.39 250.39 242.B7 232.38 218.38 
Sr (XAF) 385 312 2B2 349 281 238 nd 178 340 262 

Rb (Isotope Dilution) 180.27 159.52 173.99 243.B7 216.82 92.15 307.97 191.84 581.75 90.79 
Rb (XAF) 206 192 200 73 2El 237 nd 214 673 116 

RbiSr (10) 0.562 0.538 0.703 0.966 0.786 0.31B 1.230 0.790 2.504 0.416 
RblSr(XAF) 0.564 0.615 0.709 0.209 0.915 0.996 1.202 1.979 0.443 

IIOI0pe Dilution· Univenlily 01 Arizona 
INAA & XRF • Bacquarel Labs (Bondar-Clegg) 
ICPMS • Bacquarell..aba (Bondar-Cleggj 

Table B.2. 
analyses. 

comparative results of Nd, 8m, Rb, and 8r 



SC7-3 
E SG1-1 

~ 30 CHS-3 I 
SG70-1 I CC16-2 I 

SG19-1 

I 'CC6-2 "0 
Z 

E c. 

CH1-2/CC16-3 SG15-4
1

, I 

20 /, I I \ 1/' SG16-4 CC'13-4 S86-3 

C~1-1 
10 

SCS-2 

I 
PD2-1 

CC13-1 1 

12~------------------------------------, 

CH10-1 

10 I CH9-2
1 

8 
SG1-1 SC7-3 

I 
.s 6 

CHB-3
1 

I 
. S86-3 CC6-2 

SG19-1 SGS-5 
SG30-1 SCS-2 SG15-4 I 

4 I I ~G16-4ICC13t 
E en I 

CC16-2 

CC1-1 

2 
CH1-2 

CC13-1 

I 
CC16-3 

155 

Figure B.l. Ranqe of Nd and 8m analyses by isotope dilution, 
INAA, and ICPM8. 
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Figure B. 2. Range of analyses for Sr and Rb by isotope 
dilution and XRF. 
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GXR-1* GXR-1 80-1* 80-1 80-2* 80-2 

La 7.50 9.90 
Ce 17.00 16.80 103.00 108.00 112.00 109.00 
Pr 1.80 2.27 13.00 12.80 15.00 13.30 
Nd 18.00 10.80 47.00 46.80 57.00 56.40 
8m 2.70 3.97 8.20 8.58 12.00 12.10 
Eu 0.69 0.96 1.70 1.70 3.70 3.57 
Gd 4.20 4.57 6.00 6.12 11.00 11.40 
Tb 0.83 0.92 0.90 0.92 1.80 1.74 
Dy 4.30 5.86 5.00 5.11 11.00 9.54 
He 1.00 1.12 1.00 0.96 2.00 1.88 
Er 2.50 3.11 2.40 2.31 4.80 4.61 

Tm 0.43 0.45 0.40 0.38 0.80 0.80 
Vb 1.90 2.99 2.40 2.41 4.00 3.99 
Lu 0.28 0.16 0.30 0.15 0.50 0.36 
TIl 2.44 2.96 12.00 12.10 3.70 3.61 
U 34.90 33.10 1.60 1.69 1.20 1.13 

* - Recorded value 
GXR-1 was a blind standard; 80-1 and 80-2 were lab standards 

Table B.3. Standards for ICPHS and their reoorded results. 
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Figure B.3. Repeat REE analyses for samples CHl-2 (gabbro) 
and SG15-4 (granodiorite) by INAA and ICPMS. 
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CH1-2 CH1-2 CH9-3 CH9-4 SG30-1 SC5-1 C01-1 CC15-1 SC8-2 
Gabbro Gabbro Diorite Diorite Andesite Andesite Diorite Diorite Diorite 

SI02 
Tl02 
Al203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb* 
Sr* 
y 

Zr 

48.00 
0.45 

19.10 
3.36 
4.75 
0.13 
7.31 

11.60 
1.71 
0.54 
0.15 
1.49 

98.59 

110 
7.83 

428.19 
11 
34 

Nb 1 

47.30 
0.47 

19.10 
3.74 
4.30 
0.14 
7.55 

11.90 
1.S0 
0.55 
0.26 
1.24 

98.35 

V 96 104 
Cr 74 61 
NI 34 38 
Co 24 29 
Sc 41.3 38 
Cu 24 23 
Pb 6 <2 
Zn 23 2B 
Mo 
As 19 16 
111** 0.94 
U** 0.2B <1 

C+N+K 0.24 0.25 
AUCNK 0.78 0.76 
N+K 2.25 2.35 
Total Fe 8.11 8.04 
K20-Ca -11.06 -11.35 
Ca/Sr 22.49 

52.5n 
1.11 

15.80 
4.23 
5.00 
0.24 
5.41 
9.20 
3.55 
1.55 
0.10 
0.60 

99.29 

420 
50 

399 
25 

128 
9 

157 
110 
24 
14 

27.5 
93 
15 
76 
2 

31 
3.1 

0.24 
0.65 
5.10 
9.23 

-7.65 
19.14 

52.00 51.20 54.20 56.20 55.60 56.50 
1.06 1.01 0.92 0.90 0.93 0.88 

18.00 1a10 17.00 17.30 16.30 17.00 
3.92 8.45 4.98 3.03 3.55 3.84 
4.10 0.25 2.50 4.75 4.00 3.60 
0.41 0.08 0.19 0.15 0.17 0.17 
4.06 4.45. 4.78 3.38 4.06 3.08 
a70 7.55 7.27 6.97 7.32 5.78 
3.38 3.26 3.73 3.22 3.13 4.28 
1.59 1.66 3.01 1.09 1.26 1.34 
0.39 0.18 0.09 0.27 0.10 0.55 
1.40 3.25 0.78 0.76 0.63 1.28 

99.01 99.44 99.45 98.02 97.05 98.30 

560 210 770 310 320 380 
46 66.69 97 31.98 39 27.31 

447 371.57 526 452.42 357 455.23 
24 25 22 23 30 26 

118 115 154 93 156 128 
10 5 10 6 3 5 

168 270 170 160 170 115 
59 46 90 66 95 46 

9 16 18 4 8 4 
16 21 12 12 12 12 

29.1 32.9 25.1 28.5 28.7 19.4 
91 46 5 25 53 28 
15 2 23 3 11 28 
93 66 48 45 22 55 
212 1 2 3 

35 5 36 9 31 26 
2.7 4.74 5.26 2.62 3.18 3.7 

1.16 0.59 0.69 0.56 1 

0.23 0.21 0.22 0.19 0.19 0.19 
0.78 0.87 0.75 0.90 0.82 0.89 
4.97 4.92 6.74 4.31 4.39 5.62 
8.02 8.70 7.48 7.78 7.55 7.44 

-7.11 -5.89 -4.26 -5.88 -B.06 -4.44 
16.15 16.86 11.47 12.79 17.02 10.54 

* All Rb and Sr values reported to two significant figures were analyzed by Isotope Dilution 
** All Th 8!ld U values reported to two Significant figures were analyzed by ICPMS 

Table B.4. Major and trace element results. Major element 
oxides reported in percent and trace elements in ppm. C+N+K 
and C+K reported as molecular wieghts. 



SI02 
1102 
AI203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb* 
Sr* 
y 

Zr 
Nb 
V 
Cr 
NI 
Co 
So 
Cu 
Pb 
Zn 
Mo 
As 
Th** 
U** 

C+N+K 
AltCNK 
N+K 
Total Fe 
K20-CaO 
Ca/Sr 
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CC16-3 SC9-1 SG16-4 CHB-3 PD3-6 CC13-4 CH9-1 SG19-1 SG22-1 
Diorite Diorite Q Diorite Tonalite Q Diorite Q Diorite Q Monzdl Qtz Man Qtz Man 

57.40 
1.00 

16.20 
1.90 
5.45 
0.13 
3.57 
6.41 
3.34 
2.29 
0.45 
0.94 

99.08 

480 
109.43 
392.39 

29 
135 

e 
103 
82 

7 
10 

21.4 
28 
16 
46 

3 
40 

7.1 
1 

0.19 
0.82 
5.63 
7.35 

-4.12 
13.56 

58.20 57.80 57.00 
1.03 0.B2 1.06 

15.50 16.20 15.10 
3.46 4.63 3.88 
3.BO 1.70 3.45 
0.13 0.13 0.13 
3.57 3.66 3.26 
6.17 5.91 5.90 
3.77 . 3.64 3.35 
2.72 2.30 2.40 
0.15 0.36 0.30 
0.58 1.23 1.07 

99.08 98.38 96.90 

450 460 
125 120.21 90.30 
300 405.47 265.25 
32 36 

251 229 
15 11 

119 119 123 
135 69 71 

16 17 9 
12 14 16 

21.9 20.0 22.2 
45 55 60 
12 4 14 
34 42 51 
3 2 3 

23 5 21 
11 9.60 10.00 
2 2.20 1.97 

0.20 0.19 0.18 
0.76 0.84 0.80 
6.49 5.94 5.75 
7.26 6.33 7.33 

-3.45 -3.61 -3.50 
17.07 12.10 18.46 

59.20 60.00 61.70 58.90 59.70 
0.96 0.85 0.79 1.01 0.81 

16.60 16.00 15.50 14.50 14.BO 
3.96 3.21 3.67 5.43 4.56 
2.60 3.35 1.80 1.00 1.65 
0.18 0.13 0.07 0.13 0.11 
2.56 3.07 2.57 2.76 3.01 
5.15 5.66 4.20 4.02 5.04 
4.32' 4.05 3.47 4.45 3.16 
2.23 2.01 3.19 3.94 2.70 
0.40 0.30 0.23 0.36 0.20 
0.73 0.70 2.20 1.91 1.83 

98.89 99.33 99.39 98.41 97.57 

460 620 
167 57.48 180 243.B7 
246 397.65 343 252.51 

20 32 
146 229 

7 9 
122 114 93 94 
56 114 71 34 

2 6 9 10 
8 12 8 15 

19 15.0 17.5 5 
58 42 59 21 
19 10 9 117 
52 47 39 9 

6 3 2 66 
5 22 14 4 

5.99 5.2 16.50 28.20 
1.31 1 4.05 5.05 

0.19 0.19 0.16 0.19 
0.88 0.84 0.92 0.77 
6.55 6.06 6.66 8.39 
6.56 6.56 5.47 6.43 

-2.92 -3.65 -1.01 -0.08 
17.38 11.81 10.16 13.21 

380 
150 
214 
32 

208 
6 

114 
64 

6 
11 

23.9 
25 

6 
38 

2 
26 

15.8 
3.7 

0.17 
0.86 
5.86 
6.21 

-2.34 
19.55 

* All Rb and Sr values reported to two significant figures were analyzed by Isotope Dilution 
** All Th and U values reported to two significant figures were analyzed by ICPMS 

Table B.4. (continued). 
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SG1-1 SG15-4 SG15-4 CH8-1 CC9-3 SC7-3 CC16-2 S86-3 CH10-1 
Granodlo Granodlo Granodlo Granodlo Granodlo Granodlo Granodlo Granodlo Gran Por 

SI02 61.60 65.60 65.50 59.30 61.10 63.00 62.30 64.50 60.30 
n02 1.00 0.50 0.48 0.95 0.63 o.n 0.70 0.64 1.23 
AI203 14.50 16.10 15.20 15.70 16.00 14.00 15.10 15.50 14.70 
Fe203 3.76 2.62 2.71 4.19 3.09 2.67 2.04 2.17 4.35 
FeO 2.55 1.15 0.90 2.40 2.55 3.10 2.95 2.50 2.90 
MnO 0.11 0.05 0.05 0.13 0.10 0.12 0.12 0.08 0.12 
MgO 2.45 1.58 1.40 2.69 2.56 2.40 2.04 1.92 2.11 
CaO 4.48 3.45 3.19 5.02 4.95 4.52 3.91 4.04 4.42 
Na20 3.29 4.04 3.82 3.58 3.93 3.55 3.84 3.65 3.54 
K20 3.80 3.94 3.50 3.05 2.56 3.44 3.33 3.37 3.78 
P205 0.36 0.21 0.37 0.30 0.41 0.30 0.18 0.38 0.38 
LOI 0.68 0.60 0.74 0.92 1.48 0.64 0.44 0.72 0.72 
Total 98.58 99.84 97.86 98.23 99.36 98.51 96.95 99.47 98.55 

Sa 620 640 590 540 660 650 750 
Rb* 241.68 158.20 176 113 173.99 159.52 180.27 216.B2 
Sr* 268.51 434.25 358 307 247.64 296.66 320.49 275.68 
Y 41 20 29 36 32 38 57 
Zr 372 153 159 256 250 226 338 
Nb 13 12 9 11 10 10 14 
V 93 62 65 112 88 100 8i 74 B3 
Cr 80 46 51 46 94 139 138 97 70 
NI 11 9 9 13 6 9 10 8 7 
Co 9 8 8 12 6 11 9 9 10 
So 20.6 6.7 7.7 20 14.9 17.00 14.4 13.7 3.6 
Cu 108 36 35 47 49 42 21 37 224 
Pb 8 10 7 4 10 21 15 6 9 
Zn 46 25 31 34 22 60 50 27 47 
Mo 8 2 3 3 4 4 2 2 3 
As 14 20 10 5 33 22 16 5 7 
TIl** 24.10 24.30 26 21 8.3 17.00 19.50 17.00 24.70 
U** 5.55 4.54 6.3 5.5 3 3.68 3.76 4.32 5.79 

C+N+K 0.17 0.17 0.16 0.18 0.18 0.17 0.17 0.17 0.18 
AVCNK 0.82 0.94 0.96 0.86 0.88 0.79 0.89 0.91 0.82 
N+K 7.09 7.98 7.32 6.63 6.49 6.99 7.17 7.02 7.32 
Total Fe 6.31 3.n 3.61 6.59 5.64 s.n 4.99 4.67 7.25 
K20·CaO -0.68 0.49 0.31 -1.97 -2.39 -1.08 -0.58 -0.67 -0.64 
CaJSr 13.85 6.59 11.64 13.38 15.15 10.94 10.46 13.31 

* All Rb and Sr values reported to two significant figures were analyzed by Isotope Dilution 
** All Th and U values reported to two significant figures were analyzed by ICPMS 

Table B.4. (continued). 
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PD2·1 CH9·2 CC6-2 CH10-3 CC10-3 PD3·5 CH4-2 CC13·1 CC14-4 SG8·5 
Rhyolite Ignlm Gran Por Gran Por Granite Ignlm A.K.Gran 012 Eye Rhyolite Granite 

SI02 
n02 
AI203 
Fe203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 

Ba 
Rb* 
Sr* 
y 
Zr 
Nb 
V 
Cr 
NI 
Co 
Sc 
Cu 
Pb 
Zn 
Mo 
As 
TIl** 
U** 

63.30 
0.40 

64.00 65.00 68.60 67.60 67.50 
1.00 0.64 0.57 0.42 0.45 

12.00 
2.58 
0.17 
0.08 
0.67 
4.86 
2.76 
6.85 
0.25 
4.35 

13.80 14.70 12.60 13.60 14.70 
5.27 2.10 2.75 2.14 3.04 
1.20 2.40 0.90 1.15 0.10 
0.12 0.08 0.06 0.07 0.08 
1.37 1.71 1.05 1.17 0.15 
2.52 3.54 1.53 2.52 1.56 
3.97 3.65 2.93 3.50 5.52 
4.19 3.58 5.64 3.89 3.40 
0.42 0.12 0.50 0.24 0.15 
0.99 0.40 1.19 0.78 1.87 

98.27 98.85 97.92 98.32 97.08 98.52 

780 690 
307.97 191.84 92.15 
250.39 242.87 289.39 

25 57 38 
198 432 232 

8 18 11 
32 37 71 
46 67 82 

4 3 9 
488 

20.1 14.6 
15 34 42 
12 10 6 
31 52 31 

4 4 5 
30 9 9 

18.49 
4.76 

24.80 
6.89 

470 
595 
150 
45 

393 
10 
52 

149 
8 
6 

9.1 
82 
14 
30 

3 
27 

60.6 
14 

780 
180 
218 
110 
231 

2 
50 

158 
6 
5 

4.7 
23 
15 

128 
3 

20 
16.50 
4.27 

10 
34 

9.8 
2 
5 

41 
2 
5 

11.0 
3 

68.6 71.00 72.50 73.60 
0.25 0.28 0.11 0.22 
16.3 13.40 10.90 12.40 
1.89 1.40 1.08 0.73 
0.20 1.05 0.26 0.40 
0.04 0.05 0.02 0.01 
0.44 0.74 0.68 0.25 

1.3 1.92 2.21 0.54 
0.27 3.54 3.81 2.66 
7.76 3.86 3.94 5.71 
0.01 0.25 0.12 0.24 
2.35 0.69 3.05 0.74 

99.41 98.18 98.68 97.50 

450 1300 
474 90.79 
46 218.36 
41 5 

184 131 
8 2 

15 32 
168 212 

5 7 
3 4 

4.4 19 
4 6 
6 23 

21 63 
4 3 

12 19 
35.0 

4 
9.52 
1.15 

2000 470 
139 581.75 
253 232.36 
25 27 

115 168 
13 15 
13 10 

140 191 
3 5 

3.8 3.6 
3 7 

12 8 
20 26 

2 3 
11 14 
12 

2.0 
85.10 
13.40 

C+N+K 0.20 0.15 
0.88 
8.16 
6.47 
1.67 
8.61 

0.16 
0.90 
7.23 
4.50 
0.04 

0.13 
0.92 
8.57 
3.65 
4.11 
8.47 

0.14 
0.93 
7.39 
3.29 
1.37 
9.59 

0.15 0.11 0.13 
0.99 
7.40 
2.45 
1.94 
7.30 

0.14 
0.75 
7.75 
1.34 
1.73 
7.25 

0.11 
1.07 
8.37 
1.13 
5.17 
1.93 

AI/CNK 0.58 0.94 1.45 
N+K 9.61 8.92 8.03 
Total Fe 2.75 3.14 2.09 
K20·CaO 1.99 1.84 6.46 
CalSr 16.11 10.15 23.46 

* All Rb and Sr values reported to two significant figures were analyzed by Isotope Dilution 
.. All TIl and U values reported to two significant figures were analyzed by ICPMS 

Table B.4. (continued). 
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CH1·2* CH1·2 CH1·2 CH9-3* CH9-3 CH94 5OOD-l" 5000·1 5C5·1" 5C5·1 
Gabbro Gabbro Gabbro Diorite Diorite Diorite Andesite Andesite Andesite Andede 

La 5.0 4.4 4.4 16.1 13.0 13.0 12.7 12.2 15.5 13.0 
Ce 9.5 9 10 32.3 29 26 24.6 29 29.5 27 
Pr 1.34 4.48 3.56 4.09 

Nd 6.2 5 19.6 17 14 16.5 15 19.6 16 
5m 1.69 1.60 1.75 4.83 3.80 3.40 3.89 4.54 4.55 3.80 
Eu 0.69 0.6 0.7 1.47 1.0 1.0 1.39 1.3 1.25 0.9 
Gd 1.91 4.74 4 4 4.52 4.52 4 
Tb 0.30 0.81 0.6 0.7 0.75 0.79 0.6 
Oy 1.86 1.8 5.03 3.7 3.8 4.46 2.6 4.70 4.4 
Ho 0.39 0.98 0.8 0.8 0.92 0.93 0.8 
Er 1.10 2.96 2.71 2.67 

Tm 0.18 0.39 0.4 0.2 0.42 0.43 
Vb 1.17 o.e 1.1 2.88 2.4 2.1 2.67 2.5 2.55 2.3 
Lu 0.13 0.14 0.15 0.34 0.35 0.30 0.35 0.38 0.15 0.34 

(La/Yb)n 3.01 3.44 2.81 3.93 3.81 4.35 3.35 3.43 4.28 3.98 
(LalSm)n 1.78 1.65 1.51 2.01 2.06 2.30 1.96 1.62 2.05 2.06 
Eu/Eu· 1.20 0.96 1.02 0.85 

CCl·1" CCt·l CC15·1" CC15·1 5C8-2 CCl6-3 SC9-1 SG16-4" SG16-4 CHB-3* 
Diorite Diorite Diorite Diorite Diorite Diorite Diorite a Diorite ODiorne Tonalite 

La 9.8 12.1 18.7 13.6 15.0 19.0 20.9 19.4 20.0 25.2 
Co 19.5 29 36.4 30 31 40 44 37.3 39 50.2 
Pr 2.82 4.66 4.86 6.79 
Nd 13.7 18 23.3 16 18 22 22 21.6 23 29.8 
Sm 3.42 4.42 5.08 4.30 4.00 4.60 4.90 4.04 4.70 6.09 
Eu 1.13 1.2 1.54 1.1 1.1 1.0 1.0 0.99 1.2 1.38 
Gd 3.42 5.72 5 4 5 5 4.50 6.61 
Tb 0.66 1.00 0.70 0.7 0.9 0.7 0.60 1.13 
Oy 3.83 2.5 5.90 4.60 4.0 4.0 4.0 3.75 3.7 6.37 
Ho 0.74 1. 1 1 0.90 1.0 0.9 0.9 0.63 1.30 
Er 2.41 3.19 2.06 3.91 

Tm 0.34 0.46 0.40 0.23 0.58 
Vb 2.15 3.5 3.17 2.50 2.3 2.5 2.8 1.93 1.9 3.67 
Lu 0.23 0.48 0.30 0.39 0.34 0.35 0.43 0.10 0.30 0.43 

(LalYb)n 3.21 2.43 4.15 3.83 4.59 5.35 5.25 7.07 7.40 4.83 
(La/5m)n 1.72 1.65 2.21 1.90 2.26 2.49 2.57 2.B9 2.56 2.49 
Eu/Eu· 1.00 0.89 0.73 0.6B 

" • analyzed by ICPMS 

Table B.S. Rare-earth element analyses reported in ppm. 
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P03-6* P03-6 CC13-4 CH9-1· CH9·1 SGI9-1* SGI9-1 SG22·1 5Gl·l· SG1·l 
aOlonte a Dionte aOlonte a Monzdio a Monzdlo aMonz aMonz a Monz Granodio Granodlo 

La 20.0 20.0 21.B 19.9 22.9 29.3 30.0 17.0 27.4 31.2 
Ce 38.4 42 33 40.3 51 59.8 63 39 53.8 67 
Pr 5.37 5.65 7.78 7.25 
Nd 25.8 26 1e 24.4 24 33.0 34 17 31.5 31 
5m 5.55 5.60 3.70 5.13 6.05 6.86 7.40 5.23 6.34 7.17 
Eu 1.52 1.4 0.9 1.09 1.2 1.32 1.2 1.1 1.16 1.2 
Gd 6.09 4.0 5.20 6.57 6.65 
Tb 1.06 0.6 0.91 1.14 1.1 1.23 
Dy 5.76 4.8 3.9 4.95 3.0 6.27 4.9 3.1 6.40 4.8 
Ho 1.17 1.1 0.9 0.93 1.0 1.34 1.B 1.0 1.30 1.1 
Er 3.10 2.B5 3.93 4.13 

Tm 0.49 0.43 0.57 0.57 
Vb 3.21 2.B 2.1 2.B9 3.0 3.69 3.7 3.2 3.63 3.9 
Lu 0.33 0.42 0.31 0.27 0.42 0.43 0.50 0.46 0.34 0.54 

(LaIYb)n 4.38 5.02 7.30 4.84 5.37 5.59 5.70 3.74 5.31 5.63 
(LalSm)n 2.17 2.15 3.55 2.33 2.28 2.57 2.44 1.96 2.60 2.62 
EuJEu* 0.82 0.65 0.62 0.55 

5GI5-4· SGI5-4 5G15-4 CHa.1 CC9-3 SC7-3· 5C7-3 CCI6·2· CC16·2 586-3· 
Granodio Granodio Granodlo Granodlo Granodio Granodlo oJranodlo Granodio Granodio Granodio 

La 30.0 2B.O 23.1 24.0 25.6 2B.B 24.9 25.5 19.5 19.2 
Ca 53.2 52 44 52 36 57,2 52 48,7 41 36.7 

Pr 6.09 7.64 5.94 5.05 
Nd 23.6 26 21 30 17 32.4 27 25.3 21 22.2 
Sm 4.69 4.60 3.60 6.68 3.85 6.20 5.15 5.37 4.50 4.11 
Eu 1.13 0.9 0.7 1.2 1.0 1.31 0.9 1.11 0.9 0.92 
Gd 4.27 4 4 6.00 5 5.73 5 4.20 
Tb 0.67 0.6 0.5 1.03 0.9 0.63 0.7 0.73 
Dy 3.37 3.2 2.7 5.7 4.1 5.83 5.3 4.98 4.3 3.73 
Ho 0.64 1.3 0.6 1.9 0.9 1.29 1.2 0,B7 1.0 0.78 
Er 1.86 3.48 2.94 2.35 

Tm 0.31 0.45 0.34 0.37 
Vb 2.04 1.8 1.6 3.3 2.4 3.49 2.B 2.72 2.6 2.24 
Lu 0.12 0.29 0.25 0.47 0.37 0.35 0.40 0.14 0.37 0.15 

(LalYb)n 10.34 10.94 10.16 5.12 7.50 5.BO 6.26 6.59 5.28 6.03 
(Lal5m)n 3.85 3.66 3.B6 2.16 4.00 2.79 2.91 2.86 2.61 2.81 
Eu/Eu· 0.77 0.67 0.63 0.68 

•• analyzed by ICPMS 

Table B.S. (continued). 
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SB6-3 CH10-1" CH10-1 PD2·1 CH9-~ CH9-2 CCS-2- CC6·2 CH10-3 CH4-2 
Granodlo Gran Porp Gran Porp Rhyol~e Ignlm Ignlm GranPorp Gran Porp AK. Gran GranHe 

LA 23.0 35.4 39.1 20.0 35.9 39.S 27.B 26.0 37.0 27.8 
Ce 51 73.3 91 37 72.4 90· 52.3 58 110 52 
Pr 10.20 9.42 6.71 

Nd 22 44.8 42 16 41.3 42 29.4 30 32 22 
Sm 5.51 9.3B 10.60 3.70 9.24 9.B7 5.92 6.37 7.50 4.90 
Eu 1.0 1.66 1.7 0.7 1.89 1.9 1.14 1.10 1.2 0.5 
Gd 5 10.20 5 4 10.00 5 5.48 8 5 
Tb 1.0 1.75 0.6 0.5 1.57 1.0 1.03 0.8 0.9 
Dy 2.B 10.10 6.9 2.B 9.55 3.0 5.65 3.50 6.4 3.9 
Ho 1.0 2.01 1.6 0.6 1.84 1.0 1.07 1.2 1.1 
Er 5.66 5.73 3.55 

Tm 0.83 0.84 0.51 
Vb 2.5 5.38 5.6 2.1 5.87 3.0 3.24 3.50 4.2 3.5 
Lu 0.38 0.57 0.82 0.32 0.62 0.42 0.26 0.48 0.61 0.40 

(LaIYb)n 6.47 4.63 4.91 6.70 4.30 9.33 6.04 5.23 6.20 5.59 
(l..IIJSm)n 2.51 2.27 2.22 3.25 2.34 2.43 2.83 2.46 2.97 3.41 
EulEu· 0.53 0.61 0.64 

CC10-3" CC10-3 PD3-5 CC13-1 " CC13-1 CCl4-4" CC14-4 SG8-5- 5G8·5 
Granite Granite Ignim CEPorph QE Porph Rhyolite Rhyolite Gran He Granite 

La 26.4 24.6 29.0 23.8 17.0 27.6 22.2 62.B 34.8 
Ce 47.1 46 58 32.5 25 52.3 46 109.0 63 
Pr 5.9B 3.16 5.59 13.90 
Nd 24.7 21 31 11.7 10 21.1 1B 55.6 29 
Sm 4.n 3.BO 6.60 2.00 1.30 4.01 3.40 8.B7 5.76 
Eu 0.B7 0.7 1.5 1.03 0.60 0.56 0.40 0.5B 0.4 
Gd 4.51 1.51 1 4.16 3 10.70 6 
Tb 0.79 0.5 0.26 0.1 0.B1 0.7 1.48 0.7 
Oy 4.2B 3.4 5.8 1.23 1.1 4.27 3.2 7.47 4.3 
Ho 0.94 0.7 1.5 0.23 0.3 0.85 0.8 1.32 0.9 
Er 2.92 0.61 2.79 3.90 

Tm 0.44 0.15 0.38 0.47 
Vb 2.90 2.4 4.0 0.64 0.7 2.70 2.5 3.11 2.4 
Lu 0.16 0.38 0.57 0.10 0.12 0.22 0.37 0.26 0.32 

(l..IIJYb)n 6.40 7.21 5.10 26.16 17.08 7.19 6.25 14.20 10.20 
(l..IIJSm)n 3.33 3.90 2.64 7.16 7.87 .4.14 3.93 4.26 3.64 
EulEu· 0.59 1.90 0.42 0.19 

•• analyzed by ICPMS 

Table B.S. (continued). 
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CC13·1· CC13·1 CC19-4 CC19·5 CC13·1" CC13·1 CC19-4 C;C19·5 
OE Porph OEPorph OEP (a~) OEP (ah) OEPorph OE Porph OEP (a~) OEP (a~) 

SI02 71.00 62.38 66.62 La 23.8 17.0 24.0 12.0 
Tl02 0.28 0.47 0.31 Ca 33 25 41 23 

AI203 13.40 14.15 13.95 Pr 3.16 6.00 
Fe203 1.40 2.23 1.83 Nd 12 10 23 11 
FaO 1.05 0.65 0.90 Sm 2.00 1.30 3.70 2.20 
MnO 0.05 0.06 0.13 Eu 1.03 0.6 0.9 0.5 
MgO 0.74 1.58 1.50 Gd 1.51 1 
CaO 1.92 3.89 2.43 Tb 0.26 0.1 0.4 0.3 

Na20 3.54 0.63 1.64 Oy 1.23 1.1 2.4 2.5 
K20 3.86 5.55 5.96 Ho 0.23 0.3 0.5 0.4 
P205 0.25 0.23 0.10 Er 0.61 
LOI 0.69 6.26 3.48 Tm 0.15 

98.18 98.08 98.85 Yb 0.64 0.7 1.3 1.3 
Lu 0.10 0.12 0.19 0.18 

Ba 1300 960 1100 
Rb 116 90.79 361 372 laIYb)n 26.16 17.08 12.99 6.49 
Sr 262 218.26 153 314 la/Sm)n 7.16 7.87 3.90 3.28 
Y 5 18 14 Eu/Eu· 1.90 
Zr 131 156 88 
Nb 2 1 <1 
V 32 27 23 
Cr 212 60 96 
NI 7 13 6 
Co 4 7 6 
Se 19 
Cu 6 31 76 
Pb 23 20 8 
Zn 63 179 45 
Mo 3 <1 <1 
As 19 <5 <5 
Th 10 
U 

Table B.6. Major, trace, and rare-earth element analyses of 
fresh and altered samples of quartz-eye porphyry. Major 
element oxides reported in percent and trace and rare-earth 
elements in ppm. 
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SAMPLE ROCK PlagCAn) Kspr otz Hb Bio Op cpx Accessories 

SG 1-1 Gd 40(22) 25 21 11 3 Ap, Zr, Ep 
SG 8-5 Gran 21(23) 39 33 7 Sp, Zr 
SG15-4 Gd 45(24) 24 20 4 6 1 Zr, Mn, Ep 
SG16-4 QD 56(40) 2 10 23 9 Ap 
SG19-1 QM 40(42) 37 8 9 6 Ap 
SG22-1 QM 41(40) 39 6 6 8 
SG30-1 And 75(58) 7 18 Hm 
CH 1-2 Gab 68(52) 32 opx, 01, op 
CH 4-2 Kgr 51 46 3 
CH 8-1 Gd 39(39) 20 21 14 13 Ap 
CH 8-3 QD 54(40) 4 16 19 7 Ap 
CH 9-l. Qmd 48(38) 20 11 14 2 5 Sp, Zr 
CH 9-2 Ig 85(26) 9 5 Sp, Zr, Ap 
CH 9-3 Dio 50(47) 7 43 opx 
CH 9-4 Dio 56(45) 4 40 opx 
CH10-1 Gran 42(28} 27 18 11 2 Ap, Zr 
CH10-3 Gran 45(25) 23 22 7 3 Ap 
SB 6-3 Gd 49(38} 11 25 7 8 Op, Ap, Ep 
SC 5-1 And 79(51) 4 17 
SC 7-3 Gd 37 (31) 20 24 13 5 1 Ap 
SC 8-2 Dio 60(42) 6 24 8 2 Ap, Hm 
SC 9-1 Dio 55(40) 5 4 29 6 1 Ap 
CC 1-1 Dio 63(38) 1 20 11 5 Ap, Hm 
CC 6-2 Gran 36(32) 26 20 8 10 Op, Zr 
CC 9-3 Gd 38 (34) 16 22 17 2 5 Ap 
CC10-3 Gran 12 (36) 32 43 9 4 Bio 
CC13-1 QEP 28(10) 32 38 2 Ep 
CC13-4 QD 60(32) 4 11 20 6 Ap 
CC14-4 Rhyo 70(24) 28 2 
CC15-1 Dio 75(36) 1 17 2 5 Hm 
CC16-2 Gd 34(37) 14 28 9 15 Op, Ap, Zr 
CC16-3 Dio 59(45) 3 5 25 7 1 Ap, Hm 
PD 3-6 QD 57 (39) 12 22 8 Ap, Hm 

Table B. 7. Modal mineralogies in percent. Abbreviations are 
Gd - granodiorite, Gran - granite, QD - quartz diorite, Dio -
diorite, Qmd - quartz monzodiorite, Qm - quartz monzonite, Gab 
- gabbro, QEP - quartz-eye porphyry, Plag - Plagioclase, Rhyo 
- rhyolite, (An) - anorthite content, Kspr - Potassium 
Feldspar, Qtz - Quartz, Hb - Hornblende, Bio - Biotite, Op -
Opaque Minerals, Cpx - clinopyroxene, Ap - Apatite, Zr -
Zircon, Sp - sphene, Mn - Monazite, Hm - hematite, 01 -
Olivine, Opx - Orthopyroxene. The modal mineralogy of SG15-4 
does not include secondary quartz. 
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APPENDIX C 

K-AR RADIOMETRIC DATING 

Potassium-argon age dates were obtained at the Uni versi ty 

of Arizona Isotope Geochemistry Laboratory under the supervi-

sion of M. Shafiqullah except for sample SG8-5 which was 

anlayzed at the Geochronology Laboratory of the Servicio 

Nacional de Geologia y Mineria in Santiago, Chile. Constants 

used for the calculation of age dates are those recommended by 

the lUGS Subcommision on Geochronolgy (Steiger and Jager, 

1977). 

4°Ar %Atm DATE AND 
Sample Min-Rock %K (pm/g) Ar ERROR (ma) 

SG 8-5 
SG30-1 
CH10-1 
CH 9-2 
CH 1-2 
PD 3-6 
SG31-1 
SB 1-1 
CH 1-1 
5B 6-2 
SB 4-1 
CC 2-2 
CC19-4 

Bio -Gra 
Fspr-And 
Fspr-Gra 
Fspr-Ig 
Fspr-Gab 
Fspr-Dio 
Ser -Gd 
Ser -And 
5er -Gra 
5er -55 
Ser -And 
Ser -QEP 
Ser -QEP 

7.628 
1.643 
2.905 
3.935 
0.372 
0.853 
2.133 
0.780 
3.386 
0.172 
1.443 
1.322 
2.446 

874 
200 
309 
431 

31 
111 
245 

84 
318 

20 
88 

131 
255 

30 
25 
68 
63 
50 
57 
34 
81 
49 
20 
88 
79 
11 

65 +/-2 
69.0+/-1. 6 
60.3+/-1.5 
62.1+/-1. 7 
47.9+/-1. 2 
73.4+/-1. 9 
65.0+/-1. 5 
61. 2+/-2.9 
53.3+/-1. 4 
65.1+/-1.5 
34.6+/-1. 9 
56.3+/-1. 6 
59.3+/-1. 4 

COMMENTS 

minor alteration 
minor alteration 

submicron size 
submicron size 
submicron size 
submicron size 
submicron size 
submicron size 
100-500 microns 

Table C.l. K-Ar age dates obtained for this study. Locations 
provided in Tables 2 and 3 and samples are plotted on Plates 
2, 3, 4, 5, and 6. Abbreviations are Bio -biotite, Fspr -
feldspar, Ser - sericite, Gra - granite, And - andesite, Ig -
ignimbrite, Gab - gabbro, Dio - diorite, Gd - granodiorite, SS 
- sandstone, QEP - quartz-eye porphyry. 
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APPEND:IX D 

EQUAT:IONS AND PART:ITION COEFFICIENTS USED IN MODELLING 

Binary mixing, Rayleigh fractional crystallization, and 

batch partial melting equations were used for petrogenetic 

modelling (Neuman, et al., 1954; Shaw, 1970). Distribution 

coefficients are from Arth (1970), Wilson (1989), and Nash and 

Crecraft (1985) (Table D.1). 

Binary mixing is based on the equation: 

[1/(1 + x)][CA] + [x/(l + x] [CB] = CM1X 

where x = parts B per 1 part A, cA = concentration in rock A, 

and cB = concentration in rock B. 

Rayleigh fractional crystallization is based on the 

equation: 

CL = [Cd [F(D-l) ] 

where CL is concentration of an element in differentiated 

melt, Ci is concentration of an element in initial melt, F is 

fraction of liquid remaining, and D is bulk distribution 

coefficient given by: 

D = (Xa ) (Kda ) + (Xb ) (Kdb ) + (XC) (KdC) + ••• 

where X = weight fraction of mineral component removed from 

melt and Kd is solid/liquid distribution coefficient of 

fractionating phase. 

Partial melting processes are based on the equation: 

CL = [C i ] / [(l-F) (D) + DJ 



172 

Table D.1. Distribution ooeffioients used in modellinq 
oaloulations. * indicates values for acid compositions; all 
other values pertinent to basic compostions. Data from Arth 
(1976), Wilson (1989), Cox, et ale (1979), and Nash and 
Crecraft (1985). Abbreviations are: Plag - plagioclase, Hb
hornblende, Cpx - clinopyroxene, opx - orthopyroxene, Mt -
Magnetite, Gt - garnet. 

Element Plag Db Cpx Opx loft Gt Plag. 

La 0.14 0.145 0.09 0.019 0.05 0.008 0.30 
Ce 0.12 0.200 0.15 0.024 0.064 0.028 0.24 
Nd 0.081 0.330 0.31 0.033 0.092 0.068 0.19 
Sm 0.067 0.52 0.50 0.054 0.12 0.29 0.16 
Eu 0.34 0.59 0.51 0.054 0.15 0.49 2.1 
Gd 0.063 0.63 0.61 0.091 0.171 0.97 0.09 
Tb 0.062 0.63 0.65 0.12 0.193 2.07 0.09 
Er 0.063 0.55 0.65 0.23 0.253 6.56 0.08 
Yb 0.067 0.49 0.62 0.34 0.300 11.5 0.07 
Lu 0.066 0.43 0.56 0.42 0.322 11.9 0.06 
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lain by intercalated latitic 
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sedimentary rocks. 
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QUEBRADA MALA FORMATION 
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INTRUSIVE ROCKS 

GABBRO 
Alternating aphanitic and phaner:'" 
itic layers of euhedral plagioclase 
and anhedral clillopyroxene+/-ortho
pyroxene+/-olivine; An content de
creases upward (diorite); intruded 
by dikes and stocks of alkal i feld
spar granite. 

QUAR.TZ KONZONITE (LATJ:TE) PORPHYRY 
Aphanitic with plagioclase pheno
crysts. 

GRANITE 
Equigranular dikes and stocks with 
hornblende and/or biotite. plagio
clase phenocrysts when spatially 
associated with granodiorite. 

GRANODIORITE l +T~t j Equigranular to porphyritic with 
+ 9 +- plagioclase+/-orthoclase+/-horn

blende phenocrysts. 

DIORITE 
j~+'I,;r Equigranular euhedral plagioclase 
f··~'3 with hornblende+/-biotite+/-clino
'\. "' .. '\. '" pyroxene. 
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STRIKE-SLIP FAULT (Arrow shoWS direction of horizuntal movement) 

STRI KE AND DIP 

FOLD AXIS WITH PLUNGE (Anticline/Syncline) 

SAMPLE LOCATIONS 

33.2 ± 7.3m. RADIOMETRIC AGE DATE WITH ERROR: 
METHODS: K-Ar - potassium-argon 

Ar-Ar - argon-argon 
FT - fission track 

MATERIAL 
DATED: Fspr - feldspar 

Plag ,- plagioclase 
Hb - hornblende 
Bio - biotite 
Ap - apatite 
WR - whole rock 

Age dates prefixed with "Alt" indicates altered sample. 
* - age dates obtained for this study; all other age 
dates from Maksaev, et al.. (1988) and Maksaev (1990). 
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"U lacustrine sediments. 
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"'0 .. ~~. Intercalated tuffs and 
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AUGUSTA VICTORIA FORMATION 
Basal andesitic to rhyo-

~_ dacitic intercalated flows :"TK::j and tuffs with plagioclase 
ZI: 10 ""' .. +/-pyroxene+/-opaque pheno-

" "crysts uncomformably over-
lain by intercalated latitic 
to rhyol i tic flows and tuffs, 
epiclastics, and clastic 
sedimentary rocks. 
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Intercalated sandstones, 
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'" ~ 

~_'( to rhyolitic flows, tuffs, 
~ ... ;.:: and breccias; flows contain 
il! :l plag ioclase+/ -opaque+/-

'" hornblende+/-pyroxene pheno-
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INTRUSIVE ROCKS 

GABBRO 
Al ternating aphanitic and phaner
itic layers of euhedral plagioclase 
and anhedral clinopyroxene+/-ortho
pyroxene+/-o1ivine; An content de
creases upward (diorite); intruded 
by dikes and stocks of alkali feld
spar granite. 

QUARTZ MONZONITE (LATITE) PORPHYRY 
Aphanitic with plagioclase pheno
crysts. 

GRANITE 
Bquigranular dikes and stocks with 
nornblende and/or biotite; plagio
clase phenocrysts when spatially 
J.ssociated with granodiorite. 

1P.ANODIORITE 
:;quigranular to porphyritic with 
>lagioclase+/-orthoclase+/-horn
,lende phenocrysts. 

PIORITE 
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"I " pyroxene. 
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Plag - plagioclase 
Hb - hornblende 
Bio - biotite 
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.... - age dates obtained for this study; all other age 
dates from Maksaev, et al. (1988) and Maksaev (1990). 

MAGMATIC AND STRUCTURAL CONTROLS ON MINERALIZATION 
IN THE PALEOCENE MAGMATIC ARC BETWEEN 22°40' AND 23°45' 

SOUTH LATITUDE, ANTOFAGASTA, II REGION, CHILE 

William C. Williams 

University of Arizona 

1992 
WILLIAMS, w1LLIAM C, 

9220672 ©1992 



" "' 

s 

II 
iii,i 

.~ 

! 

! I!! 
: I 
I : • ~ 

: I 

m I I' 

:{ 
, , 

II! III 



_ 00 _ ~~ ~/oo~ ~.-' ,\ - \ • 

,W'l5i~~~~;l{ ~ ~_ j~}:<:;':; :: . ,_~'c "\:~~~\ :~:,~ 

Octo.c.~«>. 
<,-' ... O'O~ 0' ~EF'~'NC'~ r"H .. ~"CIO""L 1024 1ZV_T ..... ,a>;TOAOlOJ'=-....... IInU~ 
.o~IG~N OUO" P~O"'SC~"" &' O""'~'C""O .LA "' .... <>A 

j;[~~!)~l;j:~~~i;;:5i~~:f,'~;\?"'l~;;~.=" 
SCALE: 1:62500 ~~~:~~~\\\:~~:~:~~~~:;~~~::~;5f~::;:~:'~!~I~:~:~~~~~' ~:t?J~~~?Z:"Tm~o 1000 

-~ 
--<=?-

LEGEND 

'" (,) 

~ 0 
~ ib 

~ ffi ffi 
z U (,) 

ffi 29 
I~ ~ 0 5J ,::; 
-- wz 

zw 
w(,) 
Uo 
0" 
i~ 

~ 

,. 
a: 

'" ;: 
w ffi z ... w 
U 

§ 
~ 

w 

3 

en 
:::> 

8 
(,) 

~ 1> a: 
~ 
U 

;:; 

1il 
U> 

'" c:: ;; 

.",o~." ..... " ............. < .. ".~ __ 

;:';::::::';·:O::·;:·::~·,···D."Y"~ 

"" •• ~ ••• "N .......... ~ ....... T .. "-..,_ 

~:::::;::c:'~.:;';;::::::. "N' C ..... ..... ' ",;-'---: 

.... -" 

SEDIMENTARY AND EXTRUSIVE ROCKS 

D Alluvial, colluvial, and 
lacustrine sediments. 

~ Q 

6·' TKov :00: 

fr2':1 
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PAMPA de KULAS l'ORHAT:ION 
Intercalated tuffs and 
conglomerates. 

~ 

AUGUSTA V:ICTOR:IA FORMATION 
Basal andesitic to rhyo
dacitic intercalated flows 
and tuffs with plagioclase 
+/-pyroxene+/-opaque pheno
crys1:s uncomformably over
lain by intercalated latitic 
to rhyolitic flo ..... s and tuffs, 
epiclastics, and clastic 
sedimentary rocks. 
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QUEBRADA MALA FORMATION 
Intercalated sandstones, 
siltstones, and andesitic 
to rhyolitic flows, tuffs, 
and breccias; flows contain 
plagioclase+ / -opaque+ /
hornblende+/-pyroxene pheno
crysts. 
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Jur Calcareous shale and micrite 

in uppermost section. 

Equidi.loncio at ... a. d. niy.1, so m~troo. 

~_______ ' .. M'.O 0. ".".~n o. ,avo 

~'"""'"'''''''''''''''''''''' 

~':::::::::.'::::::. 
~".~ 

~gt;:~ 
,\\~~~ 

EJ 

INTRUSIVE ROCKS 

GABBRO 
Alternating aphanitic and phaner
itic layers of euhedral plagioclase 
and anhedra~ clinopyroxene+/-ortho
pyroxene+/-olivine; An content de
creases upward (diorite); intruded 
by dikes and stocks of alkali feld
spar granite. 

QUARTZ MONZONITB (LATITB) PORPHYRY 
Aphanitic with plagioclase pheno
crysts. 

GRANITB 

[!J-- Equigranular dikes and stocks with -Tit:- !~ornblende and/or biotite; l?lagio-
-. _ (~clase phenocrysts when spat~ally 

.associated with granodiorite. 

GRANODIORITE 
\\~;] ~quigranular to porphyritic with 
+ 9 + ' .. :plagioclase+ / -orthoclase+ / -horn

blende phenocrysts. 

DIORITE 
llif"'l Equigranular euhedral plagioclase 
,~ with hornblende+/-biotite+/-clino

"'I "" pyroxene. 
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MATERIAL 
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