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Chapter 5 

StRUCTURAL GEOLOGY 

5.1 INTRODUCTION 

A diversity of vein arrays has been documented from porphyry deposits. Stockwork 

orientations can be described as "random" (e.g., A veins from El Salvador; Gustafson 

and Hunt, 1975), "sheeted", in which veins are aligned in the same direction (e.g., 

Cadia Hill; Holliday et al., 2002), or "orthogonal", composed of two preferred vein 

orientations nearly perpendicular to each other (Laramide deposits of Arizona; 

Heidrick and Titley, 1982; Titley, 1990; Tosdal and Richards, 2001). Some deposits 

show domains of preferred vein orientation that formed in response to displacement 

along master faults (e.g. Chuquicamata; Lindsay et al., 1995). Vein systems with pre

ferred orientations indicate that far-field stresses exceeded the stresses localised by 

magma emplacement and as a consequence the veins are predominantly orientated par

allel to the regional fabric (Titley, 1990; Tosdal and Richards, 2001). Concentric and 

radial vein and dyke patterns have been described from several porphyry copper and 

molybdenum deposits from the American Southwest (Titley, 1990; Tosdal and Rich

ards, 2001), from D veins at El Salvador (Gustafson and Hunt, 1975), from porphyry 

copper deposits in the Srednogorie zone, Bulgaria (e.g. Asarel deposit; Strashimirov et 

al., 2002), and from various epithermal deposits (Rytuba, 1994; and references 

therein). 

A review of the structural datasets from El Teniente has been undertaken using the 

new paragenetic framework outlined in Chapter 4, in order to ascertain the dominant 

structural orientations for each paragenetic stage, and to relate them to the intrusive 

history and district-scale structures. Structural studies have been performed previously 

on individual mine areas in the Teniente deposit (Table 5.4); however, a parageneti

cally-controlled structural study utilising vein data from the entire deposit has not been 

previously attempted. 
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Previous work 

El Teniente has been described previously as structurally isotropic, composed of a 

stockwork of randomly orientated veins, except for a 200-300m wide zone around the 

Braden pipe in which concentric and radial veins predominate (e.g., Ojeda et al., 1980; 

Cuadra, 1986; Garrido, 1995). In this inner domain (Fig. 5.2), previous workers have 

noted a predominance of LH veins over PH veins. In the peripheral outer domain, PH 

veins are more abundant than LH veins (e.g., Cuadra, 1986). 

Faults are uncommon in the deposit. They are subvertical, have centimeter- to me

ter-scale displacement, and are millimeters to 120cm wide. Most of the faults are filled 

with a stage 4c vein assemblage. Anastamosing NE-trending faults form an anisotropic 

zone adjacent to the Sewell Diorite. These faults are the most continuous in the de

posit, traceable for up to 800m. Reverse dip-slip faults are also reported (Garrido, 

1995; Brooks et al., 1996). 

Dykes occur in consistent orientations, locally parallel to and controlled by faults. 

For example; 

• late dacite dykes, between 2 and 15m thick, occur preferentially inN, WNW, 

and NNE directions. In the south of the deposit they are locally arcuate, form

ing discontinuous ring dykes parallel to the Braden pipe contacts (e.g., Cuadra, 

1986; Garrido, 1995; Figs. 3.1, 4.4C). 

• pebble dykes are orientated NE and WNW, and locally concentric to the 

Braden pipe (Cuadra, 1986). 

• Late hornblende dykes have a NE preferred orientation (Fig. 3.1 ). 

• the dacite porphyry dyke and some of the dacite pipes and their associated 

contact breccias broadly trend NNW (Fig. 3.1 ). 

Previous studies at Teniente aimed to identify structural fabrics at the deposit scale 

and to integrate them with the district-scale structures. Garrido et al. (1994) and Gar

rido (1995) interpreted El Teniente to be located inside the district-scale Teniente Fault 

Zone. From underground mapping of the faults at El Teniente they interpreted strain 

to be partitioned into discrete "channels of deformation" in which high fault frequen

cies exist. The channels of deformation have a dominant NE trend, less common NW 
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trend, and minor NNE trend. By plotting axes of shortening and extension, Garrido 

(1995) identified two populations of kinematic data in the mine, indicating the TFZ 

had experienced two episodes of deformation (Table 5.1). The cr1 orientations for Dl 

and D2 from inside the mine correlate with cr1 orientations for D1 and D2 from the 

Teniente district (Section 2.4). 

Carrying on from the work of Garrido (1995), Brooks et al. (1996) analysed the 

spacing of several thousand fractures obtained from linear scanlines ("lines of detail") 

from the El Teniente database. Typically, fractures in a shear zone are fractal, that is, 

the probability of occurrence of one fault along a scanline is affected by its neighbors 

(Brooks et al., 1996). However, the statistical methods instead produced a negative ex

ponential distribution, meaning the fractures are spatially uncorrelated, or the fracture 

occurrences are independent of one another (Brooks et al., 1996). The most likely rea

sons for this result are either that the spacing distribution is inherited through joint re

activation, or that the distribution is the result of superposition of more than one frac

ture array (Brooks et al., 1996). 

The previous workers mentioned above attempted to identify master structures in the 

deposit, apparently working on the unstated assumption that the deposit formed during 

active deformation. This assumption is understandable considering that the deposit is 

located at the intersection of two significant district scale structures, the TFZ and the 

Codegua Fault. However, several features at the deposit scale argue that regional scale 

stresses were low during formation of the deposit. First and foremost, the veins in the 

deposit are not sheeted, nor do they have a consistent alignment, as indicated by the 

statistical analysis of Brooks et al. (1996). The Braden pipe, the most notable structure 

in the deposit, is circular in plan view, indicating at least during pipe formation, differ

ential horizontal stress was insignificant. Garrido ( 1995) found that the differential 

stress was low during Dl, the deformational episode active during mineralisation 

(Table 5.1). The Codegua Fault and TFZ may have played a fundamental role in the 

Principal maximum Principal minimum Intensity Timing 
stress (o-t) stress (a:J) 

01 N56°W, sub-horizontal NE Weak, cr1 Pre-, syn- and post 
similar to cr2 mineralisation 

02 N14°E, sub-horizontal WNW Stronger, cr2 <2.9Ma (post-
similar to cr3 mineralisation) 

Table 5.1. Kinematic analysis of faults within the mine identified two deformational episodes, from Garrido et al. ( 1994) 
and Garrido (1995). Note the low differential stress (similar cr1 and cr2) during 01, which was interpreted by Garrido 
( 1995) to be the deformational regime active during mineralization. 

123 



Chapter 5. Structural Geology 

localisation of the ascending magmas at the district scale. However, it is evident that at 

the deposit scale the influence of these structures is minimal, only expressed in the NE 

alignment of some faults and the NNW alignment of some felsic dykes and pipes. 

Methodology 

Vein and fault information was compiled for this study from geotechnical reports on 

individual mine areas (Tables 5.4- 5.7) provided courtesy of CODELCO- El Teniente 

Division. No new data were collected during the course of this study. Mine geologists 

collected the structural readings, which they classified as LM stage, PH stage, LH 

stage, or faults (including fractures with evidence of relative movement along the 

plane of the fracture). The vein and fault orientations were measured from routine geo

logical mapping of new drives, and from "lines of detail", where measurements are 

made from all the structures that cross a horizontal line on the wall of a drive. The lo

cation and orientation of the lines are selected to representatively sample all the vein 

populations. In total, 4,337 vein and fault measurements were selected from the data

base from four mining areas (Quebrada Teniente, Sub-6, Esmerelda, and Regimiento; 

Fig. 5.2). In addition, stereonets from geotechnical reports have been used from an

other two mine areas (dacite porphyry and Ten-4 sur mine areas, Fig. 5.2) where the 

raw data could not be obtained. 

In the current study some of the structural data have been plotted in polar co

ordinates, relative to the radial angle from the geographic centre of the deposit, which 

is located within the Braden pipe (Table 5.2, Fig. 5.2). Plotting polar co-ordinates has 

allowed radial and concentric populations to be observed readily. For example a radial 

vein in the Quebrada Teniente mine area will have a strike of approximately 335°, 

which equates to aN-trending polar strike. The orientation of a concentric inward dip-

Mine area 

Quebrada Teniente 
Sub-6 
Esmerelda LH domain 
Esmerelda PH domain 
Regimiento 

Radial angle 
(strike + radial angle =polar strike) 

+25° 
-20° 
-35° 
-50° 
-200° 

Table 5.2. Radial angles for the mine areas. The radial angles for all the mine areas meet at a common point in 
the centre of the deposit, coinciding with the approximate centre of the Braden Pipe (Fig. 5.2). 
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ping vein anywhere in the deposit will be converted to a polar strike E-W, and a dip to 

the S. 

1:1,000 and 1:5,000 scale structural maps were generated from the El Teniente data

base in order to compare with and validate trends identified from the stereonets. Struc

tures were classified as major, intermediate and minor structures (Table 5.3). 1:1,000 

scale maps plotted paragenetically constrained minor, intermediate, and major struc

tures from the mine areas, while a 1:5,000 scale map plotted all the major structures 

from the whole deposit. This information has been condensed into Figures 5.2- 5.4. 

Type of structure Length 
minor traceable either side of drive (>4m) 

intermediate traceable between two adjacent drives (>30m) 

major traceable for more than two drives (>50m) 

Table 5.3. Classification of mappable structures used by El Teniente geologists. 

Individual mine areas have been split into as many as six domains by Teniente ge

ologists for geotechnical purposes, based on host rock and structural fabrics. Previous 

studies have indicated that trends of major structures within each domain are typically 

representative of structural trends at all scales (e.g., Brzovic, 1999). In Figures 5.2 

5.4, for the Quebrada Teniente and Regimiento mine areas all the data have been 

merged into one dataset for each mine area. For the Sub-6 and Esmerelda mine areas, 

the data are separated into an inner domain and an outer domain. 

5.2 VEIN ORIENTATIONS 

The LM, PH, LH, and fault structural data from each of the Teniente mine areas is 

detailed in Tables 5.4 5.7. As noted in the comments column, preferred orientations 

in several mine areas are concentric or radial to the Braden pipe. Stereonets plot both 

the raw data and polar co-ordinates for the LM, PH, LH and fault data from all the 

mine areas (Fig, 5.1). 

Based on orientation, mineralogy, and crosscutting relationships the structural data 

can be separated into five structural sets (Table 5.8). Two of the sets can be correlated 

with the LM and PH stages, and three sets occurred during the LH stage. 
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Mine area No. Preferred Secondary Comments Data source 
points orientation orientation 

(strike, die)_ (strike, dif!.l 
Quebrada 180 053°, 55°S NW,80°E Tightly focussed. NW Russo (1999) 
Teniente ENE, vertical radial set in PH 

domain 

Dacite ENE Sub-horizontal, Parallel to ENE major Duarte (2000), 
poprhyry NW-NNW structures. NNW set Brzovic (2000} 

subvertical radial in PH domain 

Sub-6 inner 68 119°, 56°S NNW, vertical Primary orientation Brzovic (1999) 
domain (scattered) concentric 

Sub-6 outer 16 114°, 59°S NW, 45•N Secondary orientation Brzovic (1999) 
domain (scattered) NNE, vertical parallel to major 

structures 

Esmerelda 81 E-W steepS NW, <40°S Morales and 
inner domain (scattered) Pereira (1996), 

Morales and 
Esmerelda 29 NE, subvertical Sub-horizontal Seguel (1998}. 
outer domain (scattered) N-S subvertical 

Ten-4 inner NW Brzovic et al. 
domain NE (scattered) (1999) 

Ten-4 outer NW Brzovic et al. 
domain N E (scattered) (1999} 

Regimiento 90 NW, steep to NE vertical (<3mm Concentric Quezada (1998), 
subhorizontal N wide) Rodrigo (1999) 
(wide scatter) subhorizontal 

Table 5.4. Late Magmatic vein orientations from each mine area. The number of points column refers to the number of 
data points used in the stereonets in Figure 5.1. Where this column is blank (dacite porphyry and Ten-4 mine areas} 
raw data was unavailable, and preferred orientations were obtained from stereonets contained in the reports cited in 
the data source column. Radial and concentric orientations listed in the comments column are with respect to the 
Braden pipe. 

Mine area No. Preferred Secondary Comments Data source 
points orientation orientation 

(strike, die)_ (strike, dif!.l 
Quebrada 244 so·. 40°S NEE, vertical NEE set concentric. NW Russo (1999) 
Teniente 325°, 80°E set in PH domain are 

radial 

Dacite NEE, sub-vert Sub-horizontal ? Parallel to NEE major Duarte (2000), 
poprhyry NW-NNW sub-vert structures, concentric? Brzovic (2000) 

NW set radial in PH 
domain 

Sub-6 inner 8 119°, 56°S (wide NNW, vertical Primary orientation Brzovic (1999} 
domain scatter) concentric 

Sub-6 outer 283 114°, 59°S (wide NW, 45°N Secondary orientations Brzovic (1999) 
domain scatter) NNE, vertical parallel to major 

structures and faults. 
NNE set radial? 

Esmerelda 102 Wide scatter N-S, steepW Broadly radial and Morales and 
inner NW, vertical to concentric veins Pereira (1996), 
domain shallowS Morales and 

NE, steepW Seguel (1998) 

Esmerelda 437 NE vertical NWshallowN Steep NE set are regular Morales and 
outer NW vertical NWshallowS spaced radial type 3 Pereira (1996), 
domain NE shallowS veins, re-opened by type Morales and 

4d veins. Seguel (1998) 

Ten-4 inner NW N-S Concentric to the Brzovic et al. 
domain NE (broad scatter) Braden Pipe. Also NE (1999) 

trending set 
Ten-4 outer NW Brzovic et al. 
domain NE (broad scatter) (1999) 

Regimiento 103 NWW,steepN NNE vertical, Concentric? Quezada (1998), 
NEE steep N 25% of veins are faulted Rodrigo (1999) 

Table 5.5. Principal Hydrothermal vein orientations from each mine area. Radial and concentric orientations are with 
respect to the Braden pipe. 
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Mine area No. Preferred Secondary Comments Data source 
points orientation orientation 

(strike, dieJ. (strike, dif!.l 
Quebrada 157 48°, 81"8 NW,steepE Tightly focused, Russo ( 1999) 
Teniente unscattered orientations 

concentric and radial 

Dacite ENE, Parallel to major faults Duarte (2000), 
poprhyry subvertical Brzovic, (2000) 

Sub-6 inner 125 92°, 75°S ESE 50°8 Concentric and secondary Brzovic (1999) 
domain N-S subvertical radial 

Sub-6 outer 99 100°, 82°8 Dips as low as 40°. Brzovic (1999) 
domain Concentric (primary) set 

centred east of Pipe 

Esmerelda 253 305", vertical ENE vertical Primary orientation is Morales and 
inner domain N-S steepW concentric Pereira (1996). 

Morales and 
Esmerelda 108 315° steep N NE vertical Primary orientation is Segue!, (1998) 
outer domain E-W vertical concentric. PH radial veins 

reopened by LH veins 

Ten-4 inner ENE-NNW Concentric set, cross-cut Brzovic et al. 
domain NE by NE set. (1999) 

Ten-4 outer ENE Dominance of NE set Brzovic et al. 
domain (1999) 

Regimiento 573 WNW NE-ENE vertical Concentric (primary) set Quezada (1998), 
steep N Rodrigo (1999) 

Table 5.6. Late Hydrothermal vein orientations from each mine area. Radial and concentric orientations in the com-
ments column are with respect to the Braden pipe. 

Mine area No. Preferred Secondary Comments Data source 
points orientation orientation 

(strike, dif!.l (strike, dif!.l 
Quebrada 647 056°, 85°S Some are arcuate in Russo (1999) 
Teniente plan, concentric, no 

radial structures 

Dacite ENE, subvertical Includes major faults Duarte (2000), 
poprhyry Brzovic (2000) 

Sub-6 inner 43 86°, 81°S Brzovic ( 1999) 
domain 

Sub-6 outer 133 100°, 81°S NNE vertical, Secondary orientation Brzovic (1999) 
domain NW, moderately parallel to major 

steepS and N structures 

Esmerelda 37 330° vertical NE vertical Concentric Morales and 
inner domain Pereira (1996), 

Morales and 
Esmerelda 360 315°, steep N ENE vertical Primary orientation is Seguel (1998) 
outer domain N-S steep E concentric, secondary 

is radial 

Ten-4 inner NW-N-NE Concentric set, cut by Brzovic et al. 
domain NE NE trending set (1999) 

Ten-4 outer NE-ENE Continuous NE Brzovic et al. 
domain trending faults, up to (1999) 

800m long 

Regimiento 573 WNW,steepN NE-ENE vertical Broadly concentric Quezada (1998), 
(primary) set Rodrigo (1999) 

Table 5.7. Fault orientations from each mine area. Radial and concentric in the comments column are with respect to 
the Braden pipe. 
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Set Vein type Orientations Comments 

Set 1 Type 1b Variable Thick quartz veins, associated with 
(preminerali Sewell Diorite? At district-scale they 
sation) are NE-trending, parallel to Teniente 

Fault Zone. 

Set2 Type 2 Concentric (inward dipping) and Associated with deep magma chamber 
(LM)and 3 radial (sub-vertical), around below Braden pipe, and dacite 
(PH) Braden pipe. Broad data scatter porphyries. 

Set3 Type 4a-d Concentric (mostly >70• inward Reverse faults common, associated 
(LH) dipping) around Braden pipe. with Braden pipe 

Set4 Type4c, d NE trending, subvertical Mainly strike slip faults, minor veins, 
(LH) parallel to Teniente Fault Zone 

Set5 Type4 (LH) N ± 15• Mainly LH veins that do not fit into sets 
3 or4 

Table 5.8. Summary of structural sets at El Teniente. 

Stereonet contours 

Figure 5.1. Contoured equal area stereonets (~81%idat:in 
1
% area) 

(lower hemisphere) plotting poles to vein and 
fault orientations from the Esmerelda, Que
brada Teniente, Regimiento and Sub-6 mine 
areas. Data was collected by mine geologists 
referenced in Tables 5.4- 5.7. 

A) Late Magmatic veins. 

B) Principal Hydrothennal veins. 

C) Late Magmatic veins plotted in polar co
ordinates. There is a concentration of shallow to 
steep inward-dipping concentric veins and sub
vertical radial veins with respect to the Braden 
pipe. 

D) Principal Hydrothennal veins plotted in polar 
co-ordinates. As with the Late Magmatic veins 
there is a concentration of shallow to steep 
inward-dipping concentric veins and subvertical 
radial veins arranged around the Braden pipe. 

E) Late Hydrothermal veins, which have consis
tently steep dips, and variable strike. 

F) Late Hydrothennal veins plotted in polar co
ordinates. The vein orientations are tightly clus
tered in steeply-inward dipping orientations 
concentric to the Braden pipe. 

G) Faults, that have a consistently steep dip, 
and a concentration of NE trending orientations. 

H) Faults plotted in polar co-ordinates indicating 
the faults are predominantly steeply-inward 
dipping and concentric to the Braden pipe. 

Faults 
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Set 1 and 2 (LM and PH) 
major structures, and LM 
and PH vein stereonets 

,.,. .. · Set 1 structures 

/ Set 2 structures 

Ten-S6 2102m elevation D Dacite pipes D Braden Pipe 
Igneous/anhydrite ~ Late hornblende Stereonet contoiiili 
breccia , dykes (% data in I% area) 

Plan is orientated parallel to 
mag N, to conform with the 
stereonet data Late dacite porphyry ,,* ~oundary betwee_n 48 = 21 = 

, mner/outer domams 

Figure 5.2. Orientations of major (i .e. >50 m long) Set 1 and Set 2 structures, superimposed on the geology of the 
deposit through the Ten sub-61evel (from Teniente mine database). The major structures were obtained from 1:1,000 
and 1:5,000 structural mapping by Teniente mine geologists. Set 1 structures correspond to pre-mineralisation type 1 b 
barren quartz veins, and set 2 structures comprise the Late Magmatic (type 2) and Principal Hydrothermal (type 3) 
vein arrays. Note the major set 2 structures have mostly concentric and radial orientations with respect to the Braden 
pipe. The stereonets plot the Late Magmatic and Principal Hydrothermal veins measured by mine geologists from 
lines of detail, and from structural mapping. The primary and secondary preferred orientations (solid and dashed lines 
respectively) of both the Late Magmatic and Principal Hydrothermal vein stereonets are concentric and/or radial to the 
Braden pipe, parallel to the major set 2 structures, in all but the Regimiento Late Magmatic dataset. The rotated grid 
indicates the mine coordinates relative to magnetic and UTM north. All structural readings were measured relative to 
magnetic north. The approximate geographic centre of the deposit is indicated, from which radial angles were calcu
lated. 
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Sets 1 and 2 - LM and PH vein sets 

Set 1 structures are rare stage 1 b quartz veins, up to 8m thick, locally associated 

with early phyllic- tourmaline alteration (section 4.3). Set 2 structures encompass all 

the LM (stage 2) and PH (stage 3) vein stages. Most of the veins in the deposit are Set 

2 veins and they contain most of the copper in the deposit. 

Set 1 structures (dashed lines on Fig. 5.2) have variable trends inside the deposit. 

Outside of the deposit they are oriented parallel to the NE-trending district scale TFZ 

(Howell and Molloy, 1960; Garrido, 1995). 

The major Set 2 structures (solid lines on Fig. 5.2) define broadly concentric and 

radial arrangements centred on the Braden pipe. The smaller scale structures (plotted 

in the stereonets in Fig. 5.2) from all the mine areas also have a primary preferred ori

entation concentric and dipping towards the Braden pipe. In the mine areas to the north 

of the Braden pipe the concentric veins are moderately dipping (30-60°) towards the 

pipe, whereas in the areas to the east and to a lesser extent in the south they are dipping 

steeply (>60°) towards the Braden pipe (Fig. 5.2). Subvertical radial veins 

(approximately 90° to the Braden pipe) occur predominantly in the outer domains of 

the mine areas. In all of the mine areas shallow-dipping ( <30°) vein populations are 

present. 

LM and PH veins from the entire deposit have scattered orientations (Figs. 5.1A and 

B respectively). Plotting the LM veins in polar co-ordinates (Fig. 5.1 C) reveals a de

posit-wide preferred alignment in radial and shallow inward-dipping concentric orien

tations (with respect to the Braden pipe). Similarly, the PH veins have well defined 

radial and steep to shallow inward dipping concentric preferred orientations (Fig. 

5.1D). A degree of random scatter is evident in both datasets. 

Sets 3, 4 and 5 - LH vein sets 

Sets 3, 4 and 5 are correlatable with the LH stage based on vein and fault infill 

(Table 5.8). The three sets are temporally overlapping, have similar infill, and are dis

tinguishable from one another only in orientation. In contrast to the apparent scarcity 

of faulting during the LM and PH stages, the LH structural sets commonly form fault 

planes, with centimeter- to metre-scale displacement of early-formed veins along the 
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plane of the structure. In the Regimiento dataset, 60% of the LH veins form fault 

planes, compared to only 25% of the PH veins (Rodrigo, 1999). 

Set 3 structures are LH veins that are arranged concentrically around the Braden 

pipe (Fig. 5.3). Set 3 structures include vein types 4a, 4b, 4c and 4d. The preferred ori

entations of LH veins in each mine area is concentric to the Braden pipe (stereonets on 

Fig. 5.3), indicating that most of the LH veins are set 3 structures. Set 3 structures, in 

contrast to set 2, are steeply dipping (mostly >70°) towards the pipe. Some Set 3 struc

tures dip away from the pipe (Fig. 5.3). Plotted in polar co-ordinates, the LH veins 

have a tight grouping with a steeply-inward-dipping concentric preferred orientation 

(Fig. 5.1F). Radial veins are rare. The major mappable faults in the deposit trend NE 

(Fig. 5.4); however, the smaller scale faults (Figs. 5.1H, and stereonets on Fig. 5.4) are 

parallel to the LH veins, with steeply inward dipping orientations concentric to the 

Braden pipe. The lack of scatter in the data, absence of shallow dipping vein sets, and 

scarcity of radial sets for the set 3 LH vein and fault data contrasts with the LM and 

PH vein sets. 

Set 4 structures are mainly LH faults which trend NE to NEE and are subvertical 

(solid lines, Fig. 5.4). This set includes thefalla P,falla D2, and thefalla ten-sur an

astamosing fault systems, the most continuous faults in the deposit. Set 4 structures are 

focused in the Ten-4 sur mine area, where they form a structurally anisotropic zone 

sub-parallel to the contact of the Sewell Diorite. Most of them are filled with a stage 4c 

or stage 4d vein assemblage; however, the presence of LM and PH veins in this orien

tation in the Ten-4 sur mine area indicate that this zone was also active during the main 

stages of mineralisation. NE trending preferred orientations in the stereonets in Figures 

5.3 and 5.4 are notably scarce, despite the obvious NE trending structural fabric from 

major mappable faults in Figure 5.4. Set 4 structures are probably under-represented in 

the stereonet data (Fig. 5.1) as raw data from the Ten-4 sur and dacite porphyry mine 

areas was not available. Set 4 structures are not concentric or radial to the Braden pipe. 

Instead they are parallel to the district scale TFZ (chapter 2.3). 

Set 5 structures are mostly LH veins with orientations that do not fit into the above 

subdivisions. Most of these veins are N-trending (± 15°) and include some structures 

traceable for up to several hundred metres (dashed lines, Fig. 5. 4 ). 

There are pronounced structural anisotropies wherever structural sets coincide. For 
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Set 3 (concentric) major 
structures, and LH vein 
stereo nets 

/ Set 3 structures 

Figure 5.3. Set 3 (Late Hydrothermal) major structures occur concentric to the pipe. The stereonets plot the Late 
Hydrothermal veins from the mine areas, indicating the dominant Late Hydrothermal vein orientation is concentric and 
steeply inward dipping towards the Braden pipe, parallel to the Set 3 major structures. Set 3 concentric veins comprise 
vein types 4a, 4b, 4c and 4d. 

example in the Quebrada Teniente mine concentric LH structures (set 3) are parallel to 

the NEE trending LH structures (set 4), resulting in generation of strong structural fab

rics (Figs. 5.3 and 5.4). In these areas, vein reopening and fault reactivation is postu

lated to have occurred. In the Regimiento, Sub-6, and Esmerelda mines the structural 

sets are orientated oblique to each other, resulting in a scattered vein and fault array. 
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------~---r=:="'==i:l--l---\--\--l--~ Set 4 (NE trending) and set 5 (other) structures, and fault 
stereonets 

/ Set 4 structures 

Set 5 structures 

0aults 

Figure 5.4. Set 4 and 5 structures. Set 4 structures trend NE parallel to the district-scale Teniente Fault Zone. Most of 
these structures formed during and after the Late Hydrothermal stage, filled by type 4c and 4d vein assemblage, how
ever the anisotropic zone adjacent to the Sewell Diorite includes some LM and PH veins. The stereonets plot all the 
faults in the deposit, which are oriented mainly concentric to the pipe, and are therefore Set 3 structures. Some of the 
stereonets (Regimiento, Esmerelda) show a weak NE-trending secondary orientation, due to influence from set 4 
structures. Set 5 structures (predominantly N-trending ± 15•) are structures that do not fit with the above sets. 

5.3 DISCUSSION 

Concentric and radial vein formation 

The observed distribution of concentric and radial veins at El Teniente can be com-
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pared to experiments simulating magma intrusion and withdrawal. Intrusion of a 

magma chamber is predicted to result in the formation of inward dipping concentric 

fractures, dykes (cone sheets), and reverse faults, associated with uplift and doming of 

the overlying wall rocks (Fig. 5.5; e.g., Suppe, 1985; Acocella et al., 2000). Radial ten

sion fractures and brittle faults are an indication of high magmatic pressures (Suppe, 

1985; Koide and Bhattacharji, 1975). Minor outward dipping normal faults also occur 

(Acocella et al., 2000; Fig. 5.5). In contrast, withdrawal of a magma chamber results in 

generation of steep mainly inward-dipping normal fractures (Fig. 5.5). Radial veins are 

characteristically absent. 

In the case of E1 Teniente, Set 2 structures (LM and PH veins) are predominantly 

inward dipping concentric fractures and subvertical radial fractures, indicating that 

magma pressures were high. Veins formed in this stage are interpreted to have been 

focused around an intruding magma chamber below the Braden pipe. The chamber has 

not been exposed in current mine workings; however, two deep drillholes (DDH1079 

and DDH1068) intersected a large felsic body forming the roots of the Braden pipe, 

500m below the deepest mine workings (Section 3.3). Set 3 structures (steeply inward

dipping concentric LH veins and faults) are consistent with formation in response to 

low magma pressures and withdrawal from the deep parent chamber. 

From inspection of Set 2 structures (LM and PH; Fig. 5.2) it can be observed that 

concentric fractures predominate in the inner domain, and radial and concentric frac

tures in the outer domain. A similar zoning of concentric and radial patterns has been 

observed from the San Juan Mountains, Colorado (Koide and Bhattacharji, 1975), and 

from volcanoes in the Galapagos Islands, Ecuador (Acocella et al., 2000). Mathemati

cal modelling of vertically elongated intruding magma chambers predicts the existence 

of a funnel-shaped zone above the intrusion where the maximum stress in the concen

tric plane is greater than the maximum stress in the radial plane (Koide and Bhat

tacharji, 1975; Suppe, 1985; Fig. 5.6). Within this zone, sub-vertical concentric frac

tures predominate, passing laterally to radial fractures. The central zone is also the lo

cus for subsequent breccia pipe intrusion (Koide and Bhattacharji, 1975; Suppe, 

1985). Therefore, the observed zonation in Set 2 structures from inner concentric to 

outer radial fractures in the Teniente deposit is interpreted to reflect a lateral variation 

in the stress conditions imposed on the wall rocks by the intruding magma chamber. 
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COLLAPSE RESURGENCE 
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Figure 5.5. Simplified models of faulting patterns associated with magma intrusion (resurgence) and withdrawal 
(collapse). Both resurgence and collapse are associated with an early stage of reverse faulting due to differential uplift, 
followed by normal faulting due to gravitational instability of the periphery of the dome or caldera (Acocella et al., 
2000}. Radial fractures occur in the resurgence model, not visible as they are in the plane of the page. 

Traces of 
/ 0'2 0'3 

1--1-+---t-~~ planes 
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Figure 5.6. Theoretical stress trajectories around an intruding magma, assuming cr3 is vertical, and magma pressure 
is high relative to the regional stress. Note that cone sheets (inward dipping concentric veins} are emplaced in a funnel 
shaped zone above the magma chamber, radial fractures occur laterally and at depth (Suppe, 1985). 

Relationship between the dacites and the vein stockwork 

The dacite porphyry and dacite pipes at El Teniente intruded during the early stages 

of set 2 stockwork formation (chapter 4). Fracture densities are highest around these 

bodies (Fig. 4. 7) most likely due to localised stress perturbations at the rheological 

boundaries. The dacite porphyry and pipes are interpreted to be high level intrusions 

sourced from a deep-seated parent magma chamber. However, as noted in Chapter 4 

the northern end of the dacite porphyry dyke cuts across the alteration and mineralisa

tion zonations, possibly indicating a multiphase intrusive complex. The planar trend of 

the dacite porphyry contrasts with the concentric and radial orientations of the set 2 
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structures (Fig. 5.2). The NNW trends of dacite dyke and pipes are hypothesized to 

have been influenced by pre-existing, or deep-seated structures, such as the Codegua 

Fault (section 2.3), although further structural investigations are required to test this 

hypothesis. 

5.4. STRUCTURAL MODEL 

In contrast to previous interpretations (e.g. Garrido, 1995) and despite the location 

of El Teniente close to the intersection of two district to regional scale structures, vein 

and fault arrays throughout the deposit paragenesis appear to be controlled largely by 

local magmatic stresses instead of far-field tectonic stresses. A new structural model is 

proposed for El Teniente, based on the measured orientations and interpreted par

agenesis ofthe structural sets (Fig. 5.7). The Set 2 (LM and PH) vein orientations have 

an overall inward-dipping concentric and radial distribution centred on the middle of 

the deposit, coincident with the location of the Braden pipe (Fig. 5.7A). The Set 2 

structures are interpreted to have formed in response to intrusion of a large pluton at 

depth, possibly associated with doming of the overlying volcanosedimentary sequence. 

The degree of random scatter in LM, and to a lesser degree PH vein orientations may 

be due to local fluid pressures exceeding stresses induced by the intruding magma 

(e.g., Burnham, 1979). During the LM stage, the dacite porphyry dyke and pipes in

truded from the deep magma chamber into the Teniente host sequence. 

A change in stress conditions is inferred to have led to the generation of a set of con

centric, subvertical fractures above the magma chamber (set 3) during the LH stage 

(Fig. 5.7B). The lack of radial veins in this stage implies that magma pressure was low, 

and it is interpreted that set 3 structures formed during a subsidence event probably 

associated with magma withdrawal. Previously formed, steeply inward-dipping reverse 

and outward-dipping normal concentric faults would have been reactivated with oppo

site sense, allowing for central subsidence. 

Resurgence of the deep-seated magma chamber is interpreted to have occurred dur

ing the LH stage. Reactivation of concentric fractures in a reverse sense generated dila

tional cone sheets which were intruded by late dacite dykes or were filled by LH vein 

and breccia assemblages (Fig. 5.7C). Intrusion of the late dacite stock was accompa

nied by explosive brecciation and formation of the Braden pipe (chapter 9), bounded 
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0 Mine 111desites Late dacite ~ Set 2 (type 2, 3 veins) 

D Dacite pipes a Braden Breccia / Set 3 (type 4a-4d veins) 

[;] Dacite porphyry • Marginal Breccia / Set 4,S (type 4c, 4d veins) 

Boundary between PHand LH domains 

Figure 5.7. El Teniente schematic structural model. 

A) The vein stockwork emplaced during the Late Magmatic and Principal Hydrothermal stages (set 2) was sub
jected to stresses associated with initial intrusion of a large pluton inferred to lie below the current level of the 
mine. Radial veins are more abundant peripherally (in the outer domains). Faults are rarely preserved from the 
Late Magmatic stage, probably due to reactivation and overprinting during the Principal Hydrothermal and Late 
Hydrothermal stages. 

B) A probable period of magmatic quiescence and subsidence followed, accompanied by magma withdrawal, in 
which steeply dipping normal concentric fractures were developed (set 3). 

C) Resurgence of the magma chamber. It is postulated that uplift was facilitated by reactivation of the concentric 
fractures with a reverse sense (set 3). Late dacite dykes, pebble dykes, Marginal breccia zones and Late Hydro
thermal veins were emplaced into these extensional concentric fractures, until explosive brecciation and formation 
of the Braden pipe caused instantaneous depressurization and cooling of the magma. NE trending fractures (set 
4) formed during and after pipe formation, related to movements along the Teniente Fault Zone. 
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by concentric fractures formed during the previous stage of subsidence. The Braden 

pipe is located in the approximate centre of the deposit, indicating that the locus of the 

intruding magma and related stresses did not change markedly from the LM and PH 

stages to the LH stage. 

During and after these stages of intrusion and withdrawal, NE-trending, anastamos

ing faults and minor veins were generated (set 4; Fig. 5.7C) due to movements along 

the TFZ. A minor stage of approximately N-S trending veins and faults (set 5) is also 

present. Sets 4 and 5 are assumed to have formed in response to the two episodes of 

deformation identified by Garrido (1995). These sets, and the NNW-NW trend of the 

dacite intrusions, are the only features in the deposit which indicate that at certain 

times far-field stresses dominated over localised stresses induced by the intruding 

magma. 

5.5 CONCLUSIONS AND FURTHER WORK 

• Previous investigations concluded that El Teniente is structurally isotropic, apart 

from a NNW alignment of some intrusive bodies, and a concentration of NE 

trending faults and dykes. 

• This study, using datasets courtesy of CO DELCO El Teniente Division, has iden

tified consistent preferred vein and fault orientations in concentric and radial ori

entations with respect to the Braden pipe. 

• Set 2 veins encompass all of the LM and PH vein stages. Set 2 structures have 

preferred moderately inward-dipping concentric orientations and subvertical ra

dial orientations with respect to the centre of the deposit. It is inferred that these 

structures formed in response to the intrusion of a deep-seated magma chamber 

below the level of the mine. 

• Set 3 structures are a set of steeply-inward dipping LH veins and faults oriented 

concentric to the Braden pipe. These are interpreted to have formed initially dur

ing a period of magma withdrawal and subsequently during magma resurgence, 

which was accompanied by intrusion of the late dacite dykes and the Braden pipe. 

• Set 4 structures are subvertical, NE trending predominantly LH faults and veins. 

Set 4 structures are parallel to the district scale TFZ. This is the only structural set 

controlled by far field stresses. 
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This chapter has integrated a dataset of thousands of structural readings from differ

ent areas of the mine, with the vein paragenesis formulated in Chapter 4. Neither a de

posit scale nor a paragenetically constrained vein orientation study had been previ

ously attempted at Teniente. Careful analysis of a seemingly random stockwork has 

identified radial and concentric preferred vein orientations, centred on the Braden pipe, 

for all the paragenetic stages at Teniente. The results of this study provide further evi

dence for an intimate link between mineralised veins and a postulated deep-seated 

magma chamber whose apex is located approximately below the centre of the Braden 

pipe. The presence of veins oriented concentrically and radially around a deep cham

ber logically implies that veining was coeval with magma intrusion. However, at the 

mine level the only representation that exists of the deep magma chamber are multi

phase dacitic dykes and pipes, interpreted to be high-level offshoots from the chamber. 

The temporal relationship between mineralisation and the multi-phase felsic intrusions 

will be investigated further in Chapter 6, which documents the geochronological evo

lution of the Teniente deposit. 

The logical continuation of this structural study would be to obtain vein orientation 

data for the other mine areas not included in this study. Additionally, plotting the ori

entations of individual vein types within each of the three paragenetic stages may re

veal more information about the nature of the veins. For example stage 2e veins were 

verbally reported by the mine geologists to have mainly sub-horizontal orientations. 

Horizontal veins form when cr3 is vertical and may represent periods of abrupt unload

ing or uplift. 
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CHAPTER6 

GEOCHRONOLOGY 
~ 

6.1 INTRODUCTION 

Chapter 6. Geochronology 

This chapter presents nine new, high precision Re-Os age determinations on molyb

denite from El Teniente. These results are placed within the context of a well

constrained vein, alteration, and intrusion paragenesis (Chapters 3 and 4). El Teniente 

is an ideal location for a paragenetically constrained Re-Os isotope geochronological 

study, as there is molybdenite in multiple vein stages which can be distinguished read

ily, and there is a high-quality pre-existing geochronological database. The new results 

are able to further constrain the precise timing of hydrothermal events at El Teniente 

and provide insights into the absolute duration of the episodes of magmatic

hydrothermal activity. 

The Re-Os data also have genetic implications. According to the contention of 

Skewes et al. (2002), mineralization at Teniente was predominantly emplaced in a se

ries of breccias that predate the dacitic porphyries by up to several million years. 

Therefore, determining the absolute temporal relationship between mineralization and 

the felsic intrusions is a crucial step in understanding the genesis of this giant copper

molybdenum porphyry deposit. 

Re-Os isotopic analyses was performed by Dr. Holly Stein and Dr. Richard Markey 

of AIRJE program at Colorado State University. The Re-Os analysis was funded by 

NSF grant EAR-0087483 awarded to Dr. Stein. Preliminary results have been reported 

in Cannell et al. (2003 ). 

The Re-Os geochronometer 

The Re-Os geochronometer is particularly useful for dating of ore deposits, as both 

elements are incorporated directly into the structure of sulfide minerals that form an 

ore assemblage (Stein et al., 1998). The Re-Os dating method is based on the beta de

cay of 187rhenium to 1870s. Molybdenite presents a unique situation for Re-Os dating 

in that it usually contains ppm level rhenium and essentially no initial (common) os-
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mmm. Therefore, essentially all of the osmium in molybdenite is radiogenic 1870s 

(Stein et al., 1998), enabling calculation of the age of the closure temperature of the 

isotopic system. The robustness of the chronometer has been amply documented by 

sample-to-sample reproducibility of age determinations for molybdenites (e.g., Wata

nabe and Stein, 2000). The Re-Os chronometer has been shown to be sustained 

through ductile deformation (Stein and Bingen, 2002) and granulite facies conditions 

(e.g., Bingen and Stein, 2003). The molybdenites from E1 Teniente are the youngest 

dated by the AIRIE laboratory, and this study provides a unique opportunity to test the 

robustness of the Re-Os isotopic dating technique on a young and undeformed deposit. 

6.2 METHODOLOGY 

Molybdenite samples were chosen from vein, breccia, and disseminated assem

blages to constrain as accurately as possible the Teniente paragenesis (Table 4.1 ). 

Where possible, molybdenite-bearing veins were selected which displayed clear cross

cutting relationships with other vein stages, equilibrium textures between molybdenite 

and copper sulfides, and no evidence of multiple stages of vein re-opening and sulfide 

precipitation. Most of the LM samples are from the proximal potassic zone. One LM 

vein molybdenite sample from the distal propylitic zone was selected to investigate 

spatial - temporal variations in stockwork formation. The following description of ana

lytical methods used during the current study was provided by Dr. Stein. 

Molybdenite was extracted as a powder from vein and breccia drill core samples 

from El Teniente using a slow speed drill. The Re-Os ages were replicated for most 

samples by drilling a second mineral separate from another point in the vein or sulfide 

association. This replicate analysis tests the geological accuracy of the age determina

tion, as it is not uncommon for a vein assemblage to be composed of more than one 

molybdenite generation. 

Total rhenium C87Re and 185Re) and 1870s concentrations were determined for the 

samples. For this study, a Carius-tube digestion was used. Molybdenite is dissolved 

and equilibrated with a mixed-double osmium spike C85Re-1880s-1900s) in HN03-HC1 

(inverse aqua regia) by sealing in a thick-walled glass ampule and heating for 12 hours 

at 230°C (Markey et al. submitted). The mixed-double osmium spike permits a careful 

check for common osmium and a mass fractionation correction, leading to high preci-
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sion results, particularly for young or low rhenium samples (Markey and Stein, 2003). 

The osmium is recovered by distilling directly from the Carius tube aqua regia into 

HBr and is subsequently purified by micro-distillation. The rhenium is recovered by 

anion exchange. The rhenium and osmium are loaded onto Pt filaments and isotopic 

compositions are determined using NTIMS on NBS 12-inch radius, 68° and 90° sector 

mass spectrometers at Colorado State University. Ages are calculated using the equa

tion 1870s = 187Re (eA.t- 1), where 1 is the decay constant for 187Re (1.666 x 10"11 yr·1
; 

Smoliar et al. 1996) and t is the calculated age. Two in-house molybdenite standards, 

calibrated at AIRIE, are run routinely as an internal check. Blanks are routinely moni

tored at AIRIE. For very young or for low-rhenium samples knowledge ofthe rhenium 

and osmium concentrations in the blank and associated uncertainties are essential. 

Even more importantly for some samples is knowledge of the osmium isotopic compo

sition of the blank and the associated uncertainty. During the course ofthe work on El 

Teniente molybdenites, rhenium blanks were 1.30 ± 0.02, 1.16 ± 0.03, 1.10 ± 0.02 pg, 

and 8 ± 3 pg for an early run. Total osmium blanks were 2.0 ± 0.6 and 1.9 ± 0.1 pg, 

and 3 ±I pg for an early run. The 1870s/1880s composition of the blank was 0.27 ± 0.9 

and 0.24 ± 0.01, and 1.5 ± 0.9 for an early run. The reported data are corrected for 

blank (rhenium, osmium, 1870s/1880s composition) and blank uncertainty. 

6.3 Previous work 

During the 20th century the geochronological database for the Teniente deposit con

sisted only of K-Ar age determinations of biotite, sericite, and whole rock samples, 

from the felsic intrusions and alteration minerals (Clark et al., 1983; Cuadra, 1986; 

Cuadra, 1992). Ages of 7 Ma were obtained from whole-rock samples of Sewell Dio

rite (Cuadra, 1986). Whole-rock, biotite, and sericite samples from within or adjacent 

to the Sewell Diorite, grey porphyry, and late dacites returned variable ages from 6.4-

4.7 Ma (Cuadra, 1992). Secondary biotite from the Teniente host sequence and igne

ous biotite from the dacite porphyry were tightly grouped around 4.8-4.6 Ma (Clark, 

1983; Cuadra, 1986). Whole rock samples from the Braden pipe facies returned ages 

from 4.7 - 4.5 Ma (Cuadra, 1986). A post-mineralization late hornblende dyke was 

dated at 3.8 Ma (Cuadra, 1986). Cuadra (1986, 1992) invoked intrusion of the Sewell 

Diorite at about 7 Ma, associated with minor alteration, with main stage alteration and 

mineralization accompanying dacite porphyry intrusion at 4.8 - 4.7 Ma, closely fol

lowed by intrusion of the Braden pipe facies. 
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Recently, Mathur et al. (2001), Maksaev et al. (2002), Munizaga et al. (2002), and 

Maksaev et al. (2004) have undertaken a multi-faceted geochronological study of the 

deposit. These authors performed Re-Os analysis on molybdenite from the veins (using 

the Tuscon Re-Os laboratory, University of Arizona), U-Pb SHRIMP analysis on zir

cons from the Teniente intrusive complex, and Ar40/M9 analysis on biotite, sericite, 

and whole rock. 

The Re-Os analyses of Maksaev et al. (2004) fall into four age ranges, 6.3 Ma, 5.6 

Ma, 4.89 4.78 Ma, and 4.42 Ma (Table 6.1, Fig. 6.1). The authors provide a descrip

tion of their samples (Table 6.1 ); however, they did not use the LM, PH or LH stage 

terminology to categorize the molybdenite-bearing veins and breccias; therefore, the 

molybdenite samples are not paragenetically constrained. Utilising the provided de

scriptions (Table 6.1) and plotting the sample locations (Fig. 6.1) it is interpreted that 

the two samples with the oldest Re-Os ages (DDH 2176 and tt-Mo-1) are from LM 

biotite-anhydrite-sulfide breccias (Table 4.2, Fig. 4.28), spatially restricted to within 

several hundred metres of grey porphyry intrusions in the southeast of the deposit. This 

breccia is one of the earliest paragenetic stages in the deposit, consistent with the early 

Re-Os age determinations. Maksaev et al. (2004) note sericite halos around some of 

the other molybdenite-bearing vein samples (Table 6.1) implying a PH or LH stage 

timing. However, it is not possible to further interpret the paragenetic timing from this 

limited information. 

The dacite porphyry and late dacite dyke samples form unimodal U-Pb age distribu

tions at 5.28 ± 0.10 Ma and 4.82 ± 0.09 Ma respectively (Maksaev et. al., 2004; Table 

6.2). The dacite pipes, Sewell Diorite, and grey porphyry samples form bimodal age 

distributions with a dominant population at 6.46 - 6.11 Ma and a subordinate popula

tion at 5.67- 5.48 Ma. These U-Pb ages are discussed below. Maksaev et al. (2004) 

noted the correlation between the Re-Os ages (with the exception of the 4.42 Ma ages), 

and the U-Pb ages obtained from the Teniente intrusive complex units (with the excep

tion of the dacite porphyry). They suggest that El Teniente formed by multiple stages 

of mineralization, each with a magmatic affiliation. 

A total of 37 plateau 40 Ar/39 Ar dates dates have been obtained that are between 4.81 

- 4.37 ± 0.05 Ma (Maksaev et al. 2001; Munizaga et al., 2002; Maksaev et al., 2004). 

These overlap with the younger K-Ar ages of Clark (1983) and Cuadra (1986, 1992). 
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Depth Os* Re Sample description 
Sample drillhole 

(m) (ppb) (ppm) Age (Ma) (equivalent vein body 
from the current 

DOH- 2176 73 7.58 73 6.31 ±0.03 Anh bx with coarse bt, cpy and mo in 
2176 Sewell Diorite (LM anh-bt-sulf breccia) 

tt-Mo-1 1334 355.8 10.75 182.26 5.60± 0.02 Anh bx with mo, cpy and bt, in Sewell 
Diorite (LM anh-bt-sulf breccia) 

tt-Mo-1 1334 355.8 10.95 184.19 5.60± 0.02 Anh bx with mo. cpy and bt, in Sewell 
Diorite (LM anh-bt-sulf breccia) 

TT-179 1556 551 8.8 168.7 4.89± 0.08 Mo vein in Sewell Diorite with qz-ser 
alteration (PH, LH vein) 

tt-Mo-6 1514 185 59.09 1153.66 4.86 ±0.03 Qz-mo vein with minor cpy in dacite 
porphyry 

TT-164 1303 228.6 10.79 220.06 4.78 ±0.03 Mo-cpy vein with ser halo in dacite 
porphyry (PH, LH vein) 

tt-Mo-5 1514 462 11.57 249.52 4.42 ±0.02 Mo vn with minor cpy and ser alt halo in 
dacite porphyry (PH, LH vein) 

tt-Mo-7 1309 298 14.68 319.93 4.42± 0.02 Mo vein in Northern Diorite (dacite pipe) 

tt-Mo-8 1309 169 11.81 254.81 4.42 ±0.02 Qz-mo-cpy vein in Northern Diorite 
(dacite pipe) 

Table 6.1. Analy1ical results and sample descriptions from Re-Os age determinations from Maksaev et al. (2004 ). The 
paragenetic stage for each sample has been interpreted based on sample descriptions from Maksaev et al (2004). 

• All measured Os is radiogenic (assuming no initial Os) 

•• Molybdenite Re-Os ages are reported with a conservative total error of 0.5% (greater than conventional 2s), which 
is the upper limit of reported Re-Os analyses, considering uncertainties from under/over spiking, instrumental counting 
statistics, uncertainties in spike calibration and in the 187Re decay constant (0.31%). 

Abbreviations: anh =anhydrite, bt = biotite, bx =breccia, cpy = chalcopyrite, mo = molybdenite, qz =quartz, ser 
sericite, sulf = sulfide. 

Sample Unit No spots Age Comments 
(Ma :t 2a) 

TT-150 grey porphyry 13 6.46±0.11 Bimodal age distribution 
4 5.67 ± 0.19 

TT-90 central diorite 12 6.28± 0.16 Skewed bimodal age 
(dacite pipe) 8 5.50±0.24 distribution 

TT-101 Sewell Diorite 12 6.15 ± 0.08 Bimodal age distribution 
5 5.59±0.17 

TT-102 northern diorite 11 6.11 ±0.13 Bimodal age distribution, 
(dacite pipe) 4 5.49± 0.19 some inherited cores 

TT-94 dacite porphyry 16 5.28± 0.10 Unimodal age distribution 
dyke 

TT-91 late dacite dyke 18 4.82±0.09 Unimodal age distribution 

Table 6.2. Summary of SHRIMP zircon U-Pb data from Maksaev et al. (2004). Zircon samples were obtained by con
ventional mineral separation and 238U/206Pbages were determined on zircon mounts using the SHRIMP microprobe at 
the Research School of Earth Sciences at the ANU (see Compston et al., 1992 for general procedure). Randomly 
selected zircon grains were analysed (17to 21 spots on each mount), in order to define crystallization ages and detect 
possible inherited zircon cores. 
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All K-Ar and 40ArP9 Ar data from previous authors are contained in Appendix 3. The 

relatively young 40 ArP9 Ar dates do not correspond to specific rock types in the deposit, 

implying that the K and Ar isotopic systems have been thermally reset by late stage 

hydrothermal alteration (Munizaga et al., 2002), or reflect the lower closure tempera

ture of the K- Ar isotopic systems relative to U-Pb and Re-Os systems (discussed fur

ther in section 6.5). Three 40 ArP9 Ar ages from the Sewell Diorite returned ages of 5.63 

5.06 Ma (Maksaev et al., 2004). These authors reanalysed one of the K-Ar Sewell 

Diorite samples of Cuadra (1986) by 40 ArP9 Ar step heating (Maksaev et al., 2001 ). A 

U-shaped apparent age spectrum indicated excess 40 Ar in the sample, which most 

likely generated the original K-Ar age of7 Ma (Maksaev et al., 2004). After correcting 

for excess 40 Ar, a plateau age of 4.69 ± 0.18 Ma was obtained (Maksaev et al., 2001 ). 

6.4 RESULTS 

Molybdenite Re-Os ages 

In contrast to the study of Maksaev et al. (2004), emphasis was placed on dating mo

lybdenite from different stages of the vein paragenesis (Table 6.3), from all spatial ar

eas of the deposit (i.e., adjacent to the Braden Pipe, within dacite intrusions, at deposit 

periphery; Fig. 6.1 ). High precision Re-Os ages are presented in Table 6.4, and are 

combined with geochronological data from other workers in Figure 6.2. Error ranges 

cited in the text and Figures 6.1 and 6.2 are with lambda. 

Most of the molybdenite ages from the LM, PH, and LH stages are between 5.006 ± 

0.096 Ma and 4.691 ± 0.015 Ma, indicating that most of the molybdenum mineraliza

tion at El Teniente occurred within a relatively short time span (approximately 300,000 

years; Table 6.4). The exception is molybdenite from ET851, from the LM-stage bio

tite-anhydrite-sulfide breccia associated with the grey porphyry, which recorded ages 

of 5.883 ± 0.036 Ma and 5.897 ± 0.020 Ma (replicate). Molybdenite from the same 

breccia analysed by Maksaev et al. (2004) returned ages of 6.31 (± 0.03 Ma) and 5.60 

(± 0.02 Ma), significantly beyond the error ranges of ET851. 

Molybdenite ages from LM stage 2c (quartz-dominated) veins yield tightly grouped 

ages of 5.006 ± 0.096 Ma, 4.979 ± 0.016 Ma, and 4.960 ± 0.016 Ma (replicate). 

ET215, stage 2e (latest-LM stage) vein from the deposit periphery, is dated at 4.980 ± 

0.035 Ma. This age is within error of the above LM stage veins indicating that veining 
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Sample No. 
(driffho/e, depth) 

Late Magmatic stage 

Vein 
stage 

Sample description 

ET851 
(DDH1529, 9m) 

LM Anhydrite - biotite- molybdenite + chalcopyrite hydrothermal 
breccia breccia, surrounding grey porphyry, biotite alteration of clasts 

ET184a 2c 
(DDH1300, 224m) 

ET196 2c/2e 
(DDH1134, 273m) 

ET215 2e 
(DDH1530, 722m) 

ET558 2e 
(DDH1666, 390m) 

Principal Hydrothermal stage 

Quartz molybdenite chalcopyrite vein without a halo cut by a 
stage 3 vein (ET184b) 

Quartz - molybdenite vein without a halo adjacent to dacite 
porphyry, cuts stage 2b veins, cut by stage 3 (PH) vein 

Quartz - molybdenite - chalcopyrite vein, sericite halo, near deposit 
periphery 

Quartz- semi massive molybdenite - chalcopyrite seam, without a 
halo, proximal to dacite pipe deep in deposit. 

ET184b 3 Quartz anhydrite- molybdenite- chalcopyrite vein with a sericite 
(DDH1300, 224m) halo, cutting type 2c vein (ET184a) 

ET144 3 
(DDH1698, 248m) 

Late Hydrothermal stage 

ET783 4c 
(DDH1079, 678m) 

ET404 4c 
(DDH 1423, 463m) 

Anhydrite-molybdenite -chalcopyrite-pyrite vein + sericite halo. 
Molybdenite occurs as selvege and as irregular blebs in vein 

Disseminated molybdenite associated with stage 4c anhydrite 
breccia in sericite-altered deep late dacite porphyry, close to 
Braden pipe contact 

Anhydrite- molybdenite bornite- chalcopyrite breccia with sericite 
halo, associated with peripheral late dacite dyke and pebble dyke 

Table 6.3. Sample locations, vein types, and sample descriptions from this study. 

at the deposit periphery was coeval with veining in the centre of the deposit. Sample 

ET558, a stage 2e vein, returned ages of 4.805 ± 0.016 Ma, and 4.825 ± 0.021 Ma 

(replicate). These ages are anomalous in that they are younger than PH and LH stage 

veins reported below. Molybdenite occurs in ET558 as semi-massive aggregates sur

rounded and intergrown with quartz in a 3cm-thick vein which has cut strongly biotite

altered andesite porphyry without development of a sericite halo. ET558 is located 

deep in the deposit on section-I OOON. As noted in chapter 4, the sericite alteration ha

los around PH and LH stage veins decrease with depth and can be entirely absent. 

Hence, to explain the anomalously young age for this sample, it is postulated that this 

vein was reopened and filled with later-stage molybdenite, without development of a 

sericite halo. 

Two PH stage 3 veins have overlapping age ranges at 4.895 ± 0.055 and 4.854 ± 

0.018 Ma. One of these veins, ET184b, dated at 4.895 ± 0.055 Ma, crosscuts ET184a, 

a stage 2c vein dated at 5.006 ± 0.095 Ma. These calculated Re-Os ages are in agree

ment with this crosscutting relationship. LH-stage molybdenite from the contact zone 

of the deep-seated late dacite stock which underlies the Braden pipe, has been dated at 
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AIRIE Sample Re, ppm 'Bios, ppb Age (Ma) Error(Ma), Error(Ma) Vein 
Run# No. (error) (error) abs without A abs with II. stage 

Late Magmatic stage 

MDID-56 ET-851 26.24 (2) 1.616 (8) 5.883 0.031 0.036 LM 

MDID-81 ET-851 24.64 (2) 1.522 (1) 5.897 0.007 0.020 breccia 
(replicate) 

MDID-47 ET-184a 41.25(4) 2.16(4) 5.006 0.095 0.096 2c 

MDID-105 ET-196 385.2 (3) 20.08 (1) 4.979 0.005 0.016 2c/2e 

MDID-113 ET-196 385.0 (3) 20.00 (2) 4.960 0.006 0.016 
(replicate) 

MDID-45 ET-215 157.6 (1) 8.22 (5) 4.980 0.031 0.035 2e 

MDID-43 ET-558 513.1 (4) 25.92 (7) 4.825 0.014 0.021 2e 

MDID-69 ET-558 507.9 (4) 25.55 (2) 4.805 0.006 0.016 
(replicate) 

Principal Hydrothermal stage 

MDID-48 ET-184b 829.7 (8) 42.5 (5) 4.895 0.052 0.055 3 

MDID-58 ET-144 343.7 (3) 17.47 (4) 4.854 0.011 0.018 3 

Late Hydrothermal stage 

MDID-67 ET-783 34.78 (5) 1.774 (4) 4.870 0.013 0.020 4c 

MDID-104 ET-783 28.86 (2) 1.461 (1) 4.835 0.006 0.016 
(replicate) 

MDID-57 ET-404 133.6(1) 6.6 (1) 4.705 0.075 0.076 4c 

MDID-82 ET-404 165.1 (1) 8.110 (6) 4.691 0.005 0.015 
(replicate) 

Table 6.4, Analytical results for Re-Os geochronology. Molybdenite samples run using Carius tube dissolution with 
mixed double Os spike to decrease uncertainties. Data are blank corrected, account for common osmium, and are 
corrected for osmium mass fractionation. Blank corrections include rhenium and osmium concentrations, 187 Os/1880s 
isotopic compositions, and their uncertainties as determined during this study. For rhenium and 1870s concentration 
data, absolute uncertainties shown, all at 2-sigma level, for last digit indicated. Decay constant used for 187Re is 
1.666 x 10.11yr"1 (Smoliar et al. 1996) and ages calculated assume an initiai 1870s/1880s of 0.2 ± 0.1. Ages calculated 
using 1870s = 

187Re (e11
- 1) include all analytical uncertainties and shown without and with the 187Re decay constant 

(A) uncertainty. Sample weights ranged from 11-50 mg, with 3 samples <1 0 mg due to limited material (MDID-47, 
57, 48 2, 5, 9 mg, respectively). Note that the analytical errors (without A) are higher for these samples with low 
sample weights. Replicates shown for five samples represent a second mineral separate, which were used to test 
for geologic accuracy in the age result. 

4.870 ± 0.020 and 4.835 ± 0.016 Ma (replicate). The youngest molybdenite ages from 

this study, 4.705 ± 0.076 Ma and 4.691 ± 0.015 Ma (replicate), were obtained from a 

stage 4c anhydrite-sulfide breccia, located in the far south of the deposit, adjacent to a 

late dacite dyke. 

Molybdenite Re-Os ages from this study cluster together around four ages, 5.89 Ma, 

5.01 - 4.96 Ma, 4.89 - 4.80 Ma, and 4. 70 Ma. Possible reasons for clustering of these 

age ranges are discussed below. 
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Figure 6.1. Simplified geology map of the Teniente-6 level, showing the projected locations and results of all Re-Os age 
determinations. Ages in black are from the current study, and ages in red are from Maksaev et al. (2004). 

Rhenium content of molybdenite 

There is no systematic relationship between the calculated Re-Os age and the rhe

nium concentration of molybdenites (24.64- 829.7 ppm; Table 6.4). However, there 

appears to be a paragenetic control on rhenium concentrations. LM stage biotite brec

cias have the lowest rhenium contents measured in both this study {<26.24 ppm) and 
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References 

This study 

Maksaev et al. (2002) 

Maksaev et at. (2002, 
2004) 

Cuadna (1986) 

--. L_j Late Magmatic Stage c:J Principal and Late Hydrothermal stages 

Figure 6.2. El Teniente geochronological database. Blank-corrected Re-Os ages on molybdenite from this study are 
contained in the tof. compartment. For comparison with U-Pb ages, errors shown include the uncertainty in A the de
cay constant for 18 Re. U-Pb ages for the felsic intrusions and the biotite, sericite, whole rock Ar40/Ar9 ages are from 
Maksaev et al. (2002, 2004). K/Ar dates are from Cuadra (1986, 1992). 

by Mak:saev et al. (2004). LH stage molybdenite samples consistently record low to 

moderate rhenium concentrations (28.86 ppm- 165.1 ppm; Table 6.4). In contrast the 

PH stage molybdenite record the highest rhenium concentrations (343.7- 829.7 ppm; 

Table 6.4). Stein et al. (2001) suggest that the rhenium concentration in molybdenite is 

influenced by the rhenium concentration of the hydrothermal fluid, and that distinct 

molybdenite generations can be distinguished from one another on the basis of their 

rhenium concentrations. In particular, higher rhenium concentrations in molybdenite 

may indicate the involvement of mafic, ultramafic or mantle-derived source (Stein et 

al., 2001). However, rhenium content of molybdenite may also be influenced by a sim

ple mass balance phenomena (Stein et al., 2001 ). Rhenium is highly compatible with 

molybdenum; hence, essentially all of the rhenium budget will be accommodated into 

the molybdenite crystal structure in preference to other sulfide species (Stein et al., 

2001 ). Therefore, if only a minor amount of molybdenite and abundant copper-sulfides 

are precipitated from a fluid, then the resultant molybdenite will have a high rhenium 

concentration. Alternatively, low-rhenium molybdenite is expected in a vein stage con-
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taining abundant molybdenite. Due to the unknown variables of original rhenium con

tent of the hydrothermal fluid and the relative proportion of molybdenite precipitated 

from a fluid, it is considered ambiguous to further interpret the causes for the variation 

in rhenium content of the molybdenite. 

6.5 DISCUSSION 

This section discusses the ages of intrusion and mineralization, based on the Re-Os 

from the current study and U-Pb data from Maksaev et al. (2004). A subsequent sec

tion interprets the cooling and exhumation history of the deposit from available K-Ar 

and 40 ArP9 Ar data. 

Age of Teniente intrusive complex units 

The bimodal age distributions at 6.46 to 6.11 Ma and 5.67 to 5.48 Ma for the dacite 

pipes, grey porphyry, and Sewell Diorite samples of Maksaev et al. (2004) can be ex

plained either by inheritance of the older population, or hydrothermal modification to 

generate the younger age range. Based on the observation that some zircon crystals 

from one sample of Sewell Diorite show evidence for hydrothermal alteration, for ex

ample pitted surfaces and thin overgrowths with notably higher uranium and thorium 

contents. Maksaev et al. (2004) interpret that the early age represents the age of crys

tallization, and the later age is caused by partial lead loss from hydrothermal leaching. 

Discordant U-Pb ages reported in the literature have been ascribed to diffusion of ra

diogenic lead in response to circulating hydrothermal brines and metamorphism (e.g. 

Faure, 1986; Richards and Noble, 1998; Geisler et al., 2001 ). 

However, several arguments are herein proposed against the interpretation of Mak

saev et al. (2004). Firstly, dif:fUsive lead loss generates a spread of anomalous values, 

and does not produce a defined peak in the U-Pb age spectra. Therefore, the 5.67 

5.48 Ma grouping of the subordinate age populations in all four spatially separated 

samples precludes diffusive lead loss taking place. Recrystallisation and resetting of 

the U-Pb system in zircon is believed to occur at >800°C (e.g., Davis and Krogh, 

2000), significantly higher than the 500° to 600°C maximum temperatures obtained 

during the Teniente hydrothermal system (chapter 7). Therefore, the only valid expla

nation to generate the young population of U-Pb ages is a deposit-wide episode of 

hydrothermal precipitation of zircon rims around cores at 5.67 to 5.48 Ma. Hydrother-
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mally precipitated zircon rims tend to be very thin (e.g. Geisler, 2001) and are typi

cally visible during analysis. Without further information on the zircons analysed by 

Maksaev et al. (2004) this point cannot be further assessed. However, if the 5.67 to 

5.48 Ma ages represent zircon precipitation during a magmatic-hydrothermal event, it 

is expected that the U-Pb spectra would also display evidence of ages at 5.28 Ma; the 

unambiguous age of intrusion of the dacite porphyry dyke which was accompanied by 

kilometer-scale fluid circulation and alteration of the wall rocks. 

Considering the above points, it is interpreted (in agreement with the initial interpre

tation ofMaksaev et al., 2001) that the older ages (6.46- 6.11 Ma) are due to zircon 

inheritance from an earlier episode of cooling and crystallization (and possibly intru

sion) in the common parent chamber. The younger ages (5.67- 5.48 Ma) represent the 

ages of emplacement and crystallization of the high-level intrusions. Zircon inheri

tance is feasible for the Teniente intrusive complex, because it is composed of multiple 

intrusive phases of similar composition that appear to have been localised by the same 

conduits during their ascent from the parent magma chamber. Further support for this 

interpretation is the agreement between the younger U-Pb ages of the grey porphyry 

(5.67 ± 0.19 Ma), Re-Os ages from the LM breccia which surrounds the grey porphyry 

(5.883 ± 0.036 Ma and 5.897 ± 0.020 Ma from this study, and 5.60 ± 0.02 Ma; Mak

saev et al., 2004), and from coarse grained biotite from the Sewell Diorite near to the 

grey porphyry (5.63 ± 0.06 Ma; Maksaev et al., 2004). 

Integration of Re-Os datasets 

TheRe-Osage ranges from the current study (5.9- 4.7 Ma) are broadly concordant 

with the Re-Os age range from Maksaev et al. (2004; 6.3 - 4.4 Ma; Table 6.1 ). In de

tail however, notable differences exist between the two datasets. Of the four groupings 

of Re-Os ages identified in both studies, only one of these groups is coincident ( 4.89 

4.80 Ma in this study, 4.89 - 4. 78 Ma in Maksaev et al., 2004). No ages from the cur

rent study correlate with the three 4.42 Ma ages reported by Maksaev et al. (2004). All 

of the 4.42 Ma ages were obtained from the IOOON line, close to samples analysed in 

the current study; however, Re-Os analyses from the current study failed to replicate 

these ages (Fig. 6.1 ). 

Small- to medium-scale variations in the two Re-Os datasets potentially may be ex

plained by different sampling strategies, the presence of numerous episodes of molyb-
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denum mineralization, or differences in the analytical techniques used at the AIRIE 

laboratory at CSU, and the Tuscon laboratory at the University of Arizona. With re

gards the latter case, the analytical procedure to calculate Re-Os age determination be

comes very important when dealing with young and low rhenium samples. Samples 

from the current study were analysed using the mixed-double osmium spike method at 

the AIRIE laboratory, which measures the common osmium and applies a mass frac

tionation correction. The reported data are corrected for rhenium and osmium concen

trations and osmium isotopic composition of the blank, including associated uncertain

ties. These methods are essential for young or low-rhenium samples (e.g. Markey and 

Stein, 2003) and apply in particular to El Teniente which is the youngest deposit to 

have been dated by the Re-Os isotopic system. The high geological precision of the 

Re-Os ages in the current study are indicated by five samples which have duplicate age 

determinations within error of one another. In contrast the Re-Os ages from Maksaev 

et al. (2004) from the Tuscon laboratory are not blank-corrected and assume no com

mon osmium. Therefore, more confidence is placed in the Teniente Re-Os data from 

the AIRIE laboratory than from the Tuscon laboratory, because it is not possible to 

quantify the potential impacts of blank corrections and common osmium assumption. 

Timing and duration of paragenetic stages 

Based on the above geochronological data and the results of previous workers, the 

interpreted absolute age range for each paragenetic stage is indicated in Figure 6.2. 

The LM stage began with formation of the spatially restricted LM stage biotite

anhydrite-copper-molybdenum-sulfide breccias localised around the grey porphyry in 

the south-east of the deposit. Molybdenite from these breccias is dated in the current 

study at 5.89 Ma, and at 6.31 (± 0.03) Ma and 5.60 0.02) Ma from Maksaev et al. 

(2004). These ages span 700,000 years, most likely indicating multiple stages of brec

cia formation, temporally overlapping with intrusion of the grey porphyry, dacite 

pipes, and the Sewell Diorite (porphyritic phase) at 5.67 - 5.48 Ma (Fig. 6.2). This 

early stage of mineralization was followed by an apparent period of no molybdenum 

mineralization, during which the dacite porphyry intruded at 5.28 ± 0.10 Ma. Most of 

the LM-stage molybdenum mineralization, hosted in stage 2c and 2e veins, appears to 

have occurred late in the LM stage, between 5.01 and 4.96 Ma, and cannot be tempo

rally correlated with any specific intrusion in the deposit. 
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Re-Os ages from this study (Fig. 6.2) indicate that LM stage mineralization occurred 

episodically over a total time span of at least 1.0 Ma. Including the 6.3 Ma age from 

Maksaev et al. (2004), the total period ofLM stage mineralization is at least 1.4 Ma. 

The LM stage ended 4.95 4.90 Ma, as constrained by PH stage molybdenite ages 

of 4.89 and 4.85 Ma (Table 6.4). The PH stage appears to have had a short duration, on 

the order of 100,000 years, but may be longer if the PH stage overlapped temporally 

with the LH stage (Fig. 6.2). The LH stage began approximately 4.85 Ma, with the em

placement of the late dacite porphyry (4.82 ± 0.09 Ma; U-Pb age; Maksaev et al., 

2002), the Braden pipe (4.75 Ma ± 0.10 Ma; 40ArP9 Ar; Maksaev et al., 2004), and sul

fidic veins and breccias (molybdenite ages of 4.87 Ma and 4.83 Ma, replicate). Molyb

denum mineralization continued until at least 4.70 Ma. 40 ArP9 Ar dates down to 4.37 ± 

0.05 Ma (Maksaev et al., 2001) record the waning stages of the Teniente hydrothermal 

system, indicating that mineralization, intrusion and cooling of the LH stage persisted 

for approximately 500,000 years. 

Temporal associations of molybdenum mineralization and magmatic ac

tivity 

Re-Os dating ofmolybdenites from this study and the study ofMaksaev et al. (2002, 

2004) supports a broad temporal link between molybdenum mineralization and intru

sive activity. The 5.89 Ma molybdenite age from the biotite-anhydrite-sulfide breccia 

from the contact zone of the grey porphyry is similar to the U-Pb age for this intrusion 

(5.67 ± 0.19 Ma, Maksaev et al., 2002). The spatial and absolute temporal association 

between the contact breccia and the grey porphyry strongly imply a genetic link. 

The 5.01-4.96 Ma ages are from LM stage stage 2c and 2e veins. U-Pb dating has 

not yet identified an intrusion with this age. A single U-Pb age from the subhedral unit 

of the dacite porphyry of 5.28 ± 0.10 Ma is significantly older than the stage 2c and 2e 

vein molybdenite ages. However, as noted in chapter 3, several textural phases have 

been identified in the dacite porphyry and pipes (e.g. Ossand6n, 1974), which suggest 

that these composite bodies are a product of multiple intrusive events. It is possible 

that further U-Pb dating of the dacite porphyry or the dacite pipes may identify an in

trusive phase that has the same age as stage 2c and 2e molybdenite. Alternatively, this 

stage of molybdenum mineralization was not accompanied by high-level felsic intru-
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sion. 

Re-Os ages of 4.89 to 4.80 Ma have been obtained from PH and LH-stage molyb

denite. The age of 4.82 Ma from ET558, a LM vein, may be due to vein reopening dur

ing the PH and LH stages. Molybdenite ages from PH and LH stage veins are similar 

to the Re-Os ages of 4.89 Ma- 4.78 Ma from Maksaev et al. (2004). This period of 

molybdenum mineralization correlates with the late dacite dyke U-Pb age of 4.82 ± 

0.09 Ma (Maksaev et al., 2002, 2004; Fig. 6.2). Crosscutting relationships are consis

tent with the late dacite dyke having intruded during the LH stage. 

The youngest molybdenite sample dated in this study (4.70 Ma), comes from a min

eralised LH-stage hydrothermal breccia that occurs adjacent to a pebble dyke and 

sericitised late dacite dyke, located outside the 0.5 % copper contour at the southern 

end of the deposit. This age is consistent with the observed crosscutting relationship of 

the breccia, which has cut distal LM-stage veins. Although the late dacite dyke has not 

been dated, the close spatial association suggests a genetic association. 

Absolute ages of igneous intrusions and molybdenites at Teniente correlate poorly. 

The broadly overlapping ranges ofRe-Os molybdenite (6.3- 4.4 Ma) and U-Pb zircon 

ages (6.5 - 4.8 Ma; Table 6.2) indicate that molybdenum mineralization, and by asso

ciation copper mineralization, occurred synchronously with the emplacement, cooling 

and crystallization of a deep parent magma chamber, as postulated in Chapter 5. 

Metal-bearing hydrothermal fluids are interpreted to have been sourced ultimately 

from episodic fluid exsolution from this deep parent chamber. Magma pulses also 

sourced from this chamber were emplaced into high crustal levels between 5.7 and 4.8 

Ma to form the individual units of the Teniente intrusive complex. Some of these intru

sions, for example the grey porphyry and the late dacite dykes, were accompanied by 

hydrothermal fluids causing molybdenum mineralization. Other magmatic phases, 

such as the dacite porphyry phase dated by Maksaev et al. (2004), cannot be tempo

rally linked to molybdenum mineralization at this time, possibly due to an inadequate 

database. Similarly, some of the hydrothermal fluid pulses, for example those which 

were responsible for the molybdenum-bearing stage 2c and 2e veins, have ages distinct 

from the dated intrusive phases. 

The geochronological data presented here discounts the assertion of Skewes et al. 

(2002) that mineralization predated the felsic intrusions. In fact the data from the cur-
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rent study indicate that most of the molybdenum mineralization postdated the felsic 

intrusions. The molybdenum ages presented here are believed to be representative of 

ages of copper mineralization, as the molybdenite samples were selected from a well 

constrained vein paragenesis obtained from logging 20km of core over several years. 

Molybdenite and chalcopyrite co-exist in many of the vein stages (Table 4.2), and 

there is no consistent temporal relationship to suggest that all of the molybdenite in the 

deposit either postdated or predated the copper sulfides. The synchronous timing of 

mineralization and felsic intrusion support the model that Teniente is a "classical" por

phyry deposit, as proposed by Camus (1975), Cuadra (1986), Cannell et al. (accepted), 

and Maksaev et al. (200 1, 2004). 

Cooling history of El Teniente; implications from the K and Ar isotopic 

systems 

The K-Ar ages from Cuadra (1986, 1992) and 40Ar/39 Ar ages of Maksaev et al. 

(2004; Appendix 3) record the age at which the analysed biotite and sericite passed 

through its argon isotopic closure temperature. Analysing the spatial distribution of 

these ages can provide information on the cooling history of the magmatic

hydrothermal system and may have implications for the uplift and erosion rates during 

the evolution of the mineralising system. 

Argon closure temperatures 

The argon closure temperature in biotite is thought to be about 300 to 350°C (e.g. 

Hanes, 1991; Table 6.5). Argon diffusion in biotite is complicated by several variables, 

including crystal grain size, pressure of the system, cooling rates, and mineral compo

sition. In particular lowering the iron/magnesium ratio and increasing the halogen con

tent of biotite results in a higher argon closure temperature (McDougall and Harrison, 

1999). Grove (1993) calculated a closure temperature of 450°C for biotite with total 

halogen content of 0.8% and a iron/magnesium ratio of 0.4. 

Muscovite is generally believed to undergo closure when cooled below 350°C (e.g., 

McDougall and Harrison, 1999; Table 6.5). Many sericite ages are older than or con

cordant with biotite ages, consistent with a higher blocking temperature. However, due 

to uncertainties in the parameters for calculating argon diffusion in muscovite, and 

considering the variables affecting the argon closure temperature in biotite noted 
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Table 6.5. Commonly used argon closure temperatures for biotite, sericite and plagioclase. 

above, McDougall and Harrison (1999) recommend caution with this regards this gen

eralisation, as biotite closure temperatures can potentially exceed muscovite closure 

temperatures in some cases. 

Spatial distribution of K-Ar and 40 Arf9 Ar ages 

The 40 ArP9 Ar and K-Ar datasets both display broad positive trends between sample 

age and elevation (Appendix 3), albeit with different slopes (Figs. 6.3a and 6.3b, re

spectively). For K-Ar ages (Fig. 6.3a) the deepest sample from the late dacite stock 

underlying the Braden pipe records the youngest sericite age in the dataset ( 4.3 Ma), 

compared to ages > 4.5 Ma at higher elevations in the mine. The 40 ArP9 Ar ages are 

plotted in Figure 6.3b. With the exception of the distal 40ArP9 Ar ages, discussed be-
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Figure 6.3. Plots of K-Ar and Ar-Ar data for El Teniente, shown as a function of sample elevation. Ages were obtained 
from mineral separates of biotite, sericite and plagioclase, or where fine grained, whole rock analyses (Maksaev et al., 
in prep). Trend lines indicate relationships between sample depth and age determination. Data are listed in Appendix 
3. 
A) K-Ar ages versus elevation (data from Cuadra, 1986, 1992). The 7.4 and 7.0 Ma age determinations from Cuadra 
(1986) were omitted as Maksaev et al. (2001) identified excess argon in the samples. The 3.8 Ma age determination 
for the late hornblende dyke was also omitted. The K-Ar data (Fig. 6.3a) are considered less reliable than the 40Ar/39Ar 
data (Fig. 6.3b) due to the greater associated errors, and, as indicated by Maksaev et al. (2004), the presence of ex
cess argon in some of the samples resulting in erroneous ages. 

B) 40Ar/39Ar ages vs. elevation (data from Maksaev et al., 2004). Excluding the distal samples, taken from within the 
Sewell Diorite, the slope of the trend line for biotite and sericite is approximately 10mm/yr of cooling, relative to the 
closure temperatures of the respective minerals. 
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low, the biotite ages have a steep positive relationship with sample depth. The three 

biotite samples from the deep drillholes record young ages between 4.58 - 4.69 Ma, 

compared to ages between 4.68 4.78 Ma at elevations above 1,750m. 

To investigate potential lateral variations and geological controls on the cooling his

tory ofEl Teniente, the 40 Ar/39 Ar age data from biotite and sericite have been projected 

to a plan view of the Teniente-6 level (Figs. 6.4 and 6.5, respectively). Despite paucity 

of data, 40ArP9 Ar ages from biotite (Fig. 6.4) display a broadly concentric zonation 

with the youngest ages (4.55 Ma) recorded from the centre of the deposit in the deep

seated late dacite stock, to older ages (5.63- 5.06 Ma) outside the deposit limits in the 

Sewell Diorite. The K-Ar ages from Cuadra (1986, 1992) show a similar zonation 

(although the ages do not correlate exactly), with a young age of 4.3 Ma obtained from 

below the Braden pipe and older ages (4.7 - 6.0 Ma) clustered around the grey por

phyry in the east of the deposit. 

The lateral distribution of 40ArP9 Ar ages from sericite (Fig. 6.4) are more difficult to 

interpret. 40 ArP9 Ar age data from the northern and southern areas of the deposit sug

gest that the samples record older ages towards the deposit periphery, which is sup

ported by the K-Ar ages. However, the samples from the Braden pipe record relatively 

old ages, from 4.6 4.81 Ma. The youngest 40ArP9 Ar ages (4.55- 4.37 Ma) are from 

dacitic samples located up to 300m from the pipe contacts. 

Overall, the ages of biotite and sericite deposition at Teniente are poorly constrained 

by the K-Ar and 40Ar/39 Ar age determinations, which are only minimum ages. The 

samples that did not experience a protracted thermal history above their argon closure 

temperatures should have apparent ages that most closely represent the ages of forma

tion. Therefore, 5.63 - 5.47 Ma 40ArP9 Ar dates from the Sewell Diorite at the deposit 

periphery may be close to the age of formation, in good agreement with the U-Pb ages 

of5.67 5.49 Ma (Maksaev et al., 2004) for the Sewell Diorite porphyritic phase, grey 

porphyry and dacite pipes. Similarly, the 40ArP9 Ar ages on sericite from the Braden 

pipe (4.81 - 4.58 Ma) are close to the U-Pb age of the late dacite porphyry of 4.82 ± 

0.10 Ma (Maksaev et al. 2002) which is interpreted to have formed synchronously with 

the Braden pipe (Chapter 5). 
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Figure 6.4. Spatial distribution of ¥J Arf9 Ar ages calculated from biotite (from Maksaev et al., 2002) projected on a 
summary geological plan of the Ten-6 level. The ¥JArf9Ar ages have been contoured to highlight the possible high 
temperature centres in the deposit. Also plotted are the K-Ar ages from Cuadra (1986, 1992), however the contours 
are based only on the ¥JArP9Ar dataset. Also included are biotitised whole-.rock a~s, denoted by WR. Sample num
bers and rock type are shown with the 40Ar/39Ar ages. Note that the youngest ¥JAr/ Ar ages representing the hottest 
part of the system, occur in dacites adjacent to (not within) the Braden Pipe, and the oldest ages are from the deposit 
periphery and from near the grey porphyry. 

Implications for the cooling magmatic-hydrothermal system 

The positive correlation between K-Ar and 40 ArP9 Ar ages with elevation confirms 

the interpretation of Maksaev et al. (2004) that the ages only record the time at which 

the hydrothermal system cooled below the sericite and biotite closure temperatures. 
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Figure 6.5. Contoured Ar-Ar ages calculated from sericite (from Maksaev et al., 2002), showing the K-Ar ages from 
Cuadra (1986, 1992) projected on a summary geological plan of the Ten-61evel. Also included are sericitised whole 
rock analyses, denoted by WR. The oldest I,(JArP9Ar ages are recorded from inside the Braden Pipe. The youngest 
40Arf9Ar ages are recorded from the dacites adjacent to the Braden Pipe, and the ages become progressively older 
towards the deposit periphery. 

This invalidates the use of K-Ar and 40 ArP9 Ar dating at El Teniente for determining 

ages of intrusion and mineralization, and questions the use of these techniques to date 

early-stage intrusive and alteration phases at other porphyry copper deposits which 

show evidence of a protracted cooling history. These techniques can; however, be used 

effectively for determining the cooling history of the hydrothermal system. 
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The 40ArP9 Ar and K-Ar ages from biotite are notably older than the sericite ages, 

most likely indicating that the closure temperature for biotite was higher than for seric

ite at El Teniente. As noted above, this may be due to the composition of the biotite, 

and the generally fine-grained nature of the sericite compared to the coarse biotite 

crystals that occur in the felsic intrusions. However, without precise information on the 

mineral composition, crystal size, and cooling rates it is not possible to comment fur

ther on closure temperatures for the minerals analysed. 

The biotite age data (Fig. 6.4) are zoned laterally from the late dacite stock (young) 

to the Sewell Diorite at the deposit periphery (old). This lateral zonation indicates that 

the late dacite stock occurred in the hottest part of the late stage hydrothermal system. 

The samples within the thermal aureole of this stock either had their 40 ArP9 Ar ages 

reset, or were maintained above the biotite argon closure temperature for a prolonged 

period (several 100,000 yrs). In contrast, the oldest ages obtained from sericite dating 

(Fig. 6.5) are from inside the Braden pipe, and the youngest ages are from the wall 

rocks proximal to the pipe. The Braden pipe sericite ages possibly record rapid cooling 

due to fluid convection during fluidization within the pipe (e.g., McCallum, 1985). In 

contrast, the surrounding wall rocks could have retained their heat and cooled more 

gradually by thermal conduction. Younger ages are preserved in the centre of the de

posit, outside of the pipe, close to the late dacite stock. Older ages occur on the deposit 

periphery, away from the thermal influence of the late dacite. 

The slope of the time-depth trends from Figure 6.3b indicates that the biotite-closure 

isotherm (assuming a constant biotite composition) retreated at approximately 

l,OOOm/100,000 years, or IOmm/yr. This cooling rate from El Teniente is significantly 

greater than exhumation rates estimated from the central Andes, which range mostly 

from 0.15mm/yr (Los Bronces; Skewes and Holmgren, 1993) to 3.0mm/yr for a short 

lived period from 8.4 to 7.7 Ma, calculated for the Nacimiento Rio Cortaderal pluton 

(Kurtz et al., 1997). This fast rate of cooling implies that El Teniente cooled by ther

mal conduction and possibly by convection from circulating hydrothermal fluids, but 

not by exhumation alone. 

6.6 SUMMARY 

The comprehensive El Teniente geochronological database, comprising high

precision Re-Os molybdenite ages, U-Pb SHRIMP age determinations, and Ar-Ar and 

K-Ar dates, has provided valuable information on the timing and duration of the por-
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phyry system. Molybdenum mineralization at El Teniente formed in a series of short

lived ( lO,OOO's to 100,000 years) pulses over a period of at least 1.2 Ma from 5.89 Ma 

to 4.70 Ma. These ages overlap with U-Pb ages from the Teniente intrusive complex of 

6.5 4.8 Ma. 

Early stage molybdenum mineralization occurs in LM breccias spatially restricted to 

the SE corner of the deposit, which were formed approximately contemporaneously 

with the grey porphyry, dacite pipes, and the Sewell Diorite porphyritic phase (5.67 to 

5.49 Ma). Most of the LM-stage molybdenite mineralization occurred between 5.01 

and 4.96 Ma. No felsic intrusion has been dated as yet that correlates with these LM 

molybdenite ages. 

The LM stage was followed by an abrupt transition to the PH stage at 4.95 to 4.90 

Ma. The PH stage was short-lived and may have temporally overlapped with the LH 

stage, which began at approximately 4.85 Ma. During the LH stage, the late dacite por

phyries and the Braden pipe intruded and LH stage molybdenite mineralization contin

ued for at least 150,000 years to 4.70 Ma. 

40 ArP9 Ar ages ranging from 4.81 - 4.37 Ma (Maksaev et al., 2002) record cooling of 

the Teniente system below closure temperatures of biotite and sericite. Lateral and ver

tical zoning of the K-Ar and 40 ArP9 Ar ages suggest relatively slow conductive cooling 

of the wall rocks above and around the deep late dacite stock. The only exception is 

the Braden pipe, which most likely cooled rapidly by convective fluid circulation. 

The overlapping age ranges of molybdenum mineralization and felsic intrusions are 

consistent with their common source being a parent magma chamber. This deep-seated 

pluton has controlled the magmatic and hydrothermal evolution of the Teniente de

posit. Discrete pulses of magma and metalliferous hydrothermal fluids most likely 

originated from the magma chamber and intruded into upper crustal levels. Age data 

indicate that some of these magma and fluid pulses were coincident, whereas others 

were not. Detailed U-Pb dating of the various intrusive phases in the dacite dyke is rec

ommended in order to resolve whether a high level intrusive event correlates with the 5 

Ma LM molybdenite event. 
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