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Volcan Aucanquilcha, a Pleistocene to Recent composite volcano in northern Chile, is the

youngest and center-most member of the 11 m.y.-old Aucanquilcha Volcanic Cluster (AVC). The

AVC has produced -350 krn3 of lava over its history. Magmatism started slowly and was punctuated

by high rates of eruption between 4.5 and 2.5 Ma. The AVC records a history of progressive

fractionation and homogenization as the upper crustal becomes thermally and compositionally

buffer through repeated intrusion. The pattern of volcanism at the AVC, from diffuse to central,

mimics that seen in exposed intrusive bodies. The AVC is likely the volcanic record of the

incremental emplacement of an intermediate batholith over a span of at least 11 million years.

Volcan Aucanquilcha has produced -37 km3 of compositionally and mineralogically

monotonous dacite over the past 1 million years. The volcano has erupted dominantly effusive

dacite lava flows with one debris avalanche deposit and one dome collapse pyroclastic flow. It also



Abstract con.

contains a ubiquitous bimodal amphibole population of hornblende and pargasite phenocrysts. P-T

data from amphibole and Fe-Ti oxides indicate a multilevel geometry for the magmatic system

within the top 10-km of the upper crust. The generation of magma at Aucanquilcha begins with

intrusion of andesite that fractionates to mafic dacite. Magmas will then either mix with low &80

upper crustal and creating a high-K dacite or will continue to fractionate to silicic dacite. In both

cases, two similar dacite magmas, stored at different P-T condition mix rapidly during eruption. The

repeated intrusion of magma into the upper crust during the history of the AVC has allowed for

thermal and compositional buffering of the crust, creating the conditions for Volcan Aucanquilcha

to erupt monotonous dacite lava. The location of eruptive vents appears to be controlled by crustal

lineaments that not only focus hydrothermal fluids but may allow for the eruption of the relatively

degassed dacite. Otherwise, the lavas of Aucanquilcha may have stalled underground to form a

porphyry-style stock.



©Copyright by Erik W. Klemetti

February 22, 2005

All Rights Reserved



Constraining the Magmatic Evolution of the Andean Arc at 2 los Using the Volcanic and Petrologic
History of Volcán Aucanquilcha, Central Volcanic Zone, Northern Chile

by

Erik W. Klemetti

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of

the requirements for the

degree of

Doctor of Philosophy

Presented February 22, 2005

Commencement June 2006



Doctor of Philosophy dissertation of Erik W. Klemetti presented on February 22, 2005

APPROVED:

Major Professor, representing Geology

Chair of the Department of Geosciences

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection of Oregon State

University libraries. My signature below authorizes release of my dissertation to any reader upon

request.

Erik W. Klemetti, Author



ACKNOWLEDGEMENTS

By no means are these acknowledgement meant to be exhaustive. If that were the case, this

would likely go on longer than an Oscar acceptance speech and as much as I love being cut off by

the orchestra swell, I'd like to avoid it. I apologize for those who feel left out, but in the grand

scheme of things, it all works out in the end. So, without further ado...

First and foremost, I need to acknowledge my parents, Wayne and Marta Klemetti, who

with their constant support, love and boxes of random items has kept me on track to finish this

work. You've heard it before, but I can't express the debt of gratitude I feel and hope that I can be as

successful as they have been. I love you both. I'd also like to thank my sister, Kristina Klemetti (the

artistic half of the two of us) who had has to deal with my rambling for far too long.

To all my friends, east and west coast (and in between): thanks for dealing with the

constant string of neurotic episodes, mindless ranting, endless rambling and the like. Specifically,

I'd like to thank my cohorts on the left coast without whom I would not have finished (or,

alternatively, finished much sooner): Team Corvallis - Mariek Schmidt, Becky Ashton, Katherine

Knox, Louis Arighi, Ed Kohut, Mike Rowe, Kaleb Scarberry, Denise Giles, Heather Petcovic, Clair

McKee, Chris Russo, Jim Essman and Matt Steinkamp; Team Seattle - Fletcher Schneeflock,

Lauren Roberts, Andrew Cencini, Paul Lepore and Angela Scott.

Thank you to the various faculty members who have helped me along the way (especially

through the hours of entertainment at faculty meeting): Andrew Meigs, Roger Nielsen, John Dilles,

Adam Kent, Dave Graham, Roy Haggerty and Bob Lillie. I would also like to thank the field crew I

worked with in Chile for their support: Todd Feeley (MSU), Jorge Lemp (Sernageomin) and Wes

Tibbetts.

I would especially like to extend a giant thank you to my advisor, Anita Gnrnder. Without

her expertise, knowledge, general good advice on my overly wordy rambling and other such

support, this dissertation would not only not be finished, but might have reached sizes of biblical

proportions. Without the NSF proposal she authored prior to my arrival at OSU, I might not have

been able to work in such an amazing location and complete this research. Finally, she's been a

great inspiration to me to achieve in the field and achieve personally.

I would also like to thank some organizations that made this work possible financially,

logistically or otherwise: National Science Foundation, Servicio Nacional Geologia y Mineria de

Chile, Oregon State University - Department of Geosciences, Oregon State University - College of

Oceanographic and Atmospheric Sciences, American Geophysical Union, Crater Lake National

Park, The Beanery (honestly, I have written 80% of this in coffee shops), the 2004 Boston Red Sox

and God (does He count as an organization?)

i Vayan con Dios, todos!



CONTRIBUTIONS OF AUTHORS

In Chapter 1, Dr. Todd C. Feeley (Montana State University) assisted in data collected for

Volcan Pabellon and Cerro Puquios/Cerro Negro. Claire McKee (Oregon State University) assisted

with information and data for Volcan Mino. Katherine Knox (Oregon State University) assisted with

information and data from Cerro G min



TABLE OF CONTENTS

Page

Chapter 1: Eleven million years of are volcanism at the Aucanquilcha Volcanic

Cluster, northern Chilean Andes: Implications on the lifespan and emplacements

iths in arc setti

Abstract ........................................................................... 4

Introduction ...................................................................... 4

Tectonic Setting and Geologic Background ................................. 5

Methods ............................................................................. 8

Field Work ............................................................ 8

40Ar/39Ar Age Determination ....................................... 9

X-Ray Fluorescence .................................................. 9

Inductively Coupled Plasma Mass Spectrometry ................ 9

Instrumental Neutron Activation Analysis ........................ 10

40Ar/39Ar Age Data ................................................................ 10

40Ar/39Ar Age Interpretation ..................................................... 15

Volcanic History of the Aucanquilcha Volcanic Cluster....... 18

Alconcha Group ............................................ 25

Gordo Group ................................................ 26

Volcan Pabellon ........................................... 27

Volcan Mino ................................................ 27

Volcan Aucanquilcha..................................... 29



TABLE OF CONTENTS (con.)

Page

Eruptive Volumes and Rates........................................ 30

Eruptive volumes and rates at the AVC ................ 32

Temporal Distribution...............................................
Spatial Distribution ...................................................
Compositional Diversity ............................................
Creation of a Unified Reservoir...................................
Longevity of magmatic systems ...................................

35

36

36

38

38

39

Chapter 2: Volcanic Evolution of Volcan Aucanquilcha: A long-lived dacite

volcano in the Central Andes of northern Chile ....................................... 50

Abstract..

Geologic Background 52

Field and Geochemical Methods 56

Results 58

Field Descrintions.................................................... 58

Azufrera Stage ............................................. 58



TABLE OF CONTENTS (con.)

Page

Rodado Stage ................................................ 59

Cumbre Negro Stage..................................... 60

Angulo Stage ............................................... 61

40Ar/39Ar Geochronology ............................................ 61

Composition........................................................... 63

Petrography ................................................ 63

Quenched Inclusions....................................... 66

Chemical Composition ............................................... 66

Rodado Stage ................................................ 69

Cumbre Negro Stage ....................................... 69

Angulo Stage ............................................... 69

Eruptive Rates ......................................................... 70

Volcanic Evolution of Volcan Aucanquilcha..................... 73

Comparison of eruptive rates at dacite volcanoes ................ 76

Effusive vs. explosive eruptions in arcs ........................... 76

Balance vs. variable composition: Comparison with Ollagtle... 80

Vent alignments in the Central Andes............................... 81

References ......................................................................... 84







TABLE OF CONTENTS (con.)

Page

A: Partition Coefficients ............................................. 169

B: Collected data (as a CD-ROM) ................................. 169



LIST OF FIGURES

Figure

1. Regional Location Map for the Aucanquilcha Volcanic Cluster (AVC).........

2. Geologic Map of the AVC (and Key) .................................................
3. Age versus stratigraphic position of samples from the AVC .....................
4. Silica versus K2O (wt%) for the AVC and Central Volcanic Zone ...............

5. Rare Earth elements plots for the AVC ..............................................
6. Modal Mineralogy, ages and locations for eruptive stages of the AVC.........

7. Volume versus time curve for the AVC .............................................
8. Longevity of a major intrusive and extrusive magmatic systems worldwide...

9. Temporal distribution of magmatism in the Tuolumne Intrusive Suite and

Page

6

11

16

17

19

20

33

40

10. Location Map for Volcan Aucanquilcha ............................................ 53

11. Photo of Volcan Aucanquilcha ....................................................... 55

12. Geologic Map of Volcan Aucanquilcha, Chile..................................... 59

13. Silica versus K2O for the Central Volcanic Zone and Volcan Aucanquilcha.. 64

14. Silica versus K2O for the eruptive stages of Volcan Aucanquilcha............ 67

15. Silica versus Zr and Nb at Volc'an Aucanquilcha................................ 68

16. Volume versus time curve for Volcan Aucanquilcha ............................ 71

17. Schematic growth profile for the evolution of Volcan Aucanquilcha.......... 75

18. Volcanic lifespan versus eruptive rates of major dacite volcanoes

19. Vent alignment rose diagram of Quaternary volcanoes of the Central

20. Cross section of the crust in the Central Andes at 21 °S .......................... 92

21. Photomicrographs of feldspar, amphibole and biotite from Volcan

22. An-Ab-Or ternary plot of feldspar electron microprobe data from Vn.

Aucanquilcha ............................................................................... 100

23. Pyroxene classification of EMP data from Vn Aucanquilcha ................... 101

24. (Na+K)A site vs. Sip fu and (Na+K)pa, vs. (Al IV)pfi, for amphibole EMP data

from Volcan Aucanquilcha ................................................................. 106

25. Mg-Mn partitioning for Fe-Ti oxide EMP data from Vn. Aucanquilcha...... 107

26. Mg vs. Ti (formula unit) for biotite EMP data from Vn. Aucanquilcha........ 111

27. Silica versus a suite of elements for whole rock analyses from Vn.



Figure Page

28. Trace element variation diagrams for whole rock analyses from Vn.

Aucanquilcha ............................................................................... 119

29. Trace element plots for whole rock analyses from Vn. Aucanquilcha......... 120

30. REE plots for whole rock analyses from Vn. Aucanquilcha ..................... 122

31. Sr and Nd isotopic data for whole rock analyses from Vn. Aucanquilcha.... 123

32. Pb isotopic data for whole rock analyses from Vn. Aucanquilcha ............. 126

33. 0 isotopic data for whole rock analyses from Vn. Aucanquilcha ............... 127

34. Temperature and pressure derived from amphibole EMP analyses for Vn.

35. Temperature versus oxygen fugacity derived from co-existing Fe-Ti oxide

36. Compilation of amphibole analyses from the Central Andes...........

37. Integrated schematic model for the evolution of dacite erupted at Vn.

129

132

133

136

38. Fractional crystallization and mixing model for the evolution of dacite

erupted at Vn. Aucanquilcha .............................................................. 137

39. Trace element plot for fractional crystallization and mixing models for the

evolution of dacite erupted at Vn. Aucanquilcha ....................................... 140

40. S'8O mixing model for Vn. Aucanquilcha .......................................... 142

41. Compilation of 6180 data for the Central Volcanic Zone of the Andes......... 147



LIST OF TABLES

Table Page

1. 40Ar/39Ar ages for the Aucanquilcha Complex Cluster ............................. 13

2. Event chronology for the Aucanquilcha Volcanic Cluster........................... 21

3. Representative analyses of lavas and inclusions from the Aucanquilcha

Volcanic Cluster ............................................................................ 22

4. Areas, heights and volumes for the Aucanquilcha Volcanic Cluster............. 31

5. Eruption rates for the volcanic groups at the Aucanquilcha Volcanic

Cluster ....................................................................................... 34

6. Eruption rates in various volcanic settings worldwide ............................. 42

7. Representative analyses of lavas and inclusions from Volcan

Aucanquilcha ................................................................................ 57

8 40Ar/39Ar ages for Volcan Aucanquilcha............................................. 62

9. Eruptive stages of Volcan Aucanquilcha ............................................. 72

10. Characteristics of major dacite volcanoes worldwide............................. 78

11. Modal mineralogy for eruptive stages at Volcan Aucanquilcha................. 97

12. Representative feldspar electron microprobe analyses from Volcan

Aucanquilcha......................................................................................................... 102

13. Representative pyroxene electron microprobe analyses from Volc'an

Aucanquilcha

14. Representative amphibole electron microprobe analyses from Volcan

15. Representative Fe-Ti oxide electron microprobe analyses from Volcan

Aucanquilcha ..............................................................................
16. Representative biotite electron microprobe analyses from Volcan

Aucanquilcha ............................................................................. .
17. Representative olivine electron microprobe analyses from Volcan

Aucanquilcha ..............................................................................
18. Representative whole rock analyses of lavas and inclusions from Volcan

Aucanquilcha ............................................................................. .
19. Sr-, Nd-, Pb- and O-isotopic analyses of selected whole rock samples from

103

108

109

114

115

116

124

20. Pressure, temperature and oxygen fugacity data derived from amphibole

and Fe-Ti oxides electron microprobe analyses from Volcan Aucanquilcha...... 130

21. Fractional crystallization and mixing parameters for modeling the

generation of dacite at Volcan Aucanquilcha........................................... 138



LIST OF APPENDICES

Appendix Page

A. Partition Coefficient used in trace element models 169

B. Compiled Data (CD-ROM) 159



Constraining the Magmatic Evolution of the Andean Arc at 21°S Using the Volcanic and

Petrologic History of Volcan Aucanquilcha, Central Volcanic Zone, Northern Chile

Introduction

This study examines magmatic processes occurring on a range of timescales from

thousands of years to tens of millions of years and at a scale from a single eruptive stage of a

volcano to a cluster of twenty volcanoes. By doing this, we hope to gain an understanding of large

scale processes in the crust of the Central Andes, including, but not limited to, the emplacement of

magmatic intrusions over millions of years, the homogenization of the upper crust - both thermally

and compositionally, the development of hydrothermal systems, the production of a monotonous

dacite in a buffered magmatic system and the effect of crustal structure on the location and style of

volcanism. By constraining these factors and examining the rates of eruption of multiple time scales

in a long lived volcanic cluster, along with its youngest and largest member, we hope to connect the

volcanic record with a plutonic record that suggests repeated intrusions into the middle and upper

crust over tens of millions of years. Few studies have attempted to grapple with such long time

scales of magmatic evolution and connect the evolution of a Holocene volcano with a long-lived

volcanic cluster.

The thesis is presented in three chapters, each laid out as a manuscript for publication.

Chapter 1 presents a suite of geochemical, geochronologic, isotopic and volumetric data for the

Aucanquilcha Volcanic Cluster (AVC) and Volcan Aucanquilcha, northern Chile. Through dating a

range of samples from the AVC and Volcfin Aucanquilcha, we developed growth curves and

eruptive rates that are used to evaluate the input of magma into the crust and the implications of

long-lived volcanism on the development of magmas. Geochemical, mineralogical and isotopic data

suggest that the AVC is a system that has progressively homogenized through time towards a more

silicic, more hydrous system after starting a weakly bimodal, drier system. This paper is slated for

submission to the Geological Society of America Bulletin under the authorship of Erik W. Klemetti,

Anita L. Gnmder, Todd C. Feeley, Claire McKee and Katherine Knox.

Chapters 2 and 3 present the volcanic and petrologic evolution of Volcfin Aucanquilcha,

northern Chile. It has produced a monotonous dacite since 1 Ma, mostly through effusive dacite

eruptions. The magmatic system at Volcdn Aucanquilcha is likely strongly controlled by the

buffering of the upper crust caused by the long-lived magmatism related to the volcanic cluster of

which Volcdn Aucanquilcha is the youngest. This generation of dacite is controlled by fractionation

of parental andesite and mixing with upper crustal melts that have been hydrothermally altered.

Chapter 2 will be submitted to Bulletin of Volcanology under the authorship of Erik W. Klemetti

and Anita L. Grunder, while Chapter 3 will be submitted to the Journal of Volcanological and

Geothermal Research under the authorship of Erik W. Klemetti and Anita L. Grunder. Overall, the



data presented here try to look at a larger scale than many recent studies in the Central Andes, and

attempts to draw attention to the importance of linking the petrologic processes to the larger scale

development of a batholithic system.
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Abstract

The timescale of magmatic processes varies from days for crystal formation to the million

year lifespan of a typical arc volcano to a ten million year emplacement of a large-scale batholith.

The Aucanquilcha Volcanic Cluster (AVC), northern Chile, is built on thick continental crust and is

a magmatic system emplaced over the course of millions of years. The AVC is a Tertiary to Recent

cluster of at least 20 volcanoes that covers 700 km2. These volcanoes have erupted a series of

andesite and dacite lavas (56.2 to 68.0 wt% Si02) and a single ash-flow tuff. Thirty-six 40Ar/39Ar

ages for the AVC range from 10.97±0.35 to 0.24±0.05 Ma and define three major pulses of

volcanism. The first pulse from 11-8 Ma produced two small stratocones, five domes and the 2-km3

Ujina ignimbrite. After a two million year hiatus, the second pulse of volcanism from 6 to 2.5 Ma

produced at least ten stratovolcanoes and two lava fields and a period of high eruption rate in the

history of the AVC. This pulse can be divided compositionally into pre- and post- 4 Ma volcanoes.

The most recent activity from 1 Ma to -24 ka is at Volcan Aucanquilcha, a composite volcano with

active fumaroles that has erupted 37 km3 of dacite lavas. The pre-erosion volumes from the lava

flows and ignimbrite of the AVC indicate that a total of 327±20 km3 material erupted over the

history of the cluster. Each age pulse is characterized by a different distribution of Si02

compositions, from the early crudely bimodal andesite to dacite lavas to the later monotonous

dacite. This evolution indicates a trend of progressive homogenization and silica increase at the

AVC over the past 10 million years.

There are few arc-related volcanic clusters with a lifespan as along as the AVC. Plutonic

systems such as the Tuolumne Intrusive Suite (California), the Tatoosh Plutonic Cluster

(Washington) and Potrerillos District (Chile) are more similar in lifespan to the AVC. The AVC

erupted at an average rate of 0.03 km3/kyr over eleven million years, with a peak rate of 0.17

km3/kyr between 4 to 2.5 Ma. Based on a -10:1 intrusive to extrusive ratio typical for arc setting, a

total intrusive volume of the AVC is likely between 3000 to 3400 km3. The AVC likely represents

the episodic sampling of one or more deep and evolving batholiths.

Keywords: geochronology, magma production rates, Chile, Andes, batholith, volcanism

Introduction

Processes such as the construction of a batholith or the thermal and material evolution of

the crust in continental are setting are best examined at the timescale of are evolution (i.e., hundreds

of thousands to tens of millions years). Studies of the timescales of magmatic systems has been

fueled by recent developments in measuring short-lived isotopes (e.g., Reid et al., 1997; Bacon et

al., 2000; Lowenstern et al., 2000; Zellmer et al., 2000; Cooper et al., 2001) which have shifted the

focus to short timescales of volcanic evolution (days to 10000s years) in order to quantify the

evolution of a single batch of magma or crystal population. Although short-term processes are vital



to developing accurate models of magma chambers, longer timescales need to be used to consider

the magmatic evolution of volcanic and plutonic clusters and continental arcs as a whole.

A fundamental problem in studying continental arc magmatism is the interpretation of the

architecture of large plutonic clusters found in a many ancient arcs. Despite their superficially

homogenous appearance, batholiths are multiple intrusions emplaced over the course of hundreds of

thousands to millions of years (e.g., McNulty et al., 1996; Wiebe, 1996; Dilles and Wright, 1988,

Glazner et at., 2004). Work on the Tatoosh Plutonic Complex, Washington (Mattinson, 1977), the

Tuolumne Intrusive Complex, California (Glazner et at., 2004), Potrerillos District, Chile (Marsh et

at., 1997) and the San Juan Volcanic Field, Colorado (Lipman, 2000) has extended the potential

lifespan of large magmatic systems up to ten million years. However, little work has been done to

identify modem volcanic systems in continental arc settings that could be the volcanic equivalent to

long-lived plutonic systems. The eleven million year history of the Aucanquilcha Volcanic Cluster

is exactly such a volcanic system affords the assessment of long-term processes of a volcanic system

likely li8nked to batholith formation.

This study deconstructs the magmatic history of the Aucanquilcha Volcanic Cluster

(AVC), located in the Central Volcanic Zone of the N. Chilean Andes (21°S), over the past 11

million years. This cluster is made up of at least 20 volcanic centers that lie within a 30 by 30 km

radius between the Loa River and the Chilean-Bolivian border near Ollagde. The and climate of this

area preserved edifices from the Miocene to the present, which allows for a long record of

volcanism and relatively accurate estimates of eruptive volumes for most centers.

In this study, we performed 40 40Ar/39Ar dates of lavas erupted from the AVC, along with

chemical analyses of 168 samples from the AVC volcanoes. We also calculated eruptive volumes

for all major AVC centers to determine the rates of eruption at the cluster over its history. Few

studies of this kind have examined such a long window of eruptive activity at a single volcanic

cluster.

Tectonic Setting and Geologic Background

The Aucanquilcha Volcanic Cluster (AVC) lies in the central of three volcanic zones that

run along the Andean margin of South America (Figure 1). The Central Volcanic Zone (CVZ) is

marked by extreme crustal thickness, in excess of 60 km thick (Zandt et at., 1994; Trumbull et at.,

1999),and it is the type-locality for volcanic rocks that have been affected by crustal contamination

(6'80, high 87Sr/86Sr, low 6Nd of volcanic rocks; Deruelle et al., 1983; Davidson, 1991). Volcanoes in

the CVZ are located -135-180 km above the 30°E-dipping Wadati-Benioff zone (Barazangi and

Isacks, 1976). The AVC is located near a step in the main volcanic arc of the CVZ. To the north of

22°S, volcanoes are regularly spaced, and to the south of 22°S, the arc steps to the east and spacing

becomes more irregular (Figure 1; Wtirner et at., 1992). The Central Andes have sparked a lively

debate on the relative importance of crustal recycling versus mantle input in arc magmatic systems
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(e.g., Davidson et al., 1990; Feeley, 1993; Worner et al., 1994; Feeley and Sharp, 1995; Trumbull et

al., 1999) and the presence of enriched mantle versus crustal contamination to produce the observed

lavas (e.g., Hildreth and Moorbath, 1988; Rogers and Hawkesworth, 1989).

Eastward migration of the volcanic are since the Jurassic has led to present day location of

volcanism in the CVZ that is dominated by stratovolcanoes underlain by extensive ignimbrite

deposits (de Silva, 1989.) Both styles of volcanism (stratovolcanoes and ignimbrites) have been

active since the mid Miocene, although ignimbrite activity has declined since 10 Ma {Baker, 1981).

In total, over 3,000 km3 of volcanic material have been erupted between 21°S and 22°S in the

Central Andes during the past 28 m.y. (Baker and Francis, 1978).

The Central Andes can be divided into three physiographic zones: (1) the Western

Cordillera, or the active volcanic are, is bounded on the west by the Precordillera and to the east by

(2) the Altiplano-Puna Complex, the second largest continental plateau in the world, and (3) Eastern

Cordillera, a series of thrust faults that involve Paleo- to Mesozoic metamorphic and sedimentary

rocks. Convergence along the Chilean coast (17°-25°S) between the Nazca Plate and the South

American Continent, is less than a degree from orthogonal (Somoza, 1998), with relative Nazca

Plate motion to the ENE (Pardos-Casas and Molnar, 1987) at rates of nearly 70 mm/yr (Somoza,

1998.) The Nazca Plate is subducting underneath South America at a dip of roughly 25-30°,

shallowing to the north and south (Kay and Mpodozis, 2001). Crustal thickening has been occurring

along the Central Andes, and specifically the Altiplano-Puna Complex, for at least 20 M.y. based on

paleobotanical studies (Gregory-Wodzicki, 2000), with no more than half of the current elevation

attained by 10.7 Ma, with surface uplift rates of 0.2-0.3 mm/yr the late Miocene (Gregory-

Wodzicki, 2000).

Anomalously low seismic velocities occur between 20 and 70 km depth in the crust at 21°S

(Wigger et al., 1994; Graeber and Asch, 1999), along with zones of very strong attenuation of

seismic p-wave velocities (Graeber and Asch, 1999) and extremely high electrical conductivity

(Schwarz and Kruger, 1997). Schilling et al. (1997) and Schmitz et al. (1997) attribute slightly lower

crustal density according to gravity data in the region to a zone of interconnecting partial melts at

depths of 15-20 km to 150-200 km. This is in agreement with the higher heat flow measurements

(Scheuber and Giese, 1999) and lower seismic velocities (Wigger et al., 1994.) Scheuber and Giese

(1999) suggest that there is asthenospheric upwelling underneath the Andean are based on these

seismic velocity and heat flow studies.

The volcanoes of the CVZ are built on Tertiary ignimbrites, with the upper crust

constructed of Mesozoic igneous and marine sedimentary rocks, Cretaceous continental

volcaniclastic rocks and Miocene-to-Holocene volcanic rocks (Lucassen et al., 2001). The lower

crust is likely composed of amphibolites and silicic anhydrous metamorphic rocks, pyroxene

gneisses and gabbros (Damm et al., 1990). The upper 20 km of crust is likely constructed of



Paleozoic to Miocene granitic-to-intermediate plutonic rocks, in the CVZ (Feeley and Hacker,

1995).

The Aucanquilcha Volcanic Cluster is part of a NW-trending belt of late Cenozoic calc-

alkaline and alkaline volcanoes that cover parts of southern Peru, northern Chile, northwest

Argentina and southwest Bolivia, totaling over 1100 centers (Figure 1). The volcanic history of the

region can be divided into three groups based on their eruptive styles and composition (Thorpe et

al., 1982). The first group is ignimbritic activity that began as early as 23 m.y. ago and was

punctuated by a number of "ignimbrite flare-ups" (DeSilva, 1989). Over 10,000 km3 of pyroclastic

material has erupted since 9 Ma (DeSilva, 1989) and are dominantly calk-alkaline dacites and

rhyolite tuffs. Contemporaneous with this ignimbrite activity, but most voluminous in the past 6

m.y., is the development of basaltic andesite to dacite lava flows, typically forming stratocones and

composite volcanoes (Thorpe et al., 1982). This group includes all members of the AVC except for

the Ujina Ignimbrite. The third group is minor alkali basalts erupted from isolated fields to the east

of the Western Cordillera in Bolivia (Thorpe et al., 1982). The volcanic activity in the CVZ has

been generally becoming more mafic with time, contrasting with the opposite trend of the

compositional development of the AVC.

Overall, volcanic edifices are composed of metaluminous, medium-to-high K calc-alkaline

andesite and dacite. They have variable crystal contents but are dominated by pyroxene, amphibole

and biotite with between 15-30% crystals. Trace element patterns are typical for subduction related

settings, with a relative depletion in Nb and Ta and relative enrichment in large ion lithophile

elements (Davidson et al., 1991). Isotopically, the CVZ has elevated values of Sr and 0 isotope

ratios and lower Nd isotope ratios when compared to the NVZ and SVZ of the Andes (Davidson et

al., 1991). These elevated values apparently correlated with thick continental crust underlying the

CVZ relative to other parts of the Andean arc with possible contributions to magmas from: (1) a

depleted asthenospheric mantle source is contaminated by deep crustal contamination (Davidson,

1990); (2) extensive recycling of crustal and/or sedimentary material into the mantle (James, 1985)

or; (3) the presence of enriched subcontinental lithospheric mantle under the arc (Rogers and

Hawkesworth, 1989).

Methods

Field Work

Mapping and sampling of the Aucanquilcha Volcanic Cluster occurred over three field

seasons in 1999 and 2000 using 1:50,000 topographic maps and air photo coverage at similar scale.

Mapping was done in order to develop the overall stratigraphy for the complex and identifying

individual volcanic centers and vents, along with assigning volcanic deposits with specific vents.

Sampling was aimed at obtaining the oldest and youngest volcanic rocks from each volcanic center

as well as the compositional and mineralogical range. Despite the remote location, access is good



owing to the network of roads built for the sulfur mining on Volcan Aucanquilcha and Cerro Polar

That was active until the mid-1990s. Detailed sampling was focused on Volcan Aucanquilcha and

Volcan Miflo. Mineralogical modes for the volcanic rocks were determined from hand sample and

petrographic analysis.

40Ar/39Ar age determination

A total of 40 samples were crushed in a disc grinder and sieved using 18, 25, 50, and 100

mesh sieves in order to separate plagioclase, biotite and groundmass. Samples were washed in

distilled water and run through a Frantz magnetic separator. Plagioclase crystals were washed in a

dilute HF to remove excess glass. Biotite and groundmass were washed in distilled water. All

separates were handpicked to ensure 100% purity. Samples (-100 mg) were then wrapped in Cu-

foil, loaded into sealed quartz vials and sealed in standard Al tubes. The tubes were irradiated at the

Triga Reactor, Oregon State University.

All samples were analyzed using a MAP 215-50 rare gas mass spectrometer at the Noble Gas

Laboratory, College of Oceanographic and Atmospheric Sciences, Oregon State University. Ar gas

was released using incremental heating methods from Duncan and Hogan (1994) in a Ta resistance

furnace or using a laser system. With the resistance furnace, temperatures were monitored and

controlled with a programmable power supply thermocouple system. For laser analyses, a computer

controlled and operated Merchantek 10 Watt CO2 continuous fire laser was used with an integrated

Advanced Photonics International Inc. MSP-200G Infrared Microscope for temperature

measurement. Masses 35 to 40 and intervening baselines were measured during 10 sweeps with

<10% peak decay per analysis. After the isotopic measurement were made, ages were calculated

using ArArCalc V2.2 (Koppers, 2002), after correcting for blanks with 2-4 blanks per analysis,

typically at room temperature, -800°C, 1100°C and 1400°C.

X-ray fluorescence

168 samples were powdered using an alumina shatterbox or chipped using an alumina jaw

crusher for x-ray fluorescence (XRF) analysis. Analyses were performed in the GeoAnalytical Lab

at Washington State University-Pullman. XRF analyses were done on a Rigaku 3370 Spectrometer.

Powders of each sample were mixed with Li-tetraborate flux in a 1:2 ratio and fused (Johnson et al.,

1999). The fused beads were used for major and trace element analyses at a constant voltage of

50kV (50 mA) on a Rh target for all elements. The precision for these analyses is < 1% for most

elements with the exception of Y, Nb and Cr, which are estimated at < 5%.

Inductively-coupled plasma mass s ctrome

75 samples were analyzed for rare earth elements using inductively-coupled plasma mass

spectrometry (ICP-MS) analyses, performed in the GeoAnalytical Lab at Washington State



University. Samples were chipped in a jaw crusher and then powdered in an Fe shatterbox swing

mill. The powders were then digested using methods modified from Crock and Lichte (1982). Two

grams is mixed with an equal amount of Li-tetraborate flux and fused in a carbon crucible. Samples

were then re-powdered and 250 mg of this powder are dissolved using HF (6 nil), HNO3 (2 ml) and

HC104 (2 ml) in a Teflon vial. The sample was then evaporated to dryness, followed by an

additional evaporation using HC1O4 (2 ml). To the sample are added HNO3 (3 ml), H202 (8 drops)

and HF (5 drops) and the internal standard of In, Re and Ru. The sample is then diluted to a final

volume of 60 ml (1:240 final dilution). Analyses were run on a Sciex Elan 250 ICP-MS with a

Babington nebulizer, H2O-cooled spray chamber and Brooks mass flow controllers. One acid blank

and 3 standard (BCR-P, GMP-01 and MON-01) were run with each set of unknowns.

INAA

10 samples from Volcan Miflo were analyzed by instrumental neutron activation analysis

(INAA) for trace elements.Samples were crushed in an alumina shatterbox and then irradiated and

analyzed at the Oregon State University Triga Reactor facility following the procedure outlined by

Laul (1979).

Results

Our mapping delineates 18 volcanic centers in the AVC, each with multiple vents, that

retain a recognizable edifice and many of which are lithologically distinctive. Clockwise from the

top on figure 2, these are Tres Monos, Coasa, Coscalito, Achupella, Inca, Amincha, Las Bolitas,

Pabellon, Puquios-Cerro Negro, Chaihuiri, Gordo, Polan-La Luna, Miflo, Paco Paco, Alconcha and

Tuco, with Volcan Aucanquilcha in the middle of the AVC. These volcanoes range in age from

10.98 to <0.25 m.y.-old (Table 1).

40Ar/39Ar Age Data

Normal isochron ages are preferred over weighted plateau ages for the ages of each center

(Table 1) when they meet two criteria: (1) a majority of the steps fall along the 40Ar/Ar-39Ar/36Ar

isochron and; (2) the mean standard weighted deviation (MSWD) is below 2.5. When these criteria

are not met, the weighted plateau age are used if. (1) the MSWD is below 2.5; (2) the plateau

contained at least 3 heating steps and; (3) greater than 5,0% of 39Ar was released in the contiguous

steps that comprise the plateau. In the rare case where neither method could meet all criteria, the

method with the lowest MSWD was chosen as an interpreted ages (Table 1). Most isochron and

plateau age agree within ±0.25 Ma. Preferred ages with 26 errors are listed in bold in Table 1.







Table I - 40Ar/39Ar ages for the Aucanquilcha Volcanic Cluster
Sample Center Material Coordinates Total Fusion Isochron Age Isochron '0Ar/"Ar' Points Plateau Age

'
Plateau Plateau

N F:
Age (Ma) (Ma) MSWD Filled (NIB) MSWD %39A r

VM99-10 biiflo Amph. 7662.0 543.0 4.31±0.27 3.78±0.47 0.60 1.58[0.10 418 3.54±0.17 0.31 51

V'N199-10 Mii3o GM 7662.0 543.0 3.07±0.08 3.34±0.06 1.42 1.05.10.03 519 3.35±0.04 1.17 51.9

Preferred ages are listed in bold type. Abbreviations are WR core = whole rock core, WR = whole rock; plag = plagioclase: GM = groundmass; amph =
amphibole. All errors are listed as 2o.

AP-00-01 Alconcha WR core 7667.9 549.4 10.32±0.08 10.29±0.20 0.99 3.32±0.01 3/8 10.43±0.09 2.02 68.5
AP-00-04 Alconcha WR 7667.8 547.7 11.03±0.21 10.78±0.23 0.31 3.54±0.06 7/9 10.93±0.13 0.71 97.6
AP-00-82 Amincha Plag. 7656.1 561.2 8.05±0.20 8.01±0.19 1.31 3.07±0.05 6/9 8.04±0.18 1.33 91

AP-00-28 Aucanquilcha Plag. 7654.8 549.8 0.79±0.09 0.47±0.07 0.55 0.28±0.03 6/9 0.61±0.11 6.37 88.8
AP-00-54 Aucanquilcha Biotite 7655.5 556.2 1.10±0.05 0.98±0.04 0.64 0.38±0.01 7/8 1.02±0.03 1.51 98
AP-00-77 Aucanquilcha Plag. 7646.1 551.8 1.20±0.09 0.62±0.41 3.63 0.21±0.02 3/9 0.66±0.10 1.72 58

AP-00-81 Aucanquilcha Plag. 7650.9 561.2 1.17±0.08 0.96±0.07 0.75 0.21±0.01 5/8 0.92±0.04 0.95 87
AP2-00-46 Aucanquilcha Biotite 7653.0 553.4 1.08±0.02 1.02±0.06 0.58 0.36±0.01 4/9 1.04±0.01 0.55 93.3
AP2-00-51 Aucanquilcha Plag. 7651.6 553.8 0.45±0.05 0.19±0.09 0.23 0.16±0.02 5/8 0.24±0.05 0.77 72.4
AP2-00-60 Aucanquilcha GM 7653.7 555.4 1.09±0.17 0.15±0.25 0 0.37±0.06 3/9 033±0.08 1.27 59.0
AP2-00-64 Aucanquilcha GM 7655.5 555.3 0.95±0.01 0.91±0.04 0.04 0.33±0.01 4/8 0.95±0.02 1.33 67.5
AP2-00-68 Aucanquilcha Plag. 7656.2 557.8 1.14±0.03 0.88±0.04 0.15 0.42±0.01 5/8 0.89±0.03 0.94 57
AP2-00-92 Aucanquilcha Plag. 7655.2 550.5 1.46±0.09 1.28±0.50 1.83 0.52±0.03 3/9 1.02±0.11 1.89 53.2
AP2-00-100 Aucanquilcha Plag. 7653.3 557.7 1.28±0.06 0.83±0.13 1.79 0.45±0.02 3/9 0.89±0.06 1.96 54.6

AP-00-08
Aucan.
Platform

Biotite 7662.6 551.3 2.71±0.04 2.68±0.17 1.25 0.95±0.01 7/10 2.70±0.04 1.18 80.1

AP-00-08
Aucan.
Platform

Plag. 7662.6 551.3 3.62±0.13 3.59±0.17 0.43 1.16±0.04 5/7 3.66±0.11 0.60 81.4

AP-00-76A Chaihuiri Biotite 7648.4 550.2 2.45±0.04 2.32±0.13 0.02 0.78±0.01 3/8 239±0.04 0.65 83

AP-00-85 Gordo WR 7648.8 542.0 5.95±0.48 4.43±3.82 1.28 1.91±0.15 6/8 5.49±0.46 1.12 82.4
AP-00-49 La Luna Plag. 7656.2 546.1 3.03±0.06 2.97±0.05 0.58 0.97±0.02 7/9 2.95±0.04 0.58 84.2
AP-00-52 La Luna Plag. 7654.5 544.8 2.83±0.08 2.57±0.11 0 0.99±0.03 4/7 2.65±0.05 0.93 83.4
AP2-00-84 Las Bolitas GM 7643.2 559.2 5.43±0.05 5.23±0.09 0.23 1.99±0.01 6/11 5.21±0.05 0.16 85.8

AP2-00-88 Las Bolitas GM 7643.0 560.6 5.30±0.05 5.13±0.18 0.26 1.98±0.01 3/9 5.32±0.08 3.02 68



Table 1 con.
Sample Center Material Coordinates Total Fusion Isochron Age Isochron 10Ar/"Ar' Points Plateau Age Plateau Plateau

N E Age (Ma) Na) MSWD Filled (Ma)' MSWD %39Ar

AP2-00-03 Pabellon GM 7659.4 556.1 4.23±0.05 4.26±0.18 0.07 1.62±0.02 4/12 4.14±0.05 0.64 81
AP-00-37 Paco Paco Plag. 7658.5 543.6 5.71±0.21 4.41±0.11 0.89 1.83±0.07 4/8 4.49±0.09 1.96 71.9
AP-00-38 Paco Paco WR 7659.5 544.1 5.52±0.48 4.26±0.26 0.26 1.77±0.15 4/9 4.27±0.14 0.18 86
AP-00-50 Polan WR core 7655.6 543.2 3.13±0.04 3.00±0.07 0.38 1.01±0.01 4/8 3.00±0.03 0.26 57.8
AP-00-73 Polan GM 7650.2 541.6 3.57±0.05 3.52±0.09 1.60 1.25±0.01 3/9 3.50±0.05 1.05 52.3
AP-00-74 Polan Plag. 7650.7 541.7 5.02±0.11 3.36±0.07 0.03 1.82±0.03 3/8 3.36±0.06 0.01 35
AP2-00-42 Puquios GM 7643.2 554.2 5.83±0.09 5.96±0.42 1.92 2.21±0.03 4/12 5.81±0.12 1.64 61.2
AP-00-94 Puquios WR 7643.5 551.5 5.65±0.11 5.28±0.11 1.81 1.83±0.03 5/9 5.36±0.11 3.55 47
AP-00-14 Tres Monos GM 7667.0 554.7 2.77±0.04 2.78±0.12 0.25 0.96±0.01 3/8 2.78±0.04 0.13 90.1
AP-00-14 Tres Monos Plag. 7667.0 554.7 3.74±0.33 3.04±0.14 2.22 1.22±0.10 4/7 3.07±0.07 1.63 71.6
AP-00-64 Tres Monos Biotite 7658.8 559.4 3.03±0.09 2.83±0.09 0.49 1.09±0.03 4/8 2.89±0.07 1.18 84.9
AP-00-64 Tres Monos Plag. 7658.8 559.4 5.72±1.47 3.88±1.59 2.13 1.95±0.50 4/7 4.73±1.04 2.70 55
AP-00-65 Tres Monos Plag. 7658.4 563.0 4.50±0.73 3.40±0.14 1.36 1.44±0.23 6/8 3.43±0.08 1.13 84.0
AP-00-12 Tuco Plag. 7667.2 554.3 16.50±7.61 10.51±0.72 0.68 5.34±2.46 4/7 11.08±0.66 1.95 51.9
AP-00-17 Tuco Pta!. 7667.5 552.2 14.05±1.08 10.97±0.35 2.16 3.66±0.11 4/7 10.96±0.17 1.78 74.4



40Ari39Ar Age Interpretation

On the basis of these and previously published ages for the region, volcanic activity at the

AVC can be divided into four main pulses of activity (Table 1 and 2). The Alconcha Group

volcanoes are located to the north and east edge of the cluster and span from -11 Ma to -8 Ma. The

Gordo Group volcanoes occur on the southern margin of the cluster and span from -6 to -4.5 Ma.

The Polan Group volcanoes are widespread throughout the cluster and span from -3.6 to -2.3 Ma.

The most recent activity in the cluster is at Volcan Aucanquilcha, from 1.05 Ma to recent (Figure 3).

The deposits of these volcanoes are mainly blocky andesite and dacite lavas, with sparse

pyroclastic material mostly associated with the most recent activity at Volcan Aucanquilcha, which

has produced a block-and-ash flow and a debris avalanche. Other centers exhibit evidence for sector

collapse features, but so far no associated pyroclastic deposits have been identified. When lava

flows could not be traced back to a recognized vent, it was assigned to a volcanic center on the basis

of: (1) any available radiometric or stratigraphic ages; (2) geochemical and mineralogical

composition; (3) geomorphological and stratigraphic relations. Lava fields such as Las Bolitas and

the Aucanquilcha Platform were assigned based on field relations, available ages and geochemical

similarities, although these lavas that form these fields could have come from multiple vents

obscured by more recent activity.

There is abundant evidence of glaciation in the AVC, with many centers containing

moraines (Figure 2), which are likely Quaternary. Some centers have large cirques cut out of their

slopes, such as on the north face of Cerro Puquios-Cerro Negro. Most of the glacial deposits occur

above 4500 meters elevation. The Aucanquilcha Platform is glacially scoured between Volcan

Aucanquilcha and Cerro Puquios, and some lava flows along the southern flank of Volcan

Aucanquilcha have evidence for some glacial polish.

The Aucanquilcha Volcanic Cluster defines a medium to high-K calc-alkaline suite of

ranging from andesite to dacite, straddling the boundary with the trachyandesite and trachydacite

(Figure 4, Table 3). We omit the trachy- prefix. There are two clusters of compositions (Figure 4),

the lower K2O and SiO2 and higher MgO andesitic lavas and higher K2O and SiO2 and lower MgO

dacitic lavas. Most Alconcha and Gordo Group lavas fall in the andesitic group, while a majority of

the Polan Group are dacitic. Pabellon spans both types. Volcan Mifio, located on the western

periphery of the cluster (Figure 4), is the only center that has erupted lavas at 60 wt% SiO2 in the

AVC (McKee, 2001). All but one of the quenched inclusions sampled at the AVC fall in the

andesitic field, with a single inclusion falling in the dacitic field.

Members of the Alconcha and Gordo Groups have a large range in LILEs and elevated

values of HREEs in the field of AVC lavas (Figure 5a; 5b). At Volcin Pabellon, lavas and

inclusions have a bimodal distribution, with higher LILEs for lavas as compared to the mafic

inclusions (Figure 5c), with a range of HREE similar to the earlier stages. Volcan Mino is the first

center to vary considerably from the > 4 Ma volcanoes, with low average LILEs, low Nb and K,
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high Sr and lower HREEs (Figure 5d). In general, the Polan Group lavas have elevated LILEs and

HREEs compared to Miflo (Figure 5e) while Aucanquilcha Group lavas have lower LILEs and a

large range in HREEs compared to most AVC lavas (Figure 5f).

Compositionally, Volcan Pabellon and Volcan Miflo (Figure 2 and 3) are separated from

the remainder of the contemporaneous Gordo and Polan Groups, respectively, (Figure 2, Table 2)

because of their geographical location on the edges of the cluster and their relative difference in

Si02 (wt%) versus the rest of the Polan Group (Figure 6). The descriptions below are based on the

geochemical divisions (Figure 6), while the eruption rates are based on the temporal divisions

(Figure 3 and 7).

Volcanic History of the Aucapauilcha Volcanic Cluster

The following summary of the history of the Aucanquilcha Volcanic Cluster (AVC) is a

synthesis of field mapping, 40Ar/39Ar geochronology, geochemical and mineralogical correlation.

The eruptive sequence (Table 2) was developed from 40 40Ar/39Ar age determination with dates

ranging from 11 to 0.25 Ma (Table 1), and most age relations agree with field observations. This

correlation was done in order to develop the compositional and volumetric evolution of this volcanic

cluster over time.

Beginning 11 million years ago and extending to -8 Ma, (Figure 3), the domes and

stratocones of Alconcha Group erupted along the north and east edges of the cluster, along with the

small 9.4 Ma-old Ujina Ignimbrite (Figure 2 and 3, Table 1). There is little evidence for activity in

the AVC between 8 Ma and 6 Ma which may represent a true hiatus or material of this age is buried

by younger products. A series of composite cones and lava fields representing the Gordo Group

erupted along the southern edge of the cluster from 6 to 4 Ma. Volcan Pabellon formed around 4.15

Ma on the southern flank of Volcan Puquios-Cerro Negro. Afterwards, the focus of activity shifted

to the northern and western part of the cluster with Polan Group and Volcan Miflo. The Polan Group

is a series of stratocones and lava flows that ranges in age from 3.6 Ma to 2.6 Ma and represents the

largest outpouring of lavas in the AVC. Volcan Mifio, a 3.3 Ma-old stratocone, formed on the

westernmost periphery of the AVC. Volcan Chaihuiri, a small andesite dome, erupted in the

southern part of the cluster at 2.35 Ma. After a brief hiatus, the most recent activity at the cluster

began 1.05 m.y. ago at Volcan Aucanquilcha and the youngest dated sample has an age of

0.24±0.05 Ma. Hydrothermal alteration, the source of several defunct sulfur mines, is common in

the AVC and is preferentially associated with volcanoes having linear arrays of vents. It occurs at

Puquios-Cerro Negro (Gordo Group), Cerro Polan-La Luna and Cerro Tres Monos (both Polan

Group) and Volcan Aucanquilcha with weak solfataric fumaroles active today (Figure 2).
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Table 2 - Event chronology for the Aucanquilcha Volcanic Cluster

Group Event(s) "°Ar/"Ar Age
Range (Ma)

Alconcha Domes, stratocones and
one minor ignimbrite

11 to 8

Gordo Stratocones and lava fields 5.8 to 4.3
Pabellon Stratocone 4.15

Mino Stratocone 3.3
Polan Stratocones and lava fields 3.6 to 2.3

Aucanquilcha Dome and composite cone 1 to 0

Phenocryst SiO2 median
Assemblage (wt%)

PI > Px -58 and --64

PI > cpx > 01 >OPx -59 and --62
p1 > px > hb,bi 61-63

p1 > px > hb 60
p1 > px > hb,bi 62-63

pI > hb > bi > px 64

Summary of eruptive groups identified at the Aucanquilcha Volcanic Cluster with
their respective mineralogy and composition. pi = plagioclase; cpx = clinopyroxene; opx =
orthopyroxene; px = pyroxene; of = olivine; hb = bomblende; bi = biotite.



Table 3 - Representative Analyses of lavas and inclusions from the Aucanguilcha Volcanic Cluster
AP-00- AP-00- i AP-00- AP-00- AP-00- AP-00- AP-0O- AP-00- VM99-Plements' AP-00-01 AP-00-04

68
82 AP2-00-46 AP2-00-92 AP2-00-71

76A 76C' 71 85 49 52 12(wt e) Alconcha Alconcha
Amincha Amincha Aucanquilcha Aucanquilcha Aucanquilcha Chalhuiri Chuihuiri Gordo Gordo La Luna La Luna Mino

SiO2 56.8 58.0 65.4 62.4 64.9 66.8 57.4 62.7 58.8 59.9 62.2 62.8 617 61.8
A12O3 18 8 18.6 17.0 17.5 16.1 16.4 17.0 16.9 18.1 16.9 17.7 16.8 18.2 169
TiO2 0.82 0.69 0 62 0.80 0.63 0.53 0.79 0.75 0 89 1 02 0.62 0.79 0.71 0.76
FcO' 6.19 6.70 4.48 5.01 3.75 3.11 5.86 4.53 5.75 5.76 4 43 449 4 53 525
MnO 012 0 14 0.07 0.10 0.06 0.05 0.09 0.08 0.09 0.09 0.08 0.07 007 0 09
CaO 7.20 6.87 4 67 5.30 4.00 3 47 7.12 4.86 6.14 5.50 5.11 4.81 4 79 5 50
MgO 3 86 3.29 1.66 1.69 1.93 I.49 2 87 2.52 3.34 3.4 2.50 2.56 2.43 304
K2O 1.76 1.79 2.80 2.91 3.00 292 2 11 2.82 2.05 2.55 2.41 2.80 2.62 2 32
Nato 403 3 78 4.20 3.92 4.32 4.61 3.83 3.98 3.83 4.11 448 4.07 4.24 4.10
P2O 0025 0.25 0.19 0.24 0.18 0.16 0.15 0.21 0.23 0.30 021 0.21 0.24 0.23
Total 99.9 100.1 99.3 99.9 98.8 99.5 97.3 99.4 99.3 99.6 99.7 99.4 99.5 99.8

AP-00- AP-0O-

(PPm) Alconcha Alconcha
68 82

Aucanquilcha Aucanquilcha Aucanquilcha 76A 76C' 71 85 49 52 12
Amincha Amincha Chaihuiri Chafhuirl Gordo Gordo La Lima La Luna MIBo

Ni 26 12 14 9 10 7 6 6 12 37 13 17 14

Cr 41 15 17 13 25 12 23 28 36 130 5 44 43
Sc 21 15 11 16 6 6 13 10 18 16 9 4 21

V 182 141 108 109 82 71 140 121 166 136 115 114 125

Ba 688 818 812 776 1009 1025 815 813 673 966 844 779 751

Rb 31 35 116 95 87 81 56 71 49 67 62 7 78
Sr 740 598 616 552 532 577 717 586 655 631 711 549 553
Zr 116 123 153 148 154 148 119 151 135 193 143 153 142

Y 14 18 18 17 12 9 13 16 16 22 11 14 20

Nb 5.8 4.8 8.4 11.5 8.6 6.8 6.5 8.7 7.2 9.8 4.6 8 4 8.8

Ga 22 18 19 18 23 22 19 21 20 21 20 22 21

Cu 88 50 79 46 28 42 40 39 58 36 64 43 19

Zn 80 78 67 82 74 64 90 78 94 103 69 82 75
Pb II 12 14 10 12 16 11 12 10 14 12 12 17

La 24 33 31 33 24 21 41 44 26 36 15 17 19

Ce 25 23 28 54 59 56 34 58 42 58 12 54 55

Th 4 4 19 14 8 4 4 9 4 8 3 9 12

Nd 17.3 23.2 18.2 21.6 22.9 19.0 21.5
Sm 3.8 4.8 3.6 5.0 4.6 4.3 4.7

Eu 1.1 1.2 0.9 1.3 IA 1.2 1.2

Gd 3.3 4.0 2.5 4.3 3.8 3.8 3 8

Tb 0.5 0.6 0.3 0.6 0.5 0.6 0.6

Yb 1.4 1.6 0.6 1.1 1.3 1.1 1.1

Lu 0.2 0.2 0.1 0.2 0.2 0.2 0.2

Ta 0.3 0.8 0.5 0.4 0.5 0.4 0.6

U 0.6 4.1 1.5 10 1.8 1.1 2.5

Sc 20.3 13.2 6.6 17.1 14.3 14.1 10.9

Representative analyses for lavas and inclusions from the Aucanquilcha Volcanic Cluster derived from XRF and ICP-MS.' indicates sample is a mafic inclusion

AD AA Al AD AA AA AM M AL Am M M A- M 10 AP-00- AP-00- AP-00- AP-00- AP-0O- AP-00- VM99-



Elements.
.(wt%) Mino Pabellon Pabellon Pabellon Platform Platform Platform Polan Polan Puqulos Puqulos Tres Monos

Wi 616 61.2 58.7 574 61.4
17.3 177 179 17.7 16,4

0.71 0.83 094 0.96 0.88
4.88 5.31 5 87 6.40 5.18

0.08 0.07 0.10 0.12 0.09
4.85 5.56 6.63 7.09 5.20

2.68 2.52 2.75 4.26 3.15
2.47 2.29 2.00 1.69 2.80
4.16 4.26 4.26 3.99 3.95
0.19 0.23 0.26 0.24 0.25
100.0 100A 99.4 99.8 99.3

Elements VM99-52 AP2-00-01 AP-00-113 AP2-00-05' AP-00-37 AP-0038 AP-00-08 AP-00-24 AP-00-61B' AP-00-73 AP-00-74 AP-00-89 AP-00-94 AP-00-&l

(pp-) M63o Pabellon Pabellon Pabellon Paco Paco Paco Pam Platform Platform Platform Polan Polan Pugulos Puqulos Tres Monos

23 20

Sc 200 12.9 12 2 14.3 20.5 136

VM99-
Table 3 con.

52 AP2-00-01 AP-00-03 AP2-00-05' AP-00-37
Paco Paco

AP-00-38
Paco Paco

AP-00-08 AP-00-24 AP-00-61B' AP-00-73 AP-00-74 AP-00-89 AP-00-94 AP-00-64

SiO2 65.0 62.8 61.0 55.7 61.9 62.4 62.1 55.7

A1203 17.0 16.2 17.0 18.9 16.7 16.9 16.3 19.3 18.0

TiO2 0.57 0.70 0.75 0.94 0.85 0.95 0.80 0.42 1.10

FeO* 3.99 4.80 5.39 6.51 4.89 6.03 4.68 3.17 6.97

MnO 0.06 0.09 0.10 0.11 0.08 0.09 0.08 0.06 0.10

CaO 4.54 4.81 5.54 7.39 5.07 6.06 4.73 5.78 7.39

MgO 2.19 2.74 3.26 4.10 2.81 3.58 2.68 2.22 3.91

K2O 1.77 3.23 2.76 1.93 2.77 2.27 3.33 2.13 1.55

Na2O 4.63 3.42 3.60 3.33 4.07 3.96 3.82 4.79 3.70

P2O3 0.20 0.19 0.18 0.22 0.21 0.26 0.24 0.15 0.25

Total 96.4 990 996 991 994 99.2 99.1 100.2 98.7

Ni 23 17 17 22 14 14 19 16 19 14 41

Cr 54 28 26 44 82 49 18 33 28 26 17 83 66

Sc 14 12 16 8 18 10 9 16 13 12 12 18 16

V 125 156 212 137 160 115 51 174 124 125 152 172 133

Ba 743 694 673 807 763 879 867 610 796 748 690 599 928

Rb 88 74 40 80 55 91 39 35 68 60 47 41 74

Sr 468 504 618 521 620 579 758 609 554 586 565 550 635

Zr 162 141 114 161 158 171 109 134 143 144 154 139 180

Y 18 16 18 15 16 13 13 17 10 15 20 18 17

Nb 8.1 7.1 6.3 8.8 8.7 9.6 5.2 7.2 6.9 7.7 7.2 8.5 8.8

Ga 19 18 20 21 22 18 24 22 17 22 19 18 21

Cu 32 32 22 30 45 35 37 83 44 49 62 32 42

Zn 69 71 77 79 96 86 67 101 74 84 89 86 90

Pb 12 11 9 10 17 14 11 20 12 12 10 7 13

La 17 17 16 47 32 32 26 21 2 23 25 34 40

Ce 48 57 15 51 62 61 40 47 21 61 42 48 79

Th 8 10 4 7 8 12 7 4 10 6 5 2 10

Nd 16.4 21.7 26.0 20.4 19.4 27.8

Sm 3.9 4.6 5.1 4.5 4.4 5.5

Eu 1.2 1.2 1.2 1.2 1.3 1.3

Gd 3.5 3.7 3.9 3.8 4.1 4.3

Th 0.6 0.6 0.5 0.5 0.6 0.6

Yb 1.5 1.3 1.1 1.3 1.5 1.2

Lu 0.2 0.2 0.2 0.2 0.2 0.2

Ta 0.3 0.6 0.7 0.5 0.4 0.6

U 0.7 2.4 2.8 1.8 0.9 2.2



Elements AP2-(X)-6i AP-00-12 AP-00-17
s 1%) Tres Monos Tuco Tuco

SiO2 63.2 61.6 62.7
A1203 170 17.8 18.0
TiO2 0.70 0.59 0.56
FeO 4.44 4.58 4.65
MnO 0,07 0.10 0.10
CaO 4.86 5.26 5.24
MgO 2.49 2.23 2.35
K2O 2.90 2.66 2.22
Na2O 4.22 401 4.15
PlO. 0.20 0.25 0.21
Total 100.1 99.1 100.1

Table 3 con.

Elements AP2-00-65 AP-00-12 AP-00-17
(wN/%) Tres Monos Tuco Tuco
Ni 14 4 14

Cr 29 3 19

Sc 6 16 7

V 117 151 88

Ba 812 655 807
Rb 79 31 52

Sr 572 694 568

Zr 154 116 139

Y 14 17 15

Nb 8.2 5.8 8.0

Ga 20 19 19

Cu 49 79 45

Zn 74 75 68

Pb 13 10 8

La 26 20 18

Ce 50 31 40

Th 11 5 6

Nd 20.8 20.0 19.0
Sin 4.2 4.1 4.1

Eu 1.1 1.1 1.1

Gd 3.3 3.3 3.3

Th 0.5 0.5 0.5
Dy 2.6 2.9 3.0

Yb 1.1 1.4 1.5
Lu 0.2 0.2 0.2
Ta 0.6 0.6 0.7
U 2.5 1.1 2.0

Sc 11.9 10.7 11.0



Alconcha Group (11 to 8 Ma)

The oldest group comprises the stratocones and domes on the northern side of the cluster:

Cerro Alconcha, Volcan Tuco, Achupella, Amincha, Coasa, Coscalito and Inca (Figure 2 and 6f).

These edifices are substantially eroded and have lower peak elevations and smaller footprints

compared to more recent volcanoes. The Ujina Ignimbrite is included in the Alconcha Group

because of its similar age, geochemistry and distribution that suggest a source on the north side of

the AVC (Figure 4, 6f, Table 2), although vent has not been identified. It only identified ignimbrite

currently associated with AVC volcanism; along Volcan Aucanquilcha has one identified

pyroclastic flow deposit.

The Alconcha Group began with the formation of Volcan Tuco (Cerro Garage) at

approximately 11 Ma (Table 1). Tuco has four inferred vents aligned in a northwest to southeast

array, located on the basis of dips of lava flow sequences. Lavas from Volcan Tuco range from 57.8

to 68 wt% SiO2 (Figure 6f, Table 2). Mineralogically, Tuco has two types of lavas based on a

phenocrysts assemblage of plagioclase > clinopyroxene > orthopyroxene = olivine lava or

plagioclase > hornblende > clinopyroxene. Volcan Tuco is overlapped on the NW by lavas and

scoria deposits of Cerro Alconcha, a heavily eroded stratocone. Two lavas from deep in the eroded

amphitheatre of Alconcha yield 40Ar/39Ar ages of 10.9±0.13 and 10.4±0.09 Ma, that are comparable

to an older K-Ar age of 10.2±0.4 Ma from the same center (Tomlinson et al., 1999). Substantial

moraines flank the southern and western sides of the edifice and a northwest facing amphitheatre

exposes the core of Alconcha. Meter-scale landslide blocks have caved off the sides of the

amphitheatre. If the amphitheatre was caused by a sector collapse, no debris avalanche deposits are

preserved or exposed. Alconcha lavas vary from 56.9 to 65.3 wt% SiO2 (Figure 6f, Table 2) with a

typical phenocryst mineralogy of plagioclase > clinopyroxene > orthopyroxene > hornblende with

little to no olivine.

The 9.4-m.y. Ujina Ignimbrite (Ramirez and Huete, 1981) laps up against the northern and

western slopes of Tuco and Alconcha. The ignimbrite (64.7 to 65.2 wt% SiO2) crops out adjacent to

the northwestern edge of the AVC. The extent of the Ujina Ignimbrite is limited to the area north of

the AVC, filling basins south of the town of Ujina. Its brown color makes it distinctive from the

other regional ignimbrite, the 5.5 Ma-old Carcote Ignimbrite (unrelated to the AVC; Ramirez and

Huete, 1981).

Activity at the AVC shifted to the east of Alconcha and Tuco with the formation of a series

of five younger andesite to dacite endogenous flow-dome centers in a rough NNW to SSE array

spanning from Coasa to Cerro Amincha (Figure 2 and 6f). Little is known about the four

northernmost domes, although two K-Ar dates for Coscalito indicate an age between 8.7 to 8.9 Ma

(Ramirez and Huete, 1981) and the 5.5 Ma-old Carcote Ignimbrite (Ramirez and Huete, 1981) laps

onto the northeastern slopes of Coasa, Coscalito, Achupella and Inca, placing the latter lava as older

than 5.5 Ma. We group these domes with the AVC because they are geomorphologically part of the
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cluster, but they remain largely unsampled. Cerro Amincha, the southern-most dome, yields an age

of 8.01±0.19 Ma (Table 1); part of the edifice is covered by a:50.9 Ma-old debris flow that extends

from the eastern flank of Volcan Aucanquilcha. Cerro Amincha lavas range from 59.2 to 64.0 wt%

SiO2 (Table 2) and have a modal phenocryst mineralogy of plagioclase > clinopyroxene.

Gordo Group (5.8 to 4.3 Ma)

The formation of the northeastern domes was followed by a shift in the focus of volcanism

to the south, forming an arc of volcanoes and lava fields that form the southern boundary of the

cluster (Figure 2 and 6e). The two largest volcanoes in the Gordo Group are Cerro Puquios-Cerro

Negro (5.81±0.21 to 5.36±0.11 Ma) and Cerro Gordo (5.49±0.46 Ma). Also included in this group

are the Las Bolitas lava field (5.32±0.08 to 5.21±0.05 Ma) and the Paco Paco stratocone (4.49±0.09

to 4.27±0.14 Ma).

Cerro Puquios and Cerro Negro form a --6-km NW-trending ridge along the southern side

of the AVC (Figure 2 and 6e). The two overlapping stratocones are heavily eroded with a sizeable

NE facing glacial cirque exposing the layers of lavas and scoria that form the edifices. Cerro Negro

(5.96±0.42 Ma), on the eastern side of the ridge, is probably slightly older than Cerro Puquios

(5.29±0.21 Ma). Many of the lavas flows on Cerro Negro have been extensively silicified with 1-5

cm silica nodules that have weathered out of the flows. Cerro Puquios is less altered and has a small

west-facing amphitheatre its western flank. On the southeast side of the ridge, Cerro Puquios and

Cerro Negro lavas underlie Cerro Pabellon. The centers are mineralogically indistinguishable and

contain phenocrysts of plagioclase > clinopyroxene > orthopyroxene > olivine with rare occurrence

of homblende. Cerro Puquios and Cerro Negro lavas range from 57.5 to 62.0 wt% SiO2 (Figure 6b,

Table 2).

Cerro Gordo is one of the larger centers in the AVC. It is an eroded stratocone with an

extensive lava field at its base that extends to the south of the center. A prominent west-facing

amphitheatre at its summit exposes crudely radially oriented dikes that fed Gordo lava flows.

Widespread Quaternary moraine deposits are found along its western flank. Cerro Gordo is

temporally, mineralogically and chemically similar to Cerro Puquios and Cerro Negro (Figure 6e).

Lavas are characterized by phenocrysts of plagioclase > clinopyroxene > olivine > orthopyroxene,

although there is a more frequent occurrence of hydrous phases such as hornblende and biotite in

some Gordo lavas. Lavas range from 57.4 to 62.8 wt% SiO2 (Figure 6b, Table 2).

To the east of Cerro Puquios-Cerro Negro is the Las Bolitas lava field (Figure 2 and 6e),

which has been incised by a number deep arroyos extending down to the Salar de San Martin 0

Carcote. These lava flows erupted between 5.2 and 5.3 Ma (Table 1) from an unknown vent,

possibly buried by the younger lavas of the Aucanquilcha Platform or Volcan Aucanquilcha flows

that fill the Laguna El Toro Plateau. Lavas from Las Bolitas underlie Cerro Pabellon along the

southwestern edge of the field. These lavas are dominantly contain phenocrysts of plagioclase >



orthopyroxene > clinopyroxene with minor amphibole and biotite. Some flows have a high

proportion of mafic inclusions (20% by volume), some of which are up to grapefruit-sized and

appear to have cores of finer grainer material.

Volcan Paco Paco, located to the north of most Gordo Group activity near Volcan Miflo

(Figure 6e), formed between 4.49±0.09 and 4.27±0.14 Ma. It is a --4-km diameter stratocone with

relief of -400m. It is composed of interlayered thin agglutinated lavas and scoria that dip steeply

away from the central crater that is filled with nearly flat-lying thick lavas. Paco Paco lavas underlie

lavas from Miflo on its west side and underlie lavas from La Luna to the southeast. The Paco Paco

lavas are mainly crystal poor with phenocrysts of olivine subordinate to plagioclase and

clinopyroxene. The late, crater-filling lava is more crystal-rich and the most silicic. The Paco Paco

lavas range from 57.0 to 66.3 wt% SiO2 (Figure 6e, Table 2).

Volcan Pabellon (4.1 Ma)

Towards the end of the Gordo Group activity, Volcan Pabellon (Figure 2 and 6d) began to

erupt on the southeastern flanks of the Cerro Puquios and Cerro Negro ridge, and Pabellon lavas

overlie the flank of the older stratocones. Two vents fed flows that traveled to the south and

southeast where they reach the edge of the Salar de San Martin 0 Carcote. The northernmost vent

appears to be the older of the two vents, with the main activity moving slightly to the south through

time. To the south, flows from the Pabellon overlie older lavas from Volcan Chela (--5.8 Ma,

Ramirez and Huete, 1981) and overlie reworked volcaniclastic sediment with 0.5 to 1-cm biotite

crystals in drainages along the southeastern side of the edifice. Most of the flows are well-preserved

with little alteration. Volcan Pabellon lavas have been dated between 4.14±0.05 and 4.08±0.08 Ma

(Table 1) and Pabellon is the first AVC center to exhibit abundant quenched inclusions (Figure 6).

Mineralogically, Pabellon has an assemblage of plagioclase > clinopyroxene > orthopyroxene >

hornblende assemblage with minor biotite and olivine. Lavas from Volcan Pabellon range from 57.2

to 64 wt% SiO2, while the inclusions range from 55.7 to 60.2 wt% SiO2 (Figure 6c, Table 2).

Volcan Mill (3.3 Ma)

Volcan Miflo (Figure 6c) is a steep-sided, symmetrical cone reaching 5611 m on the

westernmost edge of the AVC with evidence of modest glaciation in the way of small cirques and

moraines above 4500 in. The well-preserved lava appears to have been fed primarily from a single

vent at the summit. Lavas extend westward from the vent to the head of the Rio Loa, where they

overlie volcaniclastic sediments capping the Carcote Ignimbrite. Most of the activity at Miflo was

between 3.54±0.17 and 3.31±0.09 Ma (McKee, 2001; Table 1), although there is a K-Ar date for a

single flow on the western side that gives a significantly younger age of 1.9±0.3 Ma (Tomlinson et

al., 1999). Volcan Mino ranges in SiO2 from 57.3 to 67.4 wt%, although most lavas are between 59

to 62 wt% (McKee, 2001; Figure 6c, Table 2). The modal mineralogy of these lavas is typically

2
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plagioclase > orthopyroxene > clinopyroxene > hornblende with minor olivine or quartz (McKee,

2001). Although subordinate in abundance, amphibole is conspicuous in Miflo lavas and has a

variety of textures, ranging from equilibrium phenocrysts to crystals with thin opacite rims to

crystals with thick disequilibrium reaction textures (McKee, 2001).

Polan Group (3.6 to 2.3 Ma)

At the same time that Volcan Mino was active on the western edge of the AVC, the Polan

Group, a second series of centers, were active. These include Cerro Polan, La Luna, Tres Monos,

and the Aucanquilcha Platform. They define a diffuse distribution of activity as compared to

previous activity. The large Aucanquilcha Platform was emplaced throughout the central and

southeastern parts of the AVC. Vents for the platform are presumed to underlie the modem Volcan

Aucanquilcha lavas based on flow direction of lavas as well as the geographic center of lava

distribution. The Polan Group (Figure 3 and 6b) was active between 3.6 and 2.3 Ma, and, along with

Volcan Miflo, represent the period of highest effusion rates during the history of the AVC.

Cerro Polan and La Luna define an array of vents that trend roughly east-west. Cerro Polan

is slightly older than La Luna, with most lavas flowing to the west and southwest. A lava field to the

southwest of Polan is likely related to the volcano, and moraine deposits are found along the

southwestern flank. Dates from the main edifice fall between 3.36±0.06 and 3.00±0.03 Ma (Table

1), whereas K-Ar dates along the edges of the AVC from lava fields are approximately 2.6 Ma (QG-

81; Tomlinson et al., 1999). Lavas from Polan have phenocrysts of plagioclase > clinopyroxene >

orthopyroxene > hornblende > biotite assemblage and range in SiO2 from 56.2 to 65.4 wt% (Figure

6b, Table 2). Polan is highly hydrothermally altered, with a number of sulfur mining works near the

inferred vent for the center. Some of the deposits at La Luna appear to be tuffaceous, but the

alteration makes identification difficult. Two Ar-Ar dates from La Luna indicate activity between

2.95±0.04 and 2.65±0.05 Ma, coincident with activity at Polan. La Luna lavas typically range from

59.0 to 63.2 wt% SiO2 (Figure 6b).

Cerro Tres Monos, to the northeast of Polan, is north-trending linear array of at least six

vents making up three overlapping edifices that define a -14-km ridge at a near right angle to the

vent alignment of Volcan Aucanquilcha. Ages from fresh Cerro Tres Monos lava flows indicate

activity between 3.43±0.08 and 2.78±0.04 Ma (Table 1). Lavas and pyroclastic fall deposits from

the Tres Monos ridge are locally hydrothermally altered. A protracted hydrothermal history is

indicated by interlayering of altered and less altered to fresh volcanic deposits. Lateral and terminal

moraine deposits are particularly well-preserved on the western side of the ridge. Although the name

of the ridge is Tres Moflos (Three braids) on the 1:250,000 map, we use the name Tres Monos (three

cairns), as shown on the 1:50,000 Ollagiie map sheet.



Tres Monos lavas have more hydrous phases compared to Polan and Mifo lavas; the

typical phenocryst assemblage is plagioclase > clinopyroxene > hornblende > biotite >

orthopyroxene. Lavas range in SiO2 content from 59.3 to 64.5 wt% (Figure 6b, Table 2).

The Aucanquilcha Platform, which spans from just to the south of Cerro Alconcha to Las

Bolitas in the southeast (Figure 6b), is the single most voluminous series of lava flows in the AVC.

Morphologically, the lava flows define a central glaciated platform with distal flows. The

Aucanquilcha Platform lavas to the north are thick flows that form a plateau between VoIcAn

Aucanquilcha and Cerro Alconcha. These are similar morphologically to those on the east and

south. The vents for the Platform lavas are obscured by more recent activity at VoIcAn

Aucanquilcha. It is possible that some of the lavas are from Volcan Tres Monos, although flow

direction of lavas indicates a source underneath modem Volcan Aucanquilcha. To the north of

Volcan Aucanquilcha, the lavas from the Aucanquilcha Platform have ages of between -2.7 and 3.6

Ma (Table 1). Lava from Campana, a small hill to the south of Volcan Aucanquilcha, provides a K-

Ar age of 3.3±0.2 Ma (Ramirez and Huete, 1981). The platform has been heavily glaciated,

especially between VoIcAn Aucanquilcha and Cerro Puquios-Cerro Negro where many lava flows

are glacially polished. The phenocryst mineralogy of the Aucanquilcha Platform lavas is typically

plagioclase > clinopyroxene > orthopyroxene > hornblende > biotite. Its lavas vary in SiO2 from

57.9 to 66.7 wt%; whereas two "mafic" inclusions from platform lavas have values of 55.7 and 57.4

wt% SiO2 (Figure 6b, Table 2).

The youngest member of the Polan Group, VoIcAn Chaihuiri, is a dacitic dome from with

several short lava flows emanated. A lava from the dome yielded an age of 2.39±0.04 Ma (Table 1)

and 63 wt% SiO2 whereas a quenched mafic inclusion from the dome has a value of 58.8 wt%

(Figure 6b, Table 2).

VoIcAn Aucanquilcha (< 1 Ma)

Volcan Aucanquilcha (Figure 2 and 6a) is the youngest, most silicic and most hydrous in

the AVC based on collected Ar-Ar ages, composition and the occurrence of amphibole and biotite.

It is a large composite volcano central within the AVC that reaches 6100 meters. It is located near

the center of the AVC. It consists of a series of at least five vents that are aligned in an 8-km east-

west array. An approximately 0.6 my.-old (Tomlinson et al., 1999) pyroclastic flow, similar in

formation to the dome collapse flows found at Mt. Unzen (Sato et al., 1992), extends 10-km to the

northwest of the main edifice (Figure 2) and covers - 35 km2 of the Aucanquilcha Platform. On the

eastern flank, a debris avalanche deposit that is likely <0.9 m.y., on the basis of the stratigraphic age

of the scarp in the eruptive sequence of VoIcAn Aucanquilcha, extends into the Salar de San Martin

0 Carcote and overlies flows from Cerro Amincha and the Aucanquilcha Platform. This deposit

covers -30 km2 and exhibits the hummocky terrain at its distal end that is distinctive of debris

avalanches like those observed at nearby VoIcAn Ollague (Feeley et al., 1993) and many other
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centers (e.g., St. Helens, Crandall et al., 1984; Mt. Shasta, Glicken, 1996; Socompa, Francis and

Wells, 1988). A steep scarp on the eastern flank of the volcano just below the summit is the head of

the avalanche deposit (Figure 3).

Volcan Aucanquilcha developed as a series of overlapping composite cones, the first

forming approximately 1.05 Ma, followed by an eastward step in activity at 0.9 Ma. This was

followed by the formation of a small dome, which produced the pyroclastic flow, on the

northwestern flank of the volcano. This dome has yielded a large range of ages between 0.80 and

0.60 Ma (Table 1). The final stage of development at Aucanquilcha was eruptions of lavas from

vents between the two initial edifices with most young lavas flowing to the south. An early lava of

this stage yields an Ar-Ar age of 0.33±0.08 Ma, whereas the youngest dated lava flow at Volcan

Aucanquilcha is 0.24±0.05 Ma (Table 1). Weak fumarolic activity persists at the summit of

Aucanquilcha. A large portion of the edifice, especially on the western side of the volcano, has been

pervasively hydrothermally altered and accompanied by locally abundant native sulfur, which was

mined as recently as 1994. Covellite is found to occur in the fumarolic areas of the summit (Clark,

1970). Lava flows from Volcan Aucanquilcha overlie deposits of the Aucanquilcha Platform on the

northern and southern side of the edifice. The long Rio Chaihuiri flow overlies deposits from

Chaihuiri and Puquios along a 9-km arroyo. Glacial cirques and moraines occur on the northern and

southern sides of the edifice, but none are very large. Other than the block-and-ash flow on the

northwestern side, no pyroclastic fall material from Volcan Aucanquilcha has been identified in the

AVC, although subsequent glacial erosion could have removed any record of ashfall.

Aucanquilcha is dominated by a phenocryst assemblage of plagioclase > amphibole

(coexisting hornblende and pargasite) > orthopyroxene > clinopyroxene > biotite with rare

occurrence of quartz and olivine. Apatite, sphene and zircon occur as accessories. Quenched

"mafic" inclusions are common in most lavas from Aucanquilcha, in some flows up to 15 vol%.

Lavas range from 62.6 to 67.2 wt%, while inclusions range from 59.0 to 62.3 wt% SiO2 (Figure 6a,

Table2).

Eruptive volumes and rates

Footprint areas on the Ollagiie and Ujina 1:250,000 topographic map with a base level of

3900 in ASL were calculated by using a grid of 1 cm x 1 cm. Edifices were modeled as either cones,

frustum cone (a cone with a flat top) and a cone, or a flat cylinder (Table 4). In all cases except for

the cylinder, a radius (r and R) was calculated by taking the square root of the area divided by n. For

cones, volume was calculated by using 1/3rrr2h, where h is the elevation difference from the break in

slope at the base of the edifice and the summit. For frustum cones (typically the apron on a

stratocone), the cone formula is modified to 1/37ch(R2 + Rr + r2), where R is the radius of the outer

apron, and r is the radius at the break in slope for the main cone. Centers that had both a distal apron

of material and a main cone were modeled as a frustum cone beneath a cone. For lava flow fields,
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Table 4 - Areas, heights and volumes for the Aucanguilcha Volcanic Cluster
Center Age (Ma) Model Area (km) Height (km) Uncorrected Corrected

Volume (km) Volume (km)
Tuco 11 dome 4.7 0.2 0.3 1.1

Alconcha 10.5
frustum

10.8 15.7
dome 11.4 0.3

Amincha 7.99 27.7 0.5 4.6
Achupella 7.5 dome 18.9 2.5 2.5

7.5 dome 23.5 0.5 3.9 3.9

Puquios 16.4 0.2
3.6 6.8

dome 7.5 0.5

53 0.8
30.3 36.9

15.5
Las Bolitas cylinder 54.6 0.1 5.5 5.5

Paco Paco
frustum 14.1

dome 3.3 0.5

Pabellon 4.1
18.7 0.6

8.6 9.4
dome 6.5 0.6

Aucanquilcha
Platform

3.55 cylinder 300 0.9 100 100

Miflo 3.3
frustum 45.3 0.35

14.5 14.5
dome 12.21.25

Polan 3.3
frustum 439.1

.5 0.75
12.5 12.5

3.3 43.7 0.02 0.9 0.9

La Lunaa 3.3
0.8

18.7 18.7

Tres Monos
8 7

0.55 29.2 29.2
dome 7.3

Chaihuiri dome 13.3 0.7 3.1 3.1

Aucanquilcha 0.9 dome 1.5

TOTAL AVC 308.9 326.9

Volumes calculated for centers in the Aucanquilcha Volcanic Cluster Models older
than Volctn Miflo are corrected for erosion using Minlo as a model (see methods for a full
description of the volume calculations). a indicates subcenters of Polan. All ages are from this study
unless noted: b Ramirez and Huete (1981). ° indicates volume taken from DeSilva and Francis
(1991)



where no obvious cone shape is exhibited, a lozenge-shaped model was used and calculated with

Bh, where B is the area of the lava flow field. All of these volumes are referred to as the

"uncorrected volume." (Table 4)

To correct for erosion, we used the relatively unglaciated stratocone, Volcan Mifo (-3.3

Ma; Figure 2; McKee, 2001), as a model because it has only minor moraine development. The slope

of Mifto was calculated from the break in slope at -4200 in to the summit and has value of 0.55

m/m. Volumes for centers that exhibited effects from erosion and could reasonably be modeled as

stratocones were recalculated by determining a new "height" (h) using h=r*0.55, where r is the

radius calculated from the footprint of the center (Table 4). Domes such as Chaihuiri, Amincha or

Inca were not corrected. This new height was then used to recalculate the volume using the cone

equation and is referred to as the "corrected volumes" (Table 4). These corrected volumes were used

to determine the cumulative volume curve and the rates of effusion.

Errors in the volume calculation are derived from a number of factors: (1) uncertainty of

footprint area; (2) how well a conical shape estimates the geometry of the edifice (2) underestimate

or overestimate of the amount of glacial erosion; (3) underestimate of the volume of buried erupted

material and; (4) loss of pyroclastic material to erosion or deposition away from the main cluster.

Volumes are likely to be accurate to within 15% for uncorrected domes and younger centers, but

corrected volumes for older centers are likely accurate to within 25%. Volumes for older centers

may be skewed to values that are too low because of uncertainty of the extent of their footprints.

Overall, these volumes should be considered the minimum volumes for the AVC; however, the

errors should not significantly affect the eruption rate estimates (Figure 7).

Eruptive volumes and rates at the Aucanauilcha Volcanic Cluster

The Aucanquilcha Volcanic Cluster has produced -327 km3 of lava over the past 11 Ma

(Table 4) after correcting for the erosion of edifices more than 3.3 Ma-old. The erosion-corrected

volume for the entire cluster is -5% greater than the uncorrected volume. The largest edifice in the

AVC is the modern Volcan Aucanquilcha, with a volume of 40 km3. Three other centers reach -30

km3 (Gordo, Polan-La Luna and Tres Monos) and two other centers are > 10 km3 (Mifto and

Alconcha). The Aucanquilcha Platform has the largest cumulative volume of 90 km3 but it is

unknown whether all the lavas in the platform are related to the same vents or series of vents.

The AVC has had four major identified eruptive pulses during the past 11 Ma,

corresponding to the four major temporal groupings (Table 5, Figure 7). The first of these pulses

was between 11 and 8 Ma and added 46 km3 at a rate of 0.013 km3/ky over the course of -3 million

years. Following a 2 m.y. hiatus, the second pulse, between 6 and 4.3 Ma, added 55 km3 at a rate of

0.032 km3/ky over 1.7 million years. The most voluminous outpouring at the AVC from 4.2 to 2.3

Ma when 154 km3 of lava erupted (Table 4) over 2 million years at a rate of 0.077 km3/ky, or about

260% of the overall average rates. Since 1 Ma, when the most recent activity at the AVC began, 37
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Figure 7. Volume versus time curve for the AVC
Erosion-corrected volume through time curve for the AVC. Note the steep slope during Polan
Group activity (4.15 to 2.4 Ma). Also plotted are curves for maximum, minimum and average
eruption rates based on the geochronology and volume estimates presented here. The dashed
portion of the growth curve represent inferred rates during eruptive "hiatus".
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Table 5 - Eruption rates for the volcanic groups at
the Aucanquilcha Volcanic Cluster
Group No. of

centers
Vol.

(km)
Time Span

(Ma)
Rate

(km3/ky)
Alconcha 7 46.4 3 0.013
Gordo -5 54.7 1.7 0.033
Pabellon 1 9.4 a a
Mho 1 14.5 a a
Polan -5 163.9b 2 0.077
Aucanquilcha 1 37.0 1 0.049
TOTAL AVC -20 324.9 11

Summary of the calculated rates of eruption for the stages
of volcanism at the Aucanquilcha Volcanic Cluster. N/A =
no inclusions analyzed; a = no rate calculated for single
centers. Volumes for Pabellon and Miflo included for
calculation of overall rate of AVC activity. b indicates that
volume includes all lavas of the Aucanquilcha Platform
90 km3).



km3 of lava has erupted at rate of 0.049 km3/ky. The overall average eruption rate at the AVC since

11 Ma is 0.030 km3/ky.

Discussion

The and climate of the Central Andes (Galli-Oliver, 1967) has preserved a record of at

least 11 million years of volcanic activity at the Aucanquilcha Volcanic Cluster, as documented by

40Ar/39Ar ages. Even the oldest known edifices, Cerro Alconcha and Volcan Tuco formed at -10-11

Ma are recognizable as constructional volcanic features. This remarkably long record of volcanism

in one location creates the unique opportunity to develop a history of activity over a ten million year

time scale that can rarely be examined in active arcs. We will examine the patterns of volcanic

activity at the AVC, temporally, spatially and compositionally, and the compare the AVC with other

volcanic and plutonic systems in order to assess the lifespan and rates of eruption in arc and other

tectonic settings.

Temporal Distribution

The volcanic activity at the AVC occurred in four major pulses of activity (Figure 3). The

oldest pulse, from 11 to 8 Ma, includes the volcanoes of the Alconcha Group that began the activity

at the AVC (Figure 7). The -2-m.y. hiatus in volcanism, between the formation of Cerro Amincha at

8 Ma and the beginning of eruptions of Cerro Puquios at -5.8 Ma, may be real or rocks of that age

may have been covered by younger activity particularly under the Aucanquilcha Platform or may

have been eroded. Eruption rates are inferred to be similar to the first pulse for this period. The

second major pulse of volcanic activity at the AVC ran from -5.8 Ma to --4.3 Ma (Figure 7) and

included Gordo Group volcanoes, followed by the third pulse from -4.2 to 2.3 Ma that includes

Polan Group, Volcan Miflo and Volcan Pabellon (Figure 2 and 6). This pulse was the most vigorous

eruptive period in the history of the AVC (Figure 7). The pulses are between 1.5 and 3 million years

long. After a hiatus of -1.5 m.y., the most recent activity began at -1 Ma with the eruption of

Volcan Aucanquilcha (Figure 7). Based on the temporal patterns of previous pulses, the most recent

activity should continue for another 0.5 to 2 m.y. before the next pause in activity.

Density of dated samples from individual centers is not sufficient to address the longevity

of each edifice. The best constraints are for Volcan Aucanquilcha, with a lifespan of -1.05 m.y. with

ongoing activity. There are only a few dates for Volcan Miflo that likely had a lifespan of -1 m.y.

(McKee, 2001) and Alconcha, which has been stratigraphically sampled deep into its core to young

flank material suggests a geologically well-bracketed lifespan of -400,000 years. Each pulse of

activity at the AVC represents the sequential eruption of two or three spatially separate generations

of volcanoes, thus the lifespan of a single volcanic center may not truly reflect the longevity of

magmatic input into a system. Instead, this may reflect the longevity of conduits to the surface.



Spatial Distribution

During the history of the AVC, there is a spatial pattern of peripheral activity to more

diffuse activity and finally to centralized volcano distribution. The early activity of the Alconcha

Group was located along the northern and northeastern edge of the cluster (Figures 2 and 6).

Activity then migrated to the southern and western sides of the cluster during Gordo Group (second

pulse) activity and includes southernmost Volcan Pabellon. The voluminous volcanism during the

Polan Group and Volcan Miflo activity produced a diffuse distribution of activity, with vents and

lava fields distributed throughout the central AVC. Finally, the most recent activity at Volcan

Aucanquilcha is very centralized, with all vents active in the past 1 Ma located along an 8-km east-

trending ridge in the center of the cluster.

The linear array of vents found at Volcan Aucanquilcha is a common feature throughout

the history of the AVC. In general, volcanic vents to the east of 68°30'W in the cluster have vent

alignments that are roughly north-trending, while vents located to the east of 68°30'W are aligned in

a NW-trending distribution, with Volcan Aucanquilcha lying on the dividing line (Figure 2). These

alignments do not correlate with temporal pulses of magmatism, as the two domains contain edifices

that formed throughout the history of the AVC. These vent alignments could reflect the regional

stress patterns related to the eastward step in the Central Andean arc at 21°60'S, but whether the

spatial distribution at the AVC is controlled by regional structural features is unclear.

Compositional Diversity

The composition of lavas from the AVC has evolved in time over 11 m.y. from a crudely

bimodal package to more homogenous compositions. This first pulse is characterized by the crudely

bimodal compositions of the Alconcha Group (11-8 Ma) volcanoes, with a gap in lava compositions

between 60 and 62 wt% SiO2 (Figure 6), similar to the gap found at Volcan Ollagiie (Feeley and

Davidson, 1993). The overall range in compositions for a single volcano can be large, with lavas

with both high and low SiO2 composition, such as Cerro Alconcha or Volcan Tuco (Figure 6).

Beginning with the Gordo Group (5.6-4.3 Ma), lava compositions are slightly less bimodal

with two peaks of silica composition at -59 wt% and -62 wt%, although a few samples fall between

these two peaks (Figure 6e). Overall ranges of single volcanoes are slightly smaller than Alconcha

Group lavas, with most ranging -7-8 wt% SiO2. The closing of the gap between the two

compositional peaks between the Alconcha and Gordo Groups might mark the beginning of the

creation of a single reservoir of magma under the AVC, where assimilation and fractional

crystallization processes and ponding of magmas help homogenize the composition of the magma

with each successive intrusion.

Volcan Pabellon (-4.1 Ma) marks the transition from the crudely bimodal suites of the

Gordo and Alconcha Groups. Pabellon has a wide range of lava compositions, from 57 to 64 wt%

SiO2, but a majority of the lavas fall between 61 and 63 wt% (Figure 6d). Pabellon lavas have
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frequently contains mafic inclusions, which are not observed in older AVC lavas. The inclusions

that range from 54 to 60 wt% SiO2 and this silica range overlaps the lower silica end of the

compositional spectrum in the earlier groups (Figures 6e and 6f). Few lavas younger than Volcan

Pabellon have <59 wt% SiO2, whereas inclusions of this composition are relatively common (Figure

6) The appearance of inclusions likely marks the beginning of the development of a lower density

cap of more silicic magmas that prevents the eruption of denser, mafic magmas. This process can be

seen in other systems such as the Yellowstone Caldera (Hildreth et al.., 1984) and the occurrence of

mafic cinder cones on the periphery of other composite volcanoes such as Volcan Ollague (Feeley

and Davidson, 1993)

Between 4 and 2.5 Ma there are two styles of activity in the AVC: the widespread Polan

Group and the westernmost, focused Volcan Miflo. During this period, at least four major centers

were active, including Miiio, Polan-La Luna, Tres Monos and the voluminous Aucanquilcha

Platform system (Figures 2 and 6c). In contrast to other centers since Pabellon, Volcan Miflo lacks

mafic inclusions. The lavas of Volcan Miiio have average composition of 60 wt% SiO2. This

focused compositional peak coincides with the gap in compositions observed in the Alconcha

Group. We speculate that the Mifo lavas may represent direct magma mixing of the low and high

silica compositions observed in Alconcha (Figure 6) or that Millo tapped a less evolved magmatic

source (McKee, 2001). Volcan Miflo's peripheral location within AVC may have allowed it to

sample magmas that were prevented from reaching the surface in the central portion of the cluster.

There are: (1) abundant mixing textures found in the amphibole and; (2) both quartz and olivine are

found in same lavas from Mino and they require juxtaposition of two magmas. Coombs and

Eichelberger (2002) estimate that it might take only a few days for inclusions to dissipate, so the

abundant reaction and mixing textures in amphibole and the lack of inclusions could indicate a

longer storage time for Mino lavas versus other AVC centers (McKee, 2001). The lavas of the

concurrent Polan Group volcanoes all have more than 60 wt% SiO2, with most lavas falling between

62 and 63 wt% SiO2 (Figure 6b). The Polan Group lavas also have mafic inclusions that range from

56 to 59 wt% SiO2 (Figure 6b), similar to the lower silica end of Gordo and Alconcha Group lavas.

In both Polan Group lavas and at Volcan Miro, the relative range of composition at a single center

is much more limited than in previous times, only varying by 3-5 wt% SiO2 (Figure 6b). This might

indicate that the processes that produce the magmas at the AVC have become more repeatable in

order to produce similar compositions over the course of a single volcano's history. This would be

consistent with an evolution towards more homogenous compositions.

The youngest member of the AVC, Volcan Aucanquilcha has a limited overall range of61

to 67 wt% SiO2 with 50% of samples between 64 and 66 wt%. VolcanAucanquilcha lavas average

2% more silica than those from Polan, and 4% more than those from Mifo (Figure 6b and 6c),

which indicates an evolution in time towards higher silica values. This is likely caused by a larger

degree of shallow crustal assimilation based on relatively high S18O values. Inclusions from



Aucanquilcha have higher average silica (59-60 wt%) value than inclusions of earlier groups

(typically <59 wt%), potentially indicating multiple stages of magma evolution where mafic

magmas underplate a silicic plate and are prevented from erupting.

This change to more monotonous and more silicic composition magmas is accompanied by

a mineralogical change to more common and abundant hydrous phases. Lavas from earlier groups

(Alconcha and Gordo groups) contain phenocryst assemblages with clinopyroxene, olivine and

orthopyroxene and lack hydrous minerals such as amphibole and biotite. Beginning with Volcan

Pabellon, hydrous minerals such as amphibole and biotite began to appear, and by the time Volcan

Mifio and the Polan Group erupted, amphibole became a common phases in lavas. During the

waning stages of Polan Group activity, both biotite and amphibole together are found together in

lavas from Volcan Chaihuiri. Finally, at Volcan Aucanquilcha, amphibole and biotite are the

ubiquitous phases in the lavas and are more abundant than pyroxene, which dominates older

volcanic products in the AVC.

Creation of a Unified Reservoir

The pattern of homogenization towards more silicic magma compositions during the

history of the AVC indicates that over the past 11 million years, an unified magma (or crystal mush)

reservoir have formed in the middle to shallow crust underneath the cluster. Early Alconcha group

magmas are more heterogeneous in composition, both at single centers and taken as groups,

allowing lower silica magmas and higher silica magmas to erupt. Volcan Ollagiie, 30-km to the east

of the Volcan Aucanquilcha (Feeley et al., 1993; Feeley and Davidson, 1993), may be analogous to

the early Alconcha Group where both more and less evolved magmas reach the surface. Activity in

the past 1 m.y. at Ollagne exhibits a crudely bimodal composition range of lavas, with limited

interaction with the crust and less time to bring the upper crust to thermal equilibration by repeated

intrusion (Feeley and Davidson, 1993).

During the Gordo Group activity, the overall compositional heterogeneity narrowed

slightly due to repeated emplacement of magmas underneath the cluster that caused thermal and

material reworking of the crust. As mafic magmas were injected into the crust, some were

contaminated by partial melts of the crust at shallow levels and differentiate, while others reached

the surface with less evidence of extensive upper-crustal assimilation and fractional crystallization

processes. This second case will be especially true in systems that have not seen the development of

a low-density silicic cap caused by large volumes of silicic melts at shallow levels, such as Volcan

Ollague.

Longevity of Magmatic Systems

The AVC has an eleven million year record of continuousvolcanism, far in excess of well-

documented lifespans of arc magmatic systems that typically range from one to a few million years



(Hildreth and Lanphere, 1994; Hildreth et al., 2004; Figure 8). This lifespan estimate for arcs was

based on studies of single volcanic centers, single plutons or small-scale batholiths in ancient arc

settings. Ignimbrite-related systems such as the San Juan Volcanic Field (SJVF; Lipman, 2000), SW

Nevada Volcanic Field (Sawyer et al., 1994), and the Jemez Volcanic Field (Gardner et al., 1986)

are some of the few volcanic systems that approach the longevity of the AVC (Figure 8), but the

AVC has not produced a large volume ignimbrite such as the Fish Canyon Tuff (SJVF). Very few

non-ignimbrite-related arc systems exist that exhibit the long lifespan seen at the AVC, with the

major exception being Miocene volcanics at Yanacocha, Peru (Anthony Longo, pers. comm., 2005).

Porphyry copper deposits are relatively common in the Central Andes, and these deposits

are linked with multiple intrusions of magmas within arc settings. Many of these systems have

typical lifespans of 1-2 million years (Figure 8), and might be seen as the plutonic equivalent of

volcanic edifices such as Mt. Baker or Mt. Adams, Cascade Arc, USA. The AVC has a much longer

lifespan than these deposits, although Volcan Aucanquilcha itself has been active for at least 1 Ma

and is a hydrous dacite of the type that can produce porphyry copper deposits. Intrusive systems

(Figure 8) that are similar to the AVC include the Tatoosh Plutonic Complex in Washington that

was emplaced over the course of -12 m.y. (Mattinson, 1977), the Tuolumne Intrusive Suite in

California that was emplaced over -10 m.y. (Glazner et al., 2004) and the Potrerillos District, Chile

(both plutonic and volcanic rocks) that was active for at least 11 m.y. (Marsh et al., 1997). These

systems are all believed to have been put together as discrete pulses of magmatism over the course

of their history, similar to the pulses identified for the AVC.

Overall, the AVC is likely the volcanic equivalent of a batholithic system like the

Tuolumne Intrusive Suite (TIS) that was emplacement in a piecemeal fashion over 11 million years.

Each successive pulse of magma interacts with the crystal residue of previous intrusions, and the

youngest magmatism is located within the core of the intrusion. This concentric pattern of

magmatism is observed at the TIS (Glazner et al., 2004) and is mimicked by the location of

volcanoes of various ages at the AVC (Figure 9). This could indicate a progression pattern of

centralization of magmatism as the crust becomes more homogenized and matured over millions of

years of sustained intrusion.

Rates of Eruption

When compared to worldwide rates of eruption in arc settings, the AVC has a low eruption

rate over the past 11 m.y. (Table 6). The average rate for the AVC is only 1.0 km3/km-arc/m.y., less

than one-half of the next lowest rate (Tequila, Mexico Region, 2.3 km3/k.y., Frey et al., 2004). The

peak eruption rate at the AVC, -2.3 km3/km-arc/k.y. between 4 and 2.5 Ma, is still half the rate of

the Central Andes over the past 2 m.y. (Table 6, rates calculated by author using volumes from

DeSilva and Francis, 1991) and Mt. Baker, WA over the past 1.29 my. (Table 6 and Figure 7,

Hildreth et al., 2003). It is unclear why the eruption rates at the AVC are so much lower than in
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Figure 9. Temporal Distribution of magmatism in the Tuolumne Intrusive Suite and the AVC
The footprint and age vs. unit distribution of the Tuolumne Intrusive Suite (TIS) based on U-Pb concordant zircon (left; Glazner et al.,
2004) and the same plot from K-Ar and Ar-Ar age data for AVC (right), shown at approximately the same scale. Stratigraphic units for
the TIS arc: Kse = Sentinel Granodiorite, Kga-Kkc = Glen Aulin-Kuna Crest Granodiorite, Khd = Half Dome Granite, Kcp = Cathedral
Peak Granodiorite, Kjg = Johnson Granite. For the AVC, Al = Alconcha Group, G = Gordo Group, P = Polan Group, An = Volcan
Aucanquilcha.
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Table 6 - Erupt settings
Location Volume (km) Time Span (Ma) Distance (km) Compositions Rate (km a)

ion rates in various volcanic worldwide
/km-arc/M

AVC 327 11 30 Andesite to dacite 1.0
Central Andes' 1058 2 100 Basaltic andesite to rhyolite 5.3
Mexico2 127±16 1 56 Basaltic andesite to rhyolite 2.3
Cascades - WA (Baker)3 200 1.29 150 Basalt to andesite 5.8
Cascades - CA4 350 0.73 100 Andesite to dacite 3.0
Summary of rates of eruption for selected regions, recalculated for km'/km-arc/Ma ' from DeSilva and Francis (1991); 2 from
Frey et al (2004); 3 from Hildreth et al. (2003); 4 from Sherrod and Smith (1990).



other locations, but a number of possibilities exist. The extreme crustal thickness (-70 km) in the

Central Andes, especially at 21°S could promote the stalling of magma in the upper crust rather than

erupting. The eruptions at the AVC may have been promoted by deep-seated crustal lineaments. The

peak AVC rate is still lower than the rate for the Central Andes over the past 2 m.y., but volcanic

activity at the AVC lacks any real explosive component, so overall it appears that all eruptive

activity would have to be mainly effusive. This could limit the overall rates of eruption as compared

to larger-volume explosive systems in the Central Andes. Our estimates for the volumes at the AVC

are likely low end estimates and do not take into account eruptive products that may be buried by

younger deposits (such as any lavas buried by Volcan Aucanquilcha itself), so the actual eruption

rates are likely higher. The longer timeframe in which we have calculated rates for the AVC may

also affect the rates, as this rate reflects all the time that material has erupted plus all the time

material was not erupted, whereas the rates for other arcs have much smaller intervals of inactivity.

It appears that comparing rates between productivity of single location along an arc through time

and entire arcs or stretches of arc is tenuous at best.

Conclusions

The -20 volcanoes of the Aucanquilcha Volcanic Cluster document more than 11 million

years of arc volcanism in the Central Andes, one of the longest documented records of continuous

magmatism in an continental arc setting at one location. This cluster has progressively evolved

towards more silicic compositions, more compositional uniformity and a more hydrous mineralogy.

Average lava compositions have increased from crudely bimodal suite with peaks at 59 and 62 wt%

SiO2 to a relatively homogenized suite with an average composition of 64 wt% SiO2. This transition

from a "bimodal" to a monotonous system is accompanied by the disappearance of lavas with silica

contents of < 61 wt% at 4 Ma and, at the same time, the appearance of mafic inclusions of similar

compositions to earlier lavas. This implies the creation of a dacitic cap that could prevent more

andesitic composition magmas from reaching the surface. Instead they occur as mafic inclusions or

are vented at the periphery (e.g., Volcan Miilo). Both of these trends suggest that as more mafic

material is introduced into the system, more assimilation and fractionation occurs, driving the

eruptive products towards more evolved compositions. The accompanied increase in the modal

proportions of hydrous phases such as amphibole and biotite indicate a progressive shallowing of

the magmatic system with decreased temperature and higher pH2O.

The compositional evolution of the AVC was accompanied by a focusing of vent locations

from more diffuse pattern to a much more centralized pattern in the most recent activity at Volcan

Aucanquilcha. This might indicate the successive pulses of magmatic intrusion underneath the AVC

from the outer margins inwards as has been observed in other plutonic systems (e.g., Tuolumne

Intrusive Suite, Glazner et al., 2004). The centralization of volcanism could also reflect the



development of regular conduits to the surface, specifically through shallow magma chambers that

further refine the magmas erupted from the youngest member of the AVC, Volcan Aucanquilcha.

There are few examples of arc-related volcanic systems with a related history in the same

order of magnitude at the AVC, with most volcanic clusters active for one to two million years at

most. In volcanic settings, only the Yanacocha, Peru (arc-related), San Juan Volcanic Field (rift-

related) and the Jemez Volcanic Field (rift-related) have similar longevity. Plutonic systems such as

the Tuolumne Intrusive Suite, Tatoosh Plutonic Complex and Potrerillos District, Chile are better

analogs for the longevity of the AVC, indicating that the AVC is likely the volcanic equivalent of

successive injections into the crust that may produce composite of multiple plutonic units that

comprise a batholith. With the abundance of batholiths in ancient arc exposures, more attention

should be paid to current volcanic systems over the courses of longer time periods than the lifespan

of a single edifice as to better understand the material and thermal evolution of continental arc crust.
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Abstract

Volcanic productivity, defined as the volume of material erupted at a specific volcanic

center over a given time, is dependent on the timescale over rates are calculated and the resolution

of ages used in rate determination. Volcan Aucanquilcha, northern Chile, is a dominantly effusive

composite volcano that has produced a series of monotonous dacite lavas over the last - 1 million

years. It is part of the larger Aucanquilcha Volcanic Cluster that has been active for at least the past

11 million years and is likely the surface manifestation of the incremental emplacement of a

batholith.

Volcan Aucanquilcha has produced -37 km3 of dacite lava over the past million years, all

of which fall between 63 and 67 wt% silica. These lavas dominantly contain phenocrysts of

plagioclase > hornblende > pyroxene > biotite > Fe-Ti oxides and abundant quenched inclusions of

-60 wt% silica. A majority of the edifice was constructed during the first 200,000 years of

eruptions, whereas the last 800,000 have added little additional volume to the volcano. The peak

eruptive rate during the cone-building phase is -0.18 km3/k.y. and post-cone building eruptive rate

is -0.02 km3/k.y.

Compilation of volcanic productivity at dacite volcanoes worldwide indicate systems

younger than 300,000 years appear to have higher peak eruptive rates than long-lived systems.

When the evolution of longer-lived systems is examined in detail, though, they tend to have higher

eruptive rates early during their evolution. High volcanic productivity is typical during the early

stages of a volcano, followed by a tapering of volcanic productivity over a much longer period

before extinction.

Keywords: volcanic productivity, eruptive rates, geochronology, Chile, Andes, dacite, volcanism

Introduction

The rates of volcanic productivity, defined as the volume of material erupted at a specific

volcanic center over a given time, in arc settings are not well constrained. Although many studies

have attempted to quantify the rates of volcanic activity at different scales (Francis and Rundle,

1976; Crisp, 1980; Sherrod and Smith, 1990), the rates of volcanic productivity can vary throughout

the history of a volcanic system as compared to an average rate. This can lead to over- and

underestimations of the productivity at a given location if rates are based on single volumes and age

endmembers. Instead, careful dating of an entire suite of samples is needed to observe the true

variation in volcanic productivity (e.g., Hildreth and Mooibath, 1994; Hildreth et al., 2003; Frey et

al., 2004).

The manifestation of dacite volcanism worldwide ranges from some of the largest

explosive eruptions in the past 200 years (Mt. Pinatubo, Philippines) to the largest coulee in the

world (Chao Dacite, Chile). This range of explosive to effusive volcanism is vital to understand in

order to predict the eruptive behavior and subsequent hazards of these common arc volcanoes such



as Mt. St. Helens, WA, Unzen, Japan, Mt. Adams, WA, Mt. Lassen, CA, Redoubt, AK and Lascar,

Chile. Although these volcanoes erupt similar compositions, the style of eruption and average rates

of volcanic productivity are different.

This study evaluates the temporal, volcanic and volumetric evolution of Volcan

Aucanquilcha, a Pliocene to Recent composite volcano in northern Chile that has enipted since -1

Ma. It is the youngest member of a larger volcanic cluster that has been active for the past 11

million years. Volcan Aucanquilcha has produced a monotonous dacite lava, varying between 64-67

wt% over its history, with almost all deposits produced effusively.

In this study, we performed chemical and isotopic analyses of most lavas and inclusions

and ten 40Ar/39Ar dates of lavas collected from Volcan Aucanquilcha. We calculate eruptive

volumes and rates in order to quantify the volcanic productivity at Volcan Aucanquilcha over the

past 1 million years. This study adds to the limited database of time-integrated eruptive rates for are

volcanoes and is one of the few to examine a major Andean volcano located over thick continental

crust and within a long-lived volcanic cluster.

Geologic Background

Volcan Aucanquilcha lies within the Aucanquilcha Volcanic Complex (AVC), which is

located in the central of three volcanic zones that run along the Andean margin of South America

(Figure 10). Volcanoes in the Central Volcanic Zone (CVZ) are located -135-180 km above the

30°E-dipping Wadati-Benioff zone (Barazangi and Isacks, 1976). The volcanic are has migrated

east since the Jurassic has led to its present position that is dominated by stratovolcanoes underlain

by extensive ignimbrite deposits (deSilva, 1989.) Stratovolcanoes and ignimbrites have been active

since the mid Miocene, although ignimbrite activity has declined since 10 Ma (Baker, 1981). The

Pliocene to Recent volcanic edifices, including Volcan Aucanquilcha, are composed of

metaluminous, medium-to-high K calc-alkaline andesite and dacite. Trace element patterns are

typical for subduction related settings, with depletion in Nb and Ta and enrichment in large ion

lithophile elements relative to MORB compositions (Davidson et al., 1991). In total, over 3,000 km3

of volcanic material have been erupted between 21°S and 22°S in the Central Andes during the past

28 m.y. (Baker and Francis, 1978). This rate of _103 m3/y is one-tenth of the average eruptive rates

for the most volcanically active regions worldwide (Crisp, 1980).

The Central Volcanic Zone (CVZ) is marked by extreme crustal thickness, in excess of 60

km thick (Zandt et at., 1994; Trumbull et at., 1999), and it is the type-locality for volcanic rocks that

have been affected by crustal contamination as indicated by high 6180, high 87Sr/86Sr and low ENd of

volcanic rocks (Deruelle et at., 1983; Davidson, 1991). The volcanoes of the CVZ are built on

Tertiary ignimbrites, with the upper crust constructed of Mesozoic igneous and marine sedimentary

rocks, Cretaceous continental volcaniclastic rocks and Miocene-to-Holocene volcanic rocks

(Lucassen et at., 2001). The lower crust is likely composed of amphibolites and silicic anhydrous



Figure 10. Location
map for Volcan
Aucanquilcha.
A. The locaion of Volcr n
Aucanquilcha in relation
the Andean arc.
B. Volcan Aucanquilcha in the
AVC, along with nearby Andean
volcanoes.
Grey dashed line indicates
the alignment of the volcanic
front.
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metamorphic rocks, pyroxene gneisses and gabbros (Datum et al., 1990). Feeley and Hacker (1995)

have suggested that the upper 20 km of crust are dominated by granitic-to-intermediate plutons that

are likely comagmatic with the recent volcanism in the CVZ and intrude Mesozoic sedimentary

rocks.

The AVC is located near a discontinuity in the volcanic arc that coincides with a change in

crustal character as indicated by high Pb isotopic ratios to the north of 22°S, and lower values to the

south (Worner et al., 1992). This discontinuity coincides with a change from regularly spaced

centers to the north and more irregular spaced centers to the south (Figure 10; Worner et al., 1992).

The elevated isotope ratios of volcanic rocks are associated with the thick continental crust

underlying the CVZ (relative to other parts of the Andean arc; Davidson et al., 1991) and changes in

basement compositions (Worner et al., 1992). Possible contributions to magmas in the CVZ

include: (1) a depleted asthenospheric mantle source is contaminated by deep crustal contamination

(Davidson, 1990); (2) extensive recycling of crostal and/or sedimentary material into the mantle

(James, 1982) or; (3) the presence of enriched subcontinental lithospheric mantle under the arc

(Rogers and Hawkesworth, 1989).

Setting

Volcan Aucanquilcha is the youngest member of -20 volcanoes that range in age from -11

m.y. to <1 m.y. old that comprise the Aucanquilcha Volcanic Complex (Figure 10). Aucanquilcha

erupted dacite lavas, unlike the rest of the AVC which is dominated by andesite, making it the most

silicic member of what is likely an evolving magmatic system. The edifice of Aucanquilcha sits on

undifferentiated andesite lava flows that are -2.7-3.3 m.y. that comprise the Aucanquilcha Platform.

Volcan Aucanquilcha (Figure 11) has a relief of -1400 in from 4700 in to its peak at 6100

in and an estimated volume of -37 km3. The edifice is a -9-km long, east-trending ridge. It is

composed dominantly of lava flows with minor pyroclastic and debris avalanche deposits with four

peaks reaching at least 6000 in. These flows erupted from at least five vents along the ridge and

from lower summits at 5600 and 5900 in. DeSilva and Francis (1991) recognized a volcaniclastic

deposit, thus defined as a debris avalanche extending to the northwest of the main edifice of

Aucanquilcha. The north-trending ridge of Cerro Tres Monos, a -3.3 m.y, old andesite composite

volcano lies to the north, while Cerro Polan and La Luna form a west-trending ridge trending to the

west of Volcan Aucanquilcha. The and climate of the Andes has allowed for excellent preservation

of lava flows at Aucanquilcha and in the Altiplano-Puna in general, where deep exposures are

accordingly rare.

The extensive native sulfur deposits found on Aucanquilcha were mined until as recently as

the early 1990s, and a network of roads still exists on the edifice to nearly 5900 in. No detailed

study exists for Volcan Aucanquilcha; however, Clark (1970) noted the presence of covellite in

some of the summit fumarole deposits. Regional studies have included a limited number of samples





from Aucanquilcha (Womer et al., 1994; Worner et al., 2000). Volcan Mino, a 3.3 M.y.-old

stratovolcano in the AVC has been examined by McKee (2001). Nearby Quaternary Volcan

Ollagde, -20 km to the east of Aucanquilcha, has been extensively studied by Feeley and others

(1993, 1994, 1995, 1996).

Field and Geochemical Methods

Field work at Volcan Aucanquilcha was conducted in March and November 2000. The first

season consisted on reconnaissance mapping and limited sampling, while the second season was

dedicated to detailed mapping and sampling of as many flows and inclusions from the volcano as

possible. The geology of Aucanquilcha was mapped on 1:50,000 topographic maps and airphotos of

a similar scale.

In total, 60 samples were collected at Volcan Aucanquilcha. These samples were chosen to

sample a maximum of the total eruptive products from Volcan Aucanquilcha in order to be able to

date the growth of the lava. Also, emphasis was placed on picking samples to characterize the

quenched mafic inclusions found in the Aucanquilcha lavas. Bulk rock XRF analyses for major and

trace elements were performed at the GeoAnalytical Lab at Washington State University-Pullman

on fused beads of 49 samples (lavas and inclusions; Table 7). Rare earth element analyses of 26

bulk rock samples (Table 7) were performed using inductively-coupled plasma mass spectrometry

(ICP-MS), also at the GeoAnalytical Lab.

Eleven samples were dated using Ar/Ar dating methods in the College of Oceanographic

and Atmospheric Science Noble Gas Mass Spectrometry Lab housed at Oregon State University.

Samples were chosen based on their location on the edifice, relative freshness as determined by

optical microscopy, and chemical composition. These samples were crushed in a disc grinder and

sieved using 18, 25, 50, and 100 mesh sieves in order to separate plagioclase, biotite and

groundmass (see Table 7). Samples were washed in distilled water and run through a Frantz

magnetic separator. Plagioclase crystals were washed in a very dilute HF solution to remove excess

glass. Biotite and groundmass were washed in distilled water only. All separates were handpicked

thoroughly under magnifying lenses to ensure sample purity. Approximately 100 mg of each sample

were wrapped in Cu-foil, loaded into quartz vials and sealed in standard Al tubes. The tubes were

irradiated at the Triga Reactor, Oregon State University with neutron flux monitored as a function of

position via standards in the tube for use in age calculation.

All samples were analyzed using a MAP 215-50 rare gas mass spectrometer at the Noble

Gas Laboratory. Ar gas was released using incremental heating methods from Duncan and Hogan

(1994) in a Ta-resistance furnace. Temperatures were monitored and controlled with a

programmable power supply thermocouple system. Masses 35 to 40 and intervening baselines were

measured during 10 sweeps with <10% peak decay per analysis. All samples were corrected for

furnace blanks taken at the beginning, end and during the sample runs. After the isotopic



Table 7. Representative analyses of selected major and trace element from Volcan Aucanquilcha, Chile.
Element
(wt%)

AP-00-54
Azufrera

AP2-00-46
Azufrera

AP2-00-64
Azufrera

AP2-00-24
Azufrera

AP2-00-68 AP2-00-100 AP2-00-71 AP-00-28 AP2-00-92
Negro

AP-011-77
Angulo

AP2-00-51
Angulo

AP2-00-60
Angulo

AP2-00-76
Angulo*

S102 66.0 64.9 64.3 65.9 57.4 65.9 66.8 63.7 63.7 63.7 59.4
AI1O, 16.3 16.1 16.5 16. 17.0

TiO2 0.6 0.6 0.7 0.8 0.7 0.6 0.8 0.6 0.5 0.7 0.7 0.6 1.1

FeO* 3.5 3.8 4.1 5.2 4.3 3.7 5.9 3.8 3.1 4.5 4.3 3.9 6.2

MnO 0.06 0.06 0.06 0.07 0.07 0.07 0.09 0.06 0.05 0.07 0.08 0.07 0.09
CaO 3.8 4.0 4.0 4.9 4.4 3.6 7.1 3.7 3.5 4.7 4.5 4.4 5.9

MgO 1.8 1.9 1.9 2.6 2.1 1.5 2.9 1.7 1.5 2.3 2.0 1.7 3.3

K ,O 3.2 3.0 2.9 2.4 2.9 3.3 2.1 2.9 2.9 2.6 2.7 2.7 2.3

Na2O 4.2 4.3 4.2 4.2 4.4 4.2 3.8 4.4 4.6 4.4 4.4 4.4 4.1

P1O5 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3

Total 99.7 98.8 98.8 98.6 100.0 99.5 97.4 99.4 99.6 99.6 99.3 98.3 99.7

Element
(ppm)

AP-00-54
Azufrera

AP2-00-46
Azufrera

AP2-00-64
Azufrera

AP2-00-24
Azufrera*

AP2-00-68
Rodado

AP2-00-100
Rodado

AP2-00-71
Rodado

AP-00-28 AP2-00-92
Negro

AP-00-77
Angulo

AP2-00-51
Angulo

AP2-00-60
Angulo

AP2-00-76
Angulo*

Sr 474 559 477 618 5

Zr 157 165 164 175 168 190 108 145 142 146 157 153 171

Nb 8.1 8.2 8.5 8.7 8.9 10.0 6.0 5.9 6.7 7.3 7.9 7.7 9.4

Cu 11 28 20 41 32 1 40 35 42 21 9 5 38

Data derived from XRF analyses of whole rock samples. * indicates queched mafic inclusion.

Rodado Rodado Rodado* C. Neero C.

61.2 644
7 16.6 165 17.1 16.0 16.4 16 1 169 16.6

C. Neero C.
513 484 714 552 578 568 560 550 67
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measurement were made, ages were calculated using ArArCalc V2.2 (Koppers, 2002), correcting for

blanks between 2-4 blanks per analysis, typically at room temperature, -800°C, 1100°C and

1400°C.

Results

Field Descriptions

Lavas from Volcan Aucanquilcha (Figure 11 and 12) are medium to dark grey, steep

fronted dacite flows that rarely have traveled more than -3-4 km from their vents. Most flows issued

from summit vents, although the two small domes on the northwestern flank (Cerro Cumbre Negro

and Summit 5867) are likely flank vents. Based on stratigraphic relationship, morphological and

lithological character of the eruptive products, we have mapped four units at Aucanquilcha. From

oldest to youngest, we name these the Azufrera, Rodado, Cumbre Negro and Angulo stages (Figure

12).

Azufrera Stage

The Azufrera stage makes up most of the main edifice of Volcan (Figure 3 and 4); more

than half of it is buried by more recent deposits. Two vents of the Azufrera Stage (Figure 12) are

exposed: one, located at the 6116 in summit, fed most of flows, and a second vent, located on the

northern flank at the 5857 in summit, produced a long flow that extends to the northwest as well as

at least two other smaller flows.

Flows of the Azufrera Stage are typically blocky dacite with steep, 20-m flow fronts and

blocks -1-3m in diameter. Many are moderately altered with oxidation rinds. One unusually long

flow reaches as far as 6 km to the southwest (Figure 12). There is no evidence in the Azufrera Stage

for any explosive activity, but more than 50% of the original edifice is obscured and airfall ash

deposits could have been removed by glacial erosion. The Azufrera Stage is the most glaciated of

the eruptive stages at Aucanquilcha. An extensive cirque is located on the south side of the Azufrera

Stage, with glacially polished lava flows flooring the cirque. In addition, there are at least three

moraine deposits on the Azufrera portion of the edifice (Figure 12). However, it appears that only

small amounts of material has been removed by glaciation as most flows can be mapped back to

their source. The Azufrera Stage has experienced the most intense hydrothermal alteration of all

stages at Aucanquilcha (Figure 12). Large portions of the highest summits contain abundant native

sulfur deposits that form broad talus slopes in the saddles between the Azufrera and Angulo

summits (Figure 11). Sulfur was mined as recently as 1994 for acid production of oxides at

Chuquicamata.

Rodado Stage





The Rodado Stage edifice is built on the eastern slopes of the Azufrera Stage edifice and

one vent is identified at the 6073-m summit (Figure 11 and 12). Lavas from the younger Angulo

Stage obscure those of the Rodado Stage. Rodado flows are platy-to-blocky with steep flow fronts

and are generally thicker (20-50 m) than Azufrera lavas. They are less weathered with thinner

oxidation rinds than older lavas, however, zeolites and chlorite are found in <5% of the samples.

The Rodado Stage has less native sulfur deposits at the summit compared to the Azufrera Stage.

There is less evidence for glaciation during the Rodado Stage, but some moraine deposits exist on

the southern side of the edifice. Lavas collected from near the 6073 in summit vent are among the

few vesicular samples found on the volcano. The lavas of Cerro Chinchilla are the oldest flows of

the Rodado stage but the source of these lavas is unclear (Figure 12). They are the only lavas

associated temporally with Volcan Aucanquilcha that do not contain amphibole.

The most distinctive volcanic feature of the Rodado Stage is the -35 km2 debris avalanche

deposit that extends from a steep scarp near the eastern summit of the volcano into the Salar de San

Martin 0 Carcote (Figure 12). This deposits has the distinctive "hummocky" topography associated

with volcanic debris avalanches such as those found at Mt. St. Helens, WA (Glicken, 1996) and

Volcan Ollague (Feeley et al., 1993). The debris avalanche at Aucanquilcha covers an area

approximately 50% of the area of the 1980 Mt. St Helens debris avalanche (Glicken, 1996) and 33%

of the avalanche deposits at Ollague (Feeley et al., 1993). Assuming a thickness of -10 meters, 0.35

km3 of material were mobilized during the debris avalanche.

Cumbre Negro Stage

The main vent for Cumbre Negro lavas is a summit at 5670 in referred to as Cerro Cumbre

Negro (Figure 12). At least four flows can be traced to this vent, most of which extend <1 km to the

northwest. Flows from Cumbre Negro tend to be thick (40-60 m) with very steep flow front,

indicating that Cerro Cumbre Negro was a dome-type structure. Most of the flows have a weathered

and hydrothermally altered rind, but no native sulfur deposits exist on Cerro Cumbre Negro. A

cirque with moraine deposits sits on the northeast side of the dome, between Cumbre Negro and a

flow of Azufrera age.

The Cumbre Negro stage makes up fraction of the volume of Volcan Aucanquilcha,

constituting only 0.7 km3 of material, but it is significant in that it contains the only identified

pyroclastic flow from Aucanquilcha. The pyroclastic flow deposit of the Cumbre Negro Stage

extends -10 km to the northwest of the summit and covers -34 km2. This flow was previously

identified as a debris avalanche deposit but lacks the hummocky terrain typical of debris avalanches

(Francis and Wells, 1988). Instead, the deposit is characterized by large blocks (1-5 in in diameter),

some of which have radial joints with an ashy to sandy material between blocks. The pyroclastic

flow initiated from the Cumbre Negro dome based on tracing the flow to its source and we interpret

it to have resulted from a Merapi-type dome collapse (Francis, 1989). A volcanic block from the
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distal end of the flow that has a K-Ar age of 0.6±0.4 Ma (Tomlinson et al., 1999). The composition

and modal mineralogy like flows from the Cumbre Negro Stage. With an average thickness of -20

in for the deposit, the pyroclastic flow represents -0.7 km3 of material.

An lgu o Stage

The most recent volcanism at Aucanquilcha, the Angulo Stage, erupted between the

summits of the Azufrera and Rodado Stages (Figure 11 and 12) with most flows trending to the

south. Flows from the Angulo Stage are long, traveling between 4 and 9 km from the vent. These

blocky lava flows are thin, averaging between 15-20 in, except for the large flow that extends due

south of the main summit (Figure 12) and is at least 50 in thick in some locations. Most flows from

the Angulo stage erupted from vents along a -1 km northwest trending ridge that contains the main

summit of Aucanquilcha at 6176 in (Figure 12). To the northeast of the ridge, there is a crater that

likely fed some Angulo flows on the northern flank of the volcano (Figure 12). One of the oldest

flows of the Angulo Stage extends along the Rio Chaihuiri drainage for almost 9 km, about two-

thirds the length of the Chao Dacite, one of the longest dacitic coulees in the world (DeSilva et al.,

1994), but the Aucanquilcha flow is much thinner than the Chao flow.

Some lava flows bury glacial deposits, indicating possible recent activity. A small moraine

is preserved on the southern flank of the volcano (Figure 12), but otherwise little evidence for

glaciation exists. Weak fumarolic activity is observed in the mine works at the summit of

Aucanquilcha. Angulo lavas have very thin weathering rinds, but the summit region contains sulfur

deposits near the active fumaroles.

40Ar/39Ar Geochronology

At Volcan Aucanquilcha, we have done 40Ar/39Ar dating of samples from each stage of

volcanic growth. These age determinations are then used to constrain the rates of eruption at Volcan

Aucanquilcha over its history. In evaluating the ages of samples, we applied the following

acceptability criteria, modified from Frey et al. (2004): (1) greater than 50% of the 39Ar is released

in the adjoining steps that define the plateau; (2) plateau ages and isochron ages are within 5% of

each other; (3) the mean square of the weighted deviations (MSWD) for the steps are below 2.0; (4)

the intercept of 40Ar/36Ar for the isochron using all heating steps is within 10% of the atmospheric

value (295.5±29.55).

Plateau, normal isochron and total fusion ages were determine using ArArCalc 2.2

(Koppers, 2002) and are summarized in Table 8 and all errors reported are 2a. Using these criteria,

five samples meet all criteria, while three samples meet three of four criteria. All but one of the 12

samples analyzed (AP2-00-28) yield plateau ages, which we prefer (see bold in Table 8). In the case

of three samples, the plateau age and isochron age differ by more than 5%, the largest being a



UTM All Steps Plateau Steps

Sample Stage Material Coordinates Total Isochron MSWD '°Ar?Ar Lsochron 1!SWD '0Ar/3 Ar Steps Plateau MSWD %'°Ar
N W Fusion Age (Ma) Age (Ma) Age Released

Age (Ma) (Ma)

AP-00-54 Azufrera 1liolite 7655.5 556.2 1.1010.05 0.97±0.04 1.05 301.2±3.2 0.98±0.01 0.96 299.6±0.02 4-7 1.02±0.03 1.51 98
AP-00-81 Azufrera Plag. 7650.9 561.2 1.17-1.0.08 0.92±0.19 26.52 300.1±23.7 0.96±0.07 0.75 256.2±51.8 3-7 0.92±0.04 0.95 87
AP2-00-46 4zufrera Biotite 7653.0 553.4 1.08±0.02 1.01±0.03 2.04 305.2=5.6 1.02±0.06 0.58 300.4±14.2 5-8 1.04±0.01 0.55 93

AP2-00-64 Azul'rera Gins 7655.5 555.3 0.95±0.01 0.92±0.05 2.59 309.7.±23.7 1.01±0.13 1.20 260.7±72.2 2-5 0.95±0.02 1.33 68
AP2-00-68 Rodado Plag. 7656.2 557.8 1.14±0.03 0.90±0.15 26.20 306.8±37.0 0.89±0.13 0.35 284.9±112.6 3-5 0.89±0.03 0.94 57

AP2-00- Rodado Plag 7653 3 557 7 28±01 06 79±00 13 5 99 316.417.6 0.83±0.13 1.79 309.6±27.7 4-6 0.89±0.06 1.96 55
100

. . . . . . . .

0.05±0.12

Table 8.40Ar/39Ar ages for Volcan Aucanquilcha, Chile

AP2-00-92
Negro

Plag. 7655 2 550 5 1 46±0 09 0 78±0 38 10 68 305 0±13 4 1 28±0 50 1.83 283 2±23 5 5-7 1.02±0.11 1 89 53

AP-00-28 C.
oNegr

Plag. 76548 5498 0.79±0 09 0.45±0.07 1.09 305.2±2.8 0.47±0.07 1.09 305 2±2.8 1-8 0.61±0.11 6.37 89

AP-00-77 Angulo Plag. 76461 5518 1.20±0 09 0.56±0.30 11.39 336.1±30.5 0.62±0.41 1.72 302 9±88.6 4-6 0.66±0.10 1.72 58

AP2-00-51 Angulo Plag. 7651 6 553 8 0.45±0 05 0.15±0.28 14.56 351.3±58.6 0.27±0.23 0.88 279 3±113.5 4-7 0.24±0.05 0.77 72

AP2-00-60 Angulo Gms 7653 7 555 4 1.09±0 17 0.73 306.5±2.3 0.15±0.25 0.00 300 7±0.06 3-5 0.33±0.08 1.27 59

Dates from lava samples. Preferred ages are listed in bold type. Abbreviations are gins = groundmass; plag = plagioclase



modest 24%. This sample, based on field relationships, is the one of youngest lava flows on

Aucanquilcha. Three samples only meet two of four. In one case, the lack of useable plateau makes

it impossible to compare plateau and isochron ages, although 89% of 39Ar gas was released in the

steps that define the isochron and the 40Ar/39Ar intercept for these steps is within 90% of the

atmospheric value. In the other two samples, plateau ages and isochron ages do not match within

95% and the 40Ar/39Ar intercept for those steps that is greater than 5% (but less than 20%) from the

atmospheric value. This might be the result of older phenocrysts in the separate. Although these

three samples provide less than ideal ages based on the four criteria, they do not fall out the range of

ages for Volcan Aucanquilcha

Based on field mapping and supported by the ages collected for Volcan Aucanquilcha, the

volcano has been active for at least 1.04 million years. The Azufrera Stage spans from 1.04 to 1.00

Ma. It is followed by the Rodado Stage, 0.92 to 0.88 Ma, directly to the east. The Cumbre Negro

Stage does not have a well-defined age range ('-0.9 to 0.47 Ma) but likely erupted around 0.6 Ma

based on the K-Ar age of the volcanic block in the pyroclastic flow deposit (Tomlinson et al., 1999).

The youngest stage, Angulo, began as early as -0.66 Ma and lasted until 0.24 Ma, but most of its

activity between the main summits is between 0.35 and 0.25 Ma.

Previously collected ages for Aucanquilcha fall within the same age range as those

collected for this study. Womer et al. (2000) reported K-Ar ages of 0.78±0.12, 0.52±0.12 and

0.40±0.20 Ma for Aucanquilcha. These data are consistent with the eruptive sequence for the

volcano developed here based on new Ar-Ar data.

Composition

Petrography

Volcan Aucanquilcha has produced monotonous two amphibole-biotite dacite lavas

regularly over the past 1.05 m.y. These lavas have little variation in modal mineralogy and chemical

composition, especially when compared to similar nearby volcanoes such as Volcan Ollague (Feeley

et al, 1993; Feeley and Davidson, 1994; Figure 13). Overall, lavas erupted at Volcan Aucanquilcha

contain a phenocryst assemblage of plagioclase > amphibole > biotite > ortho- or clino-pyroxene >

Fe-Ti oxides. Rare quartz, sanidine and olivine are found in some lavas, while zircon and apatite are

common as accessory phases. Crystal contents for most flows range between 25-40% by volume

and most samples show little evidence of alteration. Phenocrysts are typically 0.2 mm to 5 mm in

size. Two amphibole compositions occur in all Volcan Aucanquilcha lavas as both pargasite and

hornblende, according to the classification of Leake et al. (1997). For the purposes in this study, all

pargasite and hornblende will be referred to the generic term amphibole. Groundmass assemblages

are dominated by plagioclase > amphibole > pyroxene > Fe-Ti oxides. Texturally, most

Aucanquilcha lavas have a classic porphyritic texture, with microcrystalline to intergranular
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Figure 13. Silica versus K20 for the Central Volcanic Zone and Volcan Aucanquilcha
Data for Ollague from Feeley and Davidson, 1994, for CVZ from Deniclle et al. 1995,
Worner et al., 1994, W orner et al., 1988, deSilva, et al., 1994, Feeley and Davidson, 1994,
Richards and Villeneuve, 2001 and Costa and Singer, 2002.
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aphanitic groundmass. Rarely, the groundmass has a vitrophyric texture. Mafic inclusions found in

most flows are one of two textural classes: sparsely porphyritic to glomeroporphyritic with

intergranular aphanitic groundmass and equigranular with dikytaxic plagioclase crystals. These

inclusions have a wide range of crystal content, from <10% to -100% and vary in size from 1 to 30

cm in diameter. They are ubiquitous in most flows and are especially abundant in Azufrera and

Angulo age lavas, while they are sparser in Cumbre Negro age lavas.

Plagioclase crystals exhibit a range of reaction textures including spongy cellular cores,

inclusion-rich crystals, zoned crystals and clear rims. Amphibole occurs as euhedral and anhedral

crystals that have thin, dark opacite rimes. Approximately 10% of crystals are cored with other

phases (such as biotite or amphibole) and -35% of crystals have thick rims (composed of pyroxene,

plagioclase and oxides). Most biotite phenocrysts are rounded with thick oxide rims and abundant

inclusions. Clinopyroxene and orthopyroxene crystals both tend to be small and euhedral and are

found typically in glomerocrysts with plagioclase. Fe-Ti oxides such as magnetite and ilmenite are

very small (<0.5 nun) and most exhibit lamellae of ihnenite in magnetite crystals, although all

samples contain some coexisting pairs that are unreacted.

When examining each volcanic stage, Azufrera Stage dacite have -30 vol% crystals,

characterized by a plagioclase > amphibole > biotite > Fe-Ti oxides > clinopyroxene >

orthopyroxene. There is also quartz with ocellar rims and sanidine along with trace apatite and

zircon. In more than half of samples, clinopyroxene exceeds orthopyroxene; otherwise the two

pyroxenes are equal and one sample has no pyroxene. The groundmass of lavas is dominantly

plagioclase > Fe-Ti oxides > amphibole with minor ortho- and clinopyroxene. Small (<1 to 5 cm),

mafic inclusions occur in less than 10% of Azufrera lavas. In a single inclusion, plagioclase is

subordinate to amphibole with an intergranular texture, which is the only such occurrence of such an

assemblage at Aucanquilcha.

Rodado Stage flows are the most crystal rich found at Aucanquilcha, averaging -35 vol%

crystals with a typical assemblage of plagioclase > amphibole > biotite > clinopyroxene >

orthopyroxene > Fe-Ti oxides. These lavas have the most variable modal mineralogy among the

Aucanquilcha emptive stages and a higher proportion of pyroxene relative to hydrous phases.

Amphibole in Rodado lavas have the same variety of textures and compositions as found in the

Azufrera Stage lavas. Two lava flows and one inclusion from the Rodado Stage have little to no

pyroxene but proportionally more amphibole. Trace amounts of zircon and apatite are found in most

samples and there are rare occurrences (in <5% of samples) of armored quartz. The groundmass

assemblage is typically plagioclase > amphibole > Fe-Ti oxides. Quenched mafic inclusions occur

in 15-20% of Rodado flows and are typically less than 5 cm in diameter.

Cumbre Negro Stage flows have -32 vol% crystals and have the most consistent modal

proportions of any stage. Lavas typically are a plagioclase > amphibole > biotite > clinopyroxene >

orthopyroxene > Fe-Ti oxides assemblage. The proportions of amphibole and biotite, relative to



pyroxene, are higher than any other stage. There are rare occurrences of clean quartz and sanidine in

Cumbre Negro lavas, and all samples have trace zircon and apatite. The groundmass consists of

plagioclase > Fe-Ti oxides > amphibole. Small (<1 cm) mafic inclusions occur sparsely in Cumbre

Negro lava flows.

All Angulo lavas have a crystal content of -30 vol%. Two modal assemblages are found in

the Angulo Stage lava flows. Amphibole-dominant lavas are slightly more than half of the flows

sampled and have an assemblage of plagioclase > amphibole Z biotite Z clinopyroxene >

orthopyroxene > Fe-Ti oxides. In contrast, pyroxene-dominant lavas have biotite and pyroxene

subordinate to amphibole. All pyroxene-dominant samples occur on the western side of the Angulo

Stage, while all amphibole-dominant lavas are distributed on the southeastern side (Figure 12).

Where dominant, amphibole is typically twice as abundant as pyroxene, which is absent in some

samples. The groundmass of amphibole-dominant lavas are typically an assemblage of plagioclase >

amphibole > Fe-Ti oxides, while in pyroxene-dominant lava, pyroxene replaces amphiboles as the

second-most abundant phase. Both types of Angulo lavas have a higher occurrence of quartz and

sanidine than other stages, and -40% of the samples contain conspicuous trace zircon and apatite.

The Angulo Stage has the greatest abundance of quenched mafic inclusions, found in nearly 25% of

flows sampled. Most of the inclusions are 5-10 cm in diameter, but some can be in excess of 30 cm.

Quenched Inclusions

Mafic inclusions at Aucanquilcha typically exhibit quenched textures, indicating that they

were liquid when entrained into the erupted lavas. These textures include cuspate and crenulated

boundaries, fine-grained (quenched) oxidized rims and vesiculated interiors. Less than 10% of

quenched inclusions sampled have boundaries of interlocking crystals that cross the boundary

between the host and inclusion. These inclusions are typically more oxidized and smaller (1-3 cm)

than the more typical inclusions.

Chemical Composition

Lavas from Aucanquilcha comprise a high-K dacitic suite that ranges from 62 to nearly 68

Wt% SiO2 (Table 7) and fall within the field of other CVZ volcanoes (Figure 13). For the suite as a

whole, K2O and Na2O increase while CaO, FeO, MgO, A1203, TiO2, and P2O5 decrease with

increasing SiO2 content (Figure 14). Zr and Nb content vary according to eruptive stages (Figure

15). More than half of the lavas sampled fall between 64-65 wt% SiO2, regardless of age or location

on the edifice. Additionally, The compositional gap between erupted lavas and inclusions at

Aucanquilcha is small, ranging between 4 to 9 wt% SiO2, and, in general, the quenched inclusions

extend the trends formed from the lavas to lower silica contents (Figure 13).

Azufrera Stage
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The lavas erupted during the Azufrera Stage are among the more silicic lavas erupted at

Aucanquilcha. Silica content range from -65 to 67 wt% while K2O content vary from 2.5 to 3.2

wt% (Figure 4). This range in K2O encompasses most of the variability at the volcano, and is much

wider than variability observed in the other eruptive stages.

Rodado Stage

Rodado Stage lavas have a more limited range of silica content (64-66 wt%) compared to

the Azufrera and Angulo Stages. The Rodado Stage can be differentiated from other eruptive stages

at Aucanquilcha due to its higher increase in K2O (wt%) with increasing SiO2 (wt%), especially the

subsequent Cumbre Negro and Angulo Stages (Figure 14). K2O (wt%) values are similar to other

stages at 64 wt% SiO2, but increase at a rate of 0.28 wt% K2O per 1 wt% SiO2, compared to a rate of

0.15 wt% K2O per 1 wt% SiO2 for later stages. Zr and Nb mimic the sharper increase of K2O with

silica (Figure 15). Note that the mafic inclusion from the Rodado Stage falls in the same field as

other inclusions (Figure 14) in regards to most elements except Zr, Nb, TiO2 and P2O5 (Figure 14

and 15) and is texturally less quenched than other Aucanquilcha inclusions.

Cumbre Negro Stage

Lavas of the Cumbre Negro stage have the highest silica content (66 to 67 wt%) at

Aucanquilcha and K2O content of -3.0 wt% (Figure 14; Table 7). Cumbre Negro lavas are, in

general, the most depleted in FeO', Zr and Nb and the most enriched in Na2O and Cu. They tend to

fall on the same compositional trends as Angulo Stage lavas with which they are likely

contemporaneous. Cumbre Negro lavas contain a greater proportion of hydrous phases.

Angulo Stage

Angulo Stage lavas span from -62 to nearly 68 wt% SiO2, covering a larger range than any

other eruptive stage but has a restricted K2O range (2.5 to 3.0 wt%; Figure 14). This trend is

mimicked by the Cumbre Negro Stage lavas also. A majority of Angulo Stage lavas is less silicic

than the previous eruptive stages (< --64 wt% SiO2). These lavas tend to be enriched in Sr and

depleted in Zr compared to other eruptive stages.

Discussion

The growth of Volcan Aucanquilcha is marked by the production of remarkably

monotonous dacite lava over the course of over 1 m.y. These lavas almost exclusively erupted as

effusive flows, with little evidence for explosive eruptions. This repeated, similar activity likely

represents a system that has reached a "balance" composition that can be reproduced with over long

periods. Volcan Aucanquilcha has formed in a long-lived volcanic complex where the crust is likely

been thermally matured and reworked (Grunder et al., 2005). This could lead to well-established

conduits and magmatic plumbing under Aucanquilcha needed to produce the dacite over the last

million years.



This discussion will have five main pieces: (1) the eruptive volumes and history of Volcan

Aucanquilcha; (2) eruptive rates at Aucanquilcha and other dacite and arc volcanoes worldwide; (3)

an examination of effusive versus explosive dacite eruptions; (4) a comparison of "balance" and

"variable" composition volcanoes, especially Volcan Ollagae; and (5) analysis of vent alignment of

Holocene CVZ volcanoes. Overall, Volcan Aucanquilcha represents the product of long-lived

volcanism in thick continental crust. However, it is because of crustal weaknesses in the AVC that

Aucanquilcha was able to erupt; otherwise, this volcano may have remained a shallow pluton.

Eruptive Volumes

Previous studies (Hildreth and Lanphere, 1994; Hildreth et al., 2003; Frey et al., 2004)

have shown the usefulness and effectiveness of 40Ar/39Ar geochronology in not only determine the

age of lavas precisely (s 5 k.y.), but also to then use this data to determine the eruptive rates through

time of a volcanic edifice. We have reconstructed the eruptive volumes and rates of Volcan

Aucanquilcha for each stage for the duration of its activity. Each stage was converted into a shape,

taking into account the assumed underlying material erupted in previous stages. A topographic

baseline of 4600 in was chosen to estimate the volume based on the break of slope of the lowest

portion of the flows. Each piece was modeled as a cone or wedge, and then the volume of each piece

were totaled to determine the final volume of each stage. The lack of digital elevation models of

sufficient resolution made it impossible to employ GIS techniques for the calculation of volumes.

The and climate in the Andes during the past 1 Ma (Galli-Oliver, 1967), the relatively fresh

appearance of many of the flows and the lack of extensive glacial deposits on Aucanquilcha indicate

that little erosion has occurred during its existence, so no correction of these volumes was

performed. The volumes calculated here should be considered overestimates with an error of 10-

15% due to the irregular surface of many flows and unknown base to some flows. Also, the effect of

erosion (such as minor arroyos and glacial features on edifice) was ignored as being minimal in the

and climate of northern Chile.

The Azufrera Stage erupted 21 km3, while all three following stages are -16 km3. The

Rodado stage erupted 9 km3, the small Cumbre Negro dome erupted less than 1 km3 and the

youngest Angulo Stage added -6 km3 (Table 9; Figure 16). The Azufrera Stage volume includes the

small lava flows that extend to the northwest and southwest of the main edifice and the Angulo

Stage volume includes the Rio Chaihuiri lava flow. These estimates do not include volumes of

material that are part of the Rodado debris avalanche deposit or the Cumbre Negro pyroclastic flow

deposit, and these events likely represent <0.5 km3 of material each.

Eruptive Rates

The overall growth curve for Aucanquilcha falls is bracketed by the hypothetical

maximum, average and minimum growth curves (Figure 16) based on the eruptive rates determined
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Table 9. Eruptive stages of Volcan Aucanquilcha

3 Eruptive Rate
Stage Age Range (Ma) Lifespan (Ky.) Volume (km) (km3lk.y.)

Azufrera 104-0.92 120 21.10.18
Rodado 090-0.85 50 9.1 0.18

Cumbre Negro 0 60-0.45 150 0.7 0.005

Angulo 0 55-0.25 300 5.8 0.02

TOTAL 1 04-0.25 850 37.7 0.04
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Mineral
Assemblage

Si02 (wt%)
Range

K20 (wt%)
Range

px 64 4-67 2 2.5-32
ox 64 8-66 2 2.8-3 3
ox 66 2-67 2 2.9-3 1
ox 62 7-66 2 2 5-3 0ox

62 7-67 2

.

2.5-3 3

Eruptive stages derived from field observ logy and composition See Figure 12 for mapped extent Abbreviations are p1= plagioclase; am =
amphibole; bi = biotite; ox = oxides; opx cpx = clinopyroxene
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from Ar-Ar ages and volume estimates presented here. The evolution of the volcano was punctuated

by rapid growth of the edifice during the first two stages (Azufrera and Rodado) followed by much

slower growth during the Cumbre Negro and Angulo stages. Using ages obtained for lava flows at

Aucanquilcha to constrain its activity and volumes calculated for each stage, eruptive rates can be

determined for each stage of growth of the volcano. Before these calculations can be performed, one

must consider the range of durations for each volcanic stage. The error on ages obtained provide for

some variability in the potential time in which the lava flows were erupted, so each eruptive stage

was assigned an upper and lower age for its beginning and end (Table 9). The duration chosen for

the stage is based on these ages, along with other evidence, such as stratigraphic constraints, and is

typically the near the midpoint of the two end member durations. The total volume of each stage

was then divided by the duration to determine the km3 per k.y. throughout the history of

Aucanquilcha.

The average growth curve (Figure 16) indicates that Aucanquilcha experience rapid growth

for the first 200,000 years of its activity but since then, activity has waned greatly. The eruptive rate

for the Angulo Stage is --0.18 km3/k.y. over 120,000 years, the same rate as the Rodado Stage over

the following 50,000 years. There appears to be a period of dormancy between the Rodado and

Cumbre Negro stages that lasted almost 200 K.y., although currently available ages do not preclude

activity in this interval. The duration of the Cumbre Negro Stage, 150,000 years, is below the lower

estimate based on the range of ages (-360,000 years), but based on stratigraphic evidence and the

extent of alteration, most of the dome was likely erupted in a shorter interval around 450,000 to

600,000 year BP. In any case, any activity would be minor. This would result in an eruptive rate of

0.005 km3/k.y., but this rate is the most uncertain on the edifice. The Angulo Stage eruptive rate of

-0.02 km3/k.y. over 300,000 years is one-ninth that of the Azufrera or Rodado Stage.

Volcanic Evolution of Aucanauilcha

The total volume of erupted material produced at Volcan Aucanquilcha is -37 km3 (Table

9). The growth of Aucanquilcha is divided into two periods: the cone building period of the

Azufrera and Rodado stages (-1.05 to 0.85 Ma) that erupted 30 km3 of lava and the post-cone

period of the Cumbre Negro and Angulo stages (-0.7 to 0.2 Ma) that added an additional -7 km3

Over 80% of the edifice was constructed in the first 200 k.y., with only minor additions since then.

The following is a summary of the volcanic activity at Aucanquilcha since 1.05 Ma.

Volcan Aucanquilcha has generated amphibole-biotite dacite lavas with andesite mafic

inclusions exclusively. Compositionally, this dacite is remarkably monotonous, lavas varying only

by 6 wt% silica and -1 wt% potash, over the past 1 m.y., and within each eruptive stage, silica

contents are even more limited (Figure 14). The maximum difference in silica content for an

inclusion-lava pair is <10 wt% silica (Figure 14). Overall, although there is variation that can be

used to differentiate eruptive stages, these differences are minor compared to the overall variation



and compared to differences at other nearby arc volcanoes such as Volcan Ollague (Feeley and

Davidson, 1994).

In its early history (Azufrera Stage), starting at 1.05 Ma, the volcano looked like a typical

stratovolcano, such as nearby Volcan Ollague, producing blocky lavas around a central set of vents

(Figure 17). This indicates that these lavas likely erupted as relatively passive coulees, possibly

similar to activity at Mt. Unzen in Japan (Sato et al., 1992) or Mt. Dutton in Alaska (Miller et al.,

1999). This trend of effusive dacite flows would continue throughout the history of Aucanquilcha

and is by far the dominant mode of eruption for the volcano. Much of the main summit area of the

Azufrera stage has experienced significant hydrothermal alteration, and this alteration occurred soon

after the Azufrera Stage activity, as the following stages have not experienced such intense

alteration.

The Azufrera Stage represents nearly 60% of the edifice building at Aucanquilcha, and

after this activity ceased at --0.95 Ma, the active vents migrated to the east during the Rodado Stage

starting at -0.90 Ma. The Rodado Stage, although less than half of the volume of the Azufrera

Stage, is the other significant cone-building stage and represents -25% of the edifice (Figure 17).

Morphologically, the Rodado Stage is very similar to the Azufrera Stage, with small, blocky lava

flows issued from a pair of summit vents. There is also a large scarp carved into the easternmost

flank of the volcano, with a debris avalanche deposit extending from its base into the northern edge

of the Salar de San Martin 0 Carcote. Although no dates exist for this deposit, it likely no older than

0.9 Ma, and considering there is little evidence of healing flows in the scarp, it is likely no older

than -0.85 M.y. old as it could postdate volcanic activity. The debris avalanche likely was initiated

by slope instability rather than an eruption.

The next period of activity preserved on the edifice was the small westerly Cerro Cumbre

Negro dome (Figure 17). These small, short flows issued from a flank vent, filling what could be a

scarp or glacial cirque on the side of the Azufrera Stage. Although only < 2% of the volume of the

edifice, the Cumbre Negro Stage contains the only pyroclastic flow preserved at Aucanquilcha. This

flow has characteristics is consistent dome-collapse Merapi-style flow similar to pyroclastic flows

found at Mt. Unzen (Sato et al., 1992). Combined with the lack of evidence for explosive eruption at

Aucanquilcha, this dome-collapse pyroclastic flow deposit indicates that the dacite being erupted

was effectively degassed before eruption.

The most recent activity at Aucanquilcha (Angulo Stage) migrated to the east of the

Cumbre Negro Stage, and erupted from one to two vents located between the Azufrera and Rodado

(Figure 17). Angulo Stage activity may have started as early as 0.66 Ma, as the Rio Chaihuiri flow

can be traced to the base of the younger Angulo flows but its vent location is unclear. The bulk of

the Angulo Stage activity formed flows that cascaded down the south flank of the volcano, with a

few short flows moving down the northern slope. In total, these flows only account for -15% of

lavas erupted. No evidence exists for explosive eruptions during the Angulo Stage. There is some
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hydrothermal alteration (as sulfur deposits) at the Angulo stage summit, and active fumarolic

activity indicates that the alteration is ongoing, although minor compared to the alteration of the

Azufrera stage.

Comparison of Eruptive Rates at dacite volcanoes

Overall, during the 804,000 years of activity spanning from 1.04 Ma to -200 Ka,

Aucanquilcha has had an average eruptive rate of 0.04 km3/k.y. Many of the more explosive

volcanoes, such as Mt. Mazama, Redoubt Volcano, Mt. St. Helens and Lassen Peak have eruptive

rates of nearly twice that of Aucanquilcha. At other dominantly effusive volcanoes, such as Mt.

Unzen and Volcan San Pedro, eruptive rates are four times as high as Volcan Aucanquilcha.

However, both of these volcanoes are less than half as old as Aucanquilcha, and if the first 200,000-

500,000 years of activity are used as a comparison, the eruptive rates would be very similar between

these centers. Many of the longer-lived volcanic centers, such as Kizimen, Volcan Ollague and

Volcan Llullaillaco, along with Aucanquilcha, have much lower overall eruptive rates (Figure 18).

This indicates that when considering dacite systems, volcanic productivity wanes as the volcano

ages. This exhibits the inherent difficulty in comparing volcanic productivity between volcanic

centers: the appropriate slice of each volcano's history must to taken compared otherwise rates are

not comparable.

Average eruptive rates for all compositions at Mt. Adams (Hildreth and Lanphere, 1994)

and Mt. Baker (Hildreth et al., 2003), both with lifespans similar to Aucanquilcha, are five and three

times higher, respectively. However, these average eruptive rates disguise the periods of increased

productivity that can be upwards of forty times higher than the average rate, while periods of

"background" activity can be four times lower than the average rate (Figure 18). Similarly, at

Aucanquilcha, the peak rates of productivity are four times higher than the average rate, while the

lowest rates are eight times lower than the average rates. This might indication less variability in

eruptive rates due to the limited compositional range at Aucanquilcha, but in any case, it again

magnifies the difficulty of making broad statements of volcanic productivity with sufficient ages to

characterize the changes in eruptive rates over its history.

Effusive vs. Explosive Eruptions in Arcs

Sato et al. (1992) attribute this to low ascent rates, allowing for the passive degassing of the

lavas. Eruptive rates for the Cumbre Negro Stage (0.005 km3/k.y.) are the lowest at Aucanquilcha,

and the highest rates (0.18 km3/k.y.) are lower than estimates of peak productivity at more explosive

dacite volcanoes such as Mt. St. Helens (1.2 km3/k.y. for dacite), Mt. Mazama ( >>0.20 km3/k.y.) or

Mt. Adams (up to 3 km3/k.y. for intermediate compositions). All of these volcanoes have experience

significant explosive activity. There are a number of potential factors that have been suggested for

the cause of explosive eruptions, including, but not limited to, crustal thickness and composition,
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Table 10. Co ion of worldwide andesite to dacite volcanoes
Volcano Arc Inclusion A Comp Volume % Eruptive Style

Unzen Japan 128 05 00 62-65

wt% Si

51-59

wt% Si

10-16

Crystals

-35 Domes and with very rare

Dutton Aleutian 15 -1 0.02 62-65 51-54 9-12 35-45 2

Redoubt Aleutian 40 0.88 0.05 59.8 55 -5 n/a 3

St. Helens Cascade 60a -0.05 1.20 47-72 n/a 25-50 4

assen Cascade 40 --0.3 0.13 26-47 5
Pre-Mazama Cascade 20 -0.2 0.10 6

Mazama Cascade 60 0.42 0.15 70.4 61 -9-10 n/a 7

Baker Cascade 161 1.3 0.12 50-74 n/a n/a n/a 8
Adams Cascade 200 -0.94 0.21 47-69 n/a n/a 15-35 9
Kizimen Kamchatka 26 1.1 0.02 63.7 n/a n/a n/a 10
2eboruco Mexico 51 0.8 0.06 64-70 n/a n/a 15-20 h 11
Pinatubo Phillipine -1 64.5 50.5 14 n/a 12

Dilague C. Andes 85 -1 0.09 62-66 53-60 2-11 -15-20 h 13

Lascar C. Andes 35 -0.43 0.08 58-65 55-58 3-10 n/a h 14
Llullaillaco C. Andes 50 -1 0.05 65-67 n/a n/a n/a 15
San Pedro S. Andes 2b 0.01 0.20 61-65 8 51.5-57 4-10 21-24 16
Aucanquilch C. Andes 37 0.85 0.04 66 60 6 30-40
a

eruptive rate estimate as volume over lifespan Data sources are 1 - izuma et al , 1999; 2 - Miller et al , 1999; 3 - Browne (pers comm ); 4 -
Druitt and Bacon, 1989; 8 d L et
al., 1996; 13 - Feeley and 94;
tive products considers; b dac =
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composition of mafic inclusions and host lavas, crystal content, passive magmatic degassing and

thermal input into the systems. We examined these factors at a number of Holocene dacite

volcanoes worldwide (Table 10) and found little correlation with eruptive style and crustal

thickness, crustal composition, crystal content or the difference in composition of inclusions and

host lavas. Although these factors may play a role in producing explosive eruptions, they do not

appear to control whether dacite volcanoes erupt explosively or effusively. Instead, there appears to

be a correlation with two factors: passive magmatic degassing, suggested by extensive hydrothermal

alteration at Volcan Aucanquilcha, promoted by crustal weaknesses and thermal inputs into the

system. Volcan Aucanquilcha is likely situated on lineament based on the linear vent array at the

edifice and within other centers in the AVC. This is similar to the situation at Mt. Unzen, which is

located within a graben (Hoshizuma et al., 1999), and Mt. Hood, which is located at the head of a

rift (Scott et at, 1997). Both of these centers have dominantly effusive eruptions and evidence for

passive degassing of the magmas through alteration. This could indicate that these crustal

weaknesses allow for more effective degassing of the magmas passively, which would limit

explosive eruptions (as suggested by Sato, 1992). However, Crater Lake/Mt. Mazama is located also

located along a deep crustal feature and produced a large explosive eruption (Bacon, 1983). This

disparity might be alleviated by increased flux of hot mafic material underneath Crater Lake due to

its proximity to the basin-and-range province (potentially similar to nearby Newberry Volcano).

What may be needed to produce repeated effusive eruptions is a balance between heat delivery (i.e.,

magma maintenance) and the access to pre-conditioned conduits.

Volcfin Aucanquilcha, in fact, may be an "extruded pluton". The high crystal content,

hydrous nature of the magma and relatively low eruption rates for Aucanquilcha suggest that

eruptions required that well-formed conduits to the surface have pre-existed, such as crustal

lineaments. This is supported by the linear nature of the vents at Aucanquilcha, along with older

centers in the AVC such as Cerro Polan-La Luna, Cerro Tres Monos. Both of these -3.0-3.5 Ma-old

centers have strongly linear vent arrays and have experienced extensive hydrothermal alteration

(Grunder et at, 2005). There is abundant hydrothermal alteration of the main edifice of Volcan

Aucanquilcha, indicating the escape of magmatic fluids or water heated by magma, and it is along

these deep-seated crustal features that lavas may have risen to form the volcano. Otherwise, the low

eruptive rates and monotonous nature of the dacite might indicate low mafic input and the

generation of small batches of magma. Combined with the potentially low density contrast between

the surrounding Andean crust between 5-15 km (silicic plutonic rocks and ignimbrite deposits,

Lucassen et al., 2001) and the dacitic magma, it is likely that the crustal lineaments in the AVC

region allowed lava to erupt to the surface after plentiful degassing, forming this large effusive

volcano. Unlike DeSilva (1989) model for the generation of ignimbrites in similar environments, the

AVC may have much lower mafic input (thus lower thermal input), thus creating smaller batches of

magma that passively degas under Volcan Aucanquilcha.



3alance vs. variable composition: Comparison with Volcan Olla ue

Volcan Ollague, studied by Feeley et al. (1993, 1994), is located 30 km across the volcanic

Front to the east of Volcan Aucanquilcha. It is considered part of the active Quaternary volcanoes in

he Central Andes (DeSilva and Francis, 1991) and has a persistent fumarole at its summit. The

volcano is believed to have been active for approximately 0.9 m.y. (Feeley et al., 1993) and has

produced a wide variety of effusive and explosive eruptions, and has a scoria cone (Parouffita)

temporally associated with the main edifice. Ollague and Aucanquilcha provide a unique

opportunity to compare two Quaternary composite volcanoes in the Central Andes that have similar

longevity in nearly identical geologic settings. The main difference between these volcanoes is the

development of Aucanquilcha within a long-lived volcanic complex, whereas Ollague did not. We

suggest that this long-lived magmatism in the AVC has thermally and compositionally homogenized

the upper crust at Aucanquilcha, allowing for it to produce a "balance" composition of 64-66 wt%

silica hb-bi dacites with remarkably regularity over the past 1 M.y.

The compositional range at Volcan Ollague is much larger than Volcan Aucanquilcha, with

basaltic andesite to dacite lavas (52-66 wt% SiO2) erupted during its -0.9 M.y. history (Feeley et al.,

1993). In general, the peak silica content for Ollague is lower than Aucanquilcha (-61 wt% to 65

wt% SiO2, respectively) and Ollague exhibits a much wider variety of modal assemblages during its

history than Aucanquilcha, with abundant pyroxene in the youngest (Vinta Loma) series and a

higher occurrence of olivine in many Ollague lavas (Feeley et al., 1993). Ollague also has a small

scoria cone associated with it, producing basaltic andesite lava flows, further extending the range of

lavas erupted from the Ollague system. The range of inclusion composition at Ollagiie is very wide,

from 52 to 60 wt% silica (Feeley et al., 1993), compared to Aucanquilcha, where mafic inclusions

are between 57 and 60 wt% silica. The edifice of Ollague is constructed from lava flows and

coulees, but abundant pyroclastic flow deposits are found there and are nearly absent at

Aucanquilcha. This could be related to the lack of a well-developed lineament under Ollague,

preventing effective passive degassing. Feeley et al. (1993) does mention the linear array of flank

silicic domes associated with Ollague, and these effusive features appear to have erupted along

crustal weaknesses. It could be that these have been more degassed as compared to lavas erupted

from the main summit vent. Also, the lack of a long-lived silicic magma chamber or silicic crystal

mushes/plutons underneath at Ollague might allow a more rapid rise of magmas leading to

explosive eruptions (Sato et al., 1992) and, combined with the absence of this "silicic cap," the

eruption of a less homogenous eruptive suite. In comparing Aucanquilcha with Ollague, the

consequences of a volcano forming in a long-lived volcanic complex, where the upper crust is warm

(relative to normal upper crust) by repeated intrusion and replete with silicic plutonic rocks similar

in composition, appears to be the production of monotonous compositions and effusive eruptions

when compared "new" systems like Ollagiie. This thermal and compositional maturation of the
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upper crust by persistent may play a role in the eruptive style and lava composition at other systems

such as Mt. Unzen and Volcan Miflo, Chile.

Vent Alignment in the Central Andes

The vents at Aucanquilcha are aligned in a WNW-trending array. This alignment likely

does not represent an emplacement of linear dike underneath Aucanquilcha, as the vents do not have

a temporal pattern in a specific direction over the history of the volcano. Instead, this linear pattern

likely represents an unexposed crystal structure underneath Volcan Aucanquilcha. When the vent

alignments of 23 volcanoes in the Central Andes (based on airphotos and maps from DeSilva and

Francis, 1991) are plotted on a rose diagram (Figure 19), three trends are found: a --40° (NNE), a

80-105° (-E) and a weaker -170° (SSE) trend. Nine volcanoes comprise the approximately east-

west trend, while six volcanoes comprise each of the subordinate trends. Little to no geographic

trend along the arc appear to exist, except that there is a very general tendency for the alignments to

be more orthogonal to the arc in the northern Central Andes, while more parallel in the southern

Central Andes. These alignments seem to indicate that regional structural features may control the

vent alignments of many volcanoes in the Central Andes. If vents were defined by local factors, a

more random pattern of alignments is expected. The deep-seated lineaments allow for passive

degassing of the magma, producing extensive hydrothermal alteration and effusive eruptions. They

also may act as preferential conduits that allow magmas that might not normally erupt (e.g., crystal-

rich, hydrous magmas) reach the surface. These features may be normal faults associated with the

extensional regime that dominates the high Andes (Molnar and Lyon-Caen, 1988). Volcan

Aucanquilcha can likely be considered a porphyry-type intrusion that erupted rather than quenched

and solidified underground as a small pluton or cupola.

This tendency to find linear arrays of vents has been documented at Crater Lake/Mt.

Mazama, Oregon (Bacon, 1983), South Sister volcano, Oregon (Scott, 1987) and Volcan Ollagde

(Feeley et al., 1994), although the linear arrays at these volcanoes are restricted to flank vent

eruptions. The trend of alignment at Aucanquilcha is similar to those at the nearby -3.3 m.y.-old

Cerro Polan-La Luna and is orthogonal to the alignment of vents at the -3 m.y.-old Volcan Tres

Monos, both of which are members of the Aucanquilcha Volcano Complex (Grunder et al., 2005).

This series of linear vents over the history of the AVC might indicate deeper crystal structures

(faults or lineaments) that control the location of volcanic vents. Feeley et al. (1993) indicate that

these features could provide conduits to add groundwater to shallow magma chambers, thus

stabilizing hydrous phases relative to pyroxene (Kuno, 1950; Luhr and Carmichael, 1980). This

could explain the abundance of these phases at Aucanquilcha if the volcano is built upon a well-

developed structural lineament. This could also explain the presence of hydrothermally crust
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underneath Aucanquilcha as groundwater is heated by magmas intruding the crust underneath the

AVC over the past 11 million years (Grunder et al., 2005).

Conclusions

Volcan Aucanquilcha, northern Chile, is a 37-km3 dacite volcano that has developed in the

long-lived Aucanquilcha Volcanic Complex. It has been active since 1.05 Ma and its activity can be

divided into four eruptive stages: the Azufrera Stage (1.05-0.95 Ma), the Rodado Stage (0.90-0.85

Ma), the Cumbre Negro Stage (0.6-0.45 Ma) and the Angulo Stage (0.50-0.20 Ma). These eruptive

stages have minor compositional differences, but Aucanquilcha, on the whole, shows remarkable

compositional homogeneity with more than 50% of lavas erupted between 63 and 64 wt% silica.

This is reflected in the mineralogical homogeneity of lavas (plagioclase > amphibole > biotite >

pyroxene). Overall, the development of Aucanquilcha is driven by processes that can be repeated

over - 1 M.y., likely thanks to a well-developed magmatic system driven by 12 M.y. of volcanism

and deep-seated crustal lineaments. This leads to the development of a "balance" or "characteristic"

composition that can be produced repeated, likely in small batches of magma, over a long period as

the upper crust becomes thermally and compositional homogenized.

The growth of Volcan Aucanquilcha is divided into two phases: the rapid cone-building

phase and the slower post cone-building phase. Eruptive rates are less than one-ninth of the cone-

building phase (-0.18 km3/k.y.) during post cone-building phase (-0.02 km3/k.y.), indicating a

progressive waning of volcanic productivity during the growth of the volcano. This pattern of sharp

burst of activity followed by periods of dramatically less productivity is found at other arc volcanoes

such as Mt. Adams (Hildreth and Lanphere, 1994) and Mt. Baker (Hildreth et al., 2003) and is

mimicked by the overall eruptive rates of the Aucanquilcha Volcanic Complex over the past 12 M.y.

(Grunder et al., 2005). These growth curves show the danger in attempting to quantify the volcanic

productivity of systems without sufficient ages to identify the pulses of activity. Volcanic systems

younger than 300,000 years old appear to have higher peak eruptive rates than longer lived

volcanoes because they have no experienced the tapering-off of activity. When eruptive stages are

taken into account, long lived systems likely have eruptive rates as high as younger volcanoes

during their cone-building stages. For dacitic centers, it appears that either decreased input or

increased impediment to eruptions reduces volcanic productivity as the systems age.
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Abstract

Volcan Aucanquilcha, northern Chile, is the youngest member of the Aucanquilcha

Volcanic Cluster, a cluster of -20 volcanic centers that lie in a 30 by 30 km area in the Chilean

Andes at 21°S. This cluster has been active since -11 Ma, and Volcan Aucanquilcha has been active

since - 1 Ma. It has produced -37 km3 of a remarkably monotonous dacite that varies between 63-

67 wt% silica over its history. These lavas have a nearly constant mineralogical composition and

ubiquitous presence of two amphibole populations, pargasite and hornblende. Volcan Aucanquilcha

has lavas with 5180 lavas with values from +5.5 and +6.6%o, which is between 1 to 5%o lower than

values previously reported in the Central Volcanic Zone. The monotonous bulk composition, along

with the low 8180 values, indicate that interaction of magma with the upper crust, plays an important

role in the development of magmas at Volcan Aucanquilcha.

We present a model that divides the petrogenesis into three stages: (1) the priming of the

upper crust through hydrothermal alteration driven by repeated magmatic intrusions; (2)

fractionation of a parental andesite to a mafic dacite and one of either, (3a) mixing of the mafic

dacite with a crustal melt or (3b) continued fractionation of the mafic dacite with little mixing with

crustal melts. In both cases 3a and 3b, there is abundant mixing of two dacite reservoirs that contain

the two amphibole populations, likely rapidly upon eruption. Pressure and temperature data derived

from amphibole and Fe-Ti oxide analyses suggest a stratified magmatic system, either as cupolas on

a larger chamber or a series of small chambers connected by sills, ranging from 1-8 km in depth.

Magmas mix rapidly during eruption, juxtaposing a wide variety of amphibole compositions and

textures in the same sample. Volcan Aucanquilcha may be the surficial manifestation of a porphyry

system for which eruption was facilitated by presence of deep-seated crustal lineaments.

Keywords: dacite, Chile, Andes, petrogenesis, volcanism, hydrothermal alteration, oxygen isotopes,

amphibole.

Introduction

The source of compositional and isotopic diversity of magma in the Central Andes has

been a source of debate for many years. Most workers agree that the influence of the uncommonly

thick crust in the region has affected intermediate to silicic magmas, although the roles of upper

mantle and lower crust (Davidson et al., 1990; Davidson et al., 1991; WOrner et al., 1992; Feeley,

1993; Feeley and Davidson, 1994) versus upper crust (Feeley and Sharp, 1995; Matthews et al.,

1999; Trumbull et al., 1999) are debated. For mafic compositions, the debate weighs the roles of

upper mantle versus lower crust (Rogers and Hawkesworth, 1989; for the Southern Volcanic Zone

see Hildreth and Moorbath, 1990), while slab melt has been invoked in the genesis of some dacites

(Kay et al., 1994). These debates tend to treat arc volcanism at any particular volcanic center with

little consideration of the previous magmatic history of the crust. This assumption can be perilous as

volcanism in the Central Andes; at the current volcanic arc, volcanism has been occurring since at



least 10 Ma (DeSilva, 1989). These episodes of magmatism will affect the thermal structure along

with the composition of the crustal column, and will play an important role in the development of

magmas.

Volcan Aucanquilcha, northern Chile, is the youngest of -20 volcanoes resulting from the

-11 million years of volcanism that have persisted to form the Aucanquilcha Volcanic Cluster. This

cluster has experienced at least four major episodes of volcanism, erupting at least 350 km3 of

basaltic andesite to dacitic magmas. Unlike other nearby Central Andean volcanoes, such as Volcan

Ollague, Volcan Aucanquilcha developed within a crustal column that experienced repeated

intrusion of magma for at least 10 million years. The long-lived magmatism in the AVC also

produced hydrothermal systems that altered the upper crust.

In this study, we present a model for the generation of dacitic magmas at Volcan

Aucanquilcha based on microprobe analyses of all the major phases found in lavas and inclusions

from Volcan Aucanquilcha, along with elemental and isotopic analyses of a suite of samples from

the volcano. We examine the production of a monotonous composition where the magmatic system

has likely been buffered by prolonged magmatism over the course of millions of years. This has

produced a situation where the crustal is thermally and compositionally buffered, allowing Volcan

Aucanquilcha to produce a monotonous dacite, both mineralogically and compositionally, for the

past 1 million years.

Geologic Setting

Volcan Aucanquilcha lies within the Aucanquilcha Volcanic Cluster (AVC), which is

located in the central of three volcanic zones along the Andean marginof South America (Figure 1)

Overall, the Holocene to Recent volcanic edifices (including Volcun Aucanquilcha) are composed

of metaluminous, medium-to-high K calc-alkaline andesite and dacite. In total, over 3,000 km3 of

volcanic material have been erupted between 21°S and 22°S in the Central Andes during the past 28

m.y. (Baker and Francis, 1978). This rate of -103 m3/y is ten times lower than the average eruptive

rates for the most volcanically active regions worldwide (Crisp, 1980), suggesting a high proportion

of intrusive plutonic rocks.

The Central Volcanic Zone (CVZ) is marked by extreme crustal thickness, in excess of 60

km (Zandt et al., 1994; Trumbull et al., 1999; Figure 20), and it is archetype for volcanic rocks that

have been affected by crustal contamination as indicated by high 5180, high 87Sr/B6Sr and low ENd of

volcanic rocks (e.g., Derielle et al., 1983; Davidson, 1991). The volcanoes of the CVZ are built on

Tertiary ignimbrites, which overlie the upper crust constructed of Mesozoic igneous and marine

sedimentary rocks, Cretaceous continental volcaniclastic rocks and Miocene-to-Holocene volcanic

rocks (Lucassen et al., 2001). The lower crust is likely composed of amphibolites and silicic

anhydrous metamorphic rocks, pyroxene gneisses and gabbros (Damm et al., 1990). The upper 20

km of crust is inferred to be dominated by granitic-to-intermediate plutons that are likely
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comagmatic with the recent volcanism in the CVZ (Feeley and Hacker, 1995) and intrude Mesozoic

sedimentary rocks. A zone of partially molten material has been suggested between 30-50 km depth

at the latitude of the AVC and south, based on attenuated p-wave velocities (Chmieloski et al.,

1999).

Volcan Aucanquilcha and the Aucanquilcha Volcanic Cluster

Volcan Aucanquilcha (Figure 11, 12) is the youngest of -20 volcanoes that range in age

from -11 m.y. to <1 m.y. old that comprise the Aucanquilcha Volcanic Cluster (Figure 2). Volcan

Aucanquilcha (Figure 11) has a relief of 1400 in (from 4700 in to its peak at 6100 m) and an

estimated volume of -37 km3. The edifice is a -9-km, east-trending ridge with four peaks reaching

at least 6000 in and is composed dominantly of lava flows with minor pyroclastic and debris

avalanche deposits. The and climate of the Andes has allowed for excellent preservation of volcanic

landforms at Aucanquilcha and in the Altiplano-Puna in general, but deep exposures are accordingly

rare. The extensive sulfur deposits found on Aucanquilcha were mined until as recently as the early

1990s, and a decaying network of roads still exists on the edifice to nearly 5900 in.

Eruptive History of Volcan Aucanquilcha

The evolution of Volcan Aucanquilcha can be divided into four stages based on mapping,

40Ar/39Ar ages, and geochemical composition (see previous chapter, Table 9, Figure 17). Overall,

activity at Aucanquilcha has produced -37 km3 of dacitic lavas over 1.05 million year, yielding an

average eruption rate of -0.04 km3/k.y. with minor volcaniclastic material. It has produced

monotonous dacite, varying only -4 wt% SiO2 over its history. The main edifice building stages

were the two early stages, the Azufrera and Rodado stage, and they comprise almost 90% of the

volume of the volcano. These stages are dominantly dacite lavas that flowed 1-4 km from their vents

at the two main summits of Aucanquilcha (Figure 12). The Rodado stage also has a debris avalanche

deposit associated with it. These stages were active between 1.05 and 0.80 Ma. The most recent

stages, the Cumbre Negro and Angulo stages, have added only minor volume to the edifice. The

Cumbre Negro stage was active from 0.75-0.55 Ma and produced a small dome on the west side of

the volcano with a Merapi-style pyroclastic flow. The Angulo stage filled the saddle between the

Azufrera and Rodado peaks, dominantly producing thick, long dacite flows, one flow longer than 9-

km. The Angulo stage shows evidence for post-glacial activity, but most activity likely occurred

between 0.35-0.20 Ma.

Methods

For methods of XRF, ICP-MS and 40Ar/39Ar geochronology, see the previous chapters of

this thesis.



Sr. Nd and Pb isotope analysis

Analyses of whole rock powders were conducted in the laboratory of Lang Farmer at to the

University of Colorado at Boulder for Sr, Nd and Pb isotope ratios. Sr, Nd and Pb were separated

using conventional techniques (Sr separated using SrSpec resin). 87Sr/66Sr ratios were analyzed

using four-collector static mode measurements. Thirty measurements of SRM-987 during the study

period yielded mean 87Sr/Sr=0.71032±2 (2a). Measured 87Sr/86Sr were corrected to SRM-987=

0.71028.

Measured 13Nd/144Nd normalized to ' 46Nd/' 44Nd=0.7219. Analyses were dynamic mode,

three-collector measurements. Thirty-three measurements of the La Jolla Nd standard during the

study period yielded a mean '43Nd/144Nd=0.511838±8 (2a).

Pb isotopic analyses were four-collector static mode measurements. Sixteen measurements

of SRM-981 during the study period yielded 208Pb/204Pb=36.56±0.03, 207Pb/20APb=15.449±0.008,
206Pb/204Pb=16.905±0.007 (2a). Measured Pb isotope ratios were corrected to SRM-981 values
(208Pb/204Pb=36.721, 207Pb/204Pb=15.491, 206Pb/204Pb=16.937). Total procedural blanks averaged -1

rig for Pb and Sr, and 100 pg for Nd, during the analytical period.

Oxygen isotope anal

Six samples were selected for oxygen isotope analyses. Plagioclase separates were prepared

for all samples using standard mineral separation techniques. The samples were then washed for 10

minutes in a dilute HF solution to clean the surfaces of the crystals. Mineral oxygen isotope

analyses, reported in the familiar S notation relative to VSMOW, were conducted at the lab of Peter

Larson at Washington State University using a laser fluorination system (Sharp, 1990, 1992) with

BrF5 (Borthwick and Harmon, 1982) as an oxidizing agent. Raw data are corrected to a NBS-28

(African glass sand) value of 9.59%0, using the garnet standard UWG-2 (Valley et al., 1995), with a

value of 5.8960, as an in-house standard. Replicate analyses of UWG-2 analyzed with the samples

typically show a daily standard deviation of 0.05%o. 02 liberated during fluorination of the 2 to 3

milligram samples is analyzed directly as oxygen gas without conversion to C02-

Electron Microprobe sis

Major element analyses of amphibole, biotite, plagioclase, pyroxene and Fe-Ti oxides were

performed using the Cameca SX-50 Electron Microprobe at Oregon State University. Polished thin

sections were carbon coated prior to analysis. Analyses were conducted with a beam current of 50

nA and accelerating voltage of 15 kV for oxides and pyroxene, with a beam diameter of I Jim.

Plagioclase, amphibole and biotite analyses were conducted with a beam current of 30 nA, an

accelerating voltage of 15 kV and a beam diameter of 1 µm. Mineral formula units were calculated

using F1 software included with the SX-50 microprobe software.



Results

Petrography and Modal Mineralogy

Texturally, most Aucanquilcha lavas have porphyritic texture, with microcrystalline to

intergranular aphanitic groundmass. They are crystal rich, with -30-35% crystals by volume.

Quenched mafic inclusions vary from 10% crystals in a microcrystalline groundmass to

holocrystalline. The modal mineralogy of all lavas is dominated by plagioclase, which represents

between 54 to 63% of phenocrysts. In all but the Angulo stage of activity, amphibole is the

dominant mafic mineral, followed by biotite and pyroxenes. Approximately half of the lavas

sampled in the Angulo Stage have pyroxene as the dominant mafic phase (Table 11). Overall,

clinopyroxene dominates orthopyroxene in lavas, whereas orthopyroxene is more abundant than

clinopyroxene in the Azufrera stage inclusion and both pyroxenes are absent in the Rodado Stage

inclusion (Table 11). Lavas contain 10 to 29% amphibole phenocrysts; low values correspond with

pyroxene-dominant Angulo stage. Quenched inclusions contain between 10 to 46% amphibole

phenocrysts. Biotite occurs in all lavas and represents between 6 to 10% of phenocrysts. It occurs

sparsely in inclusions as rounded and resorbed xenocrysts. Fe-Ti oxides (magnetite and ilmenite)

occur in all samples and represent -5% of phenocrysts. The Rodado stage inclusion is Fe-Ti oxide-

rich, with ^-12% opaque oxide phenocrysts. Quartz, typically rounded with ocellar rims, occurs in

many samples as a trace phase while zircon, olivine, apatite, sanidine and rarely titanite occur in all

samples as both inclusions and microcrysts.

Groundmass assemblages are typically plagioclase, Fe-Ti oxides, amphibole and pyroxene.

In all but the Angulo stage, the groundmass is usually plagioclase > opaque oxides > amphibole >

pyroxene. For pyroxene-dominant lavas of the Angulo stage, the groundmass assemblage is similar,

but the amphibole-dominant lavas have a groundmass composed of plagioclase > pyroxene >

opaque oxides, with amphibole absent from the groundmass. Very rarely, some lavas, especially in

the Rodado Stage, have a glassy groundmass with microcrysts of plagioclase, amphibole and opaque

oxides.

Reaction textures are abundant in almost all major phases observed at Volcan

Aucanquilcha, especially in large plagioclase phenocrysts, most amphibole and biotite phenocrysts

and in trace phases such as olivine and quartz. The abundance of these features indicates a history of

mixing, reequilibration and transport during the creation of lavas at Aucanquilcha.

Plagioclase Feldspar

Most plagioclase phenocrysts at Aucanquilcha are small (-I mm) euhedral crystals with

slight oscillatory zoning on many crystals (Figure 21a). There is a significant population, -20 to

35% of 1-10 mm plagioclase phenocrysts, that exhibits a variety of reaction textures. These textures

include sieved textured, spongy cellular crystals with or without clear rims and strongly zoned

9





32

Table 11 - Modal mineralogy for eruptive stages at Volcan Aucanquilcha
Stage Azufrera Rodado Cerro

N
Angulo

ich Px -richAegro .m.-r
rvve Lava OMI Lava OMI Lava Lava Lava QAff

AS 31 20 32 100 32 32 10

?lag. 56 43 54 47 56 53 63 62
Amph. 23 46 16 35 25 29 7 10

Biotite 10 0 8 6 9 6 8 3

:TX 4 0 9 0 3 4 9 11

DPX 3 4 8 0 2 4 6 8

:tz 1 0 tr. 0 tr. tr 1 tr.

Snd tr. 0 tr. 0 tr. tr 1 1

Dpgs 4 7 6 12 5 5 5 5

Modal mineralogy based on point counting estimates (with petrographic
microscope) from thin sections of lavas and inclusions. Abbreviations are:
Am.-rich = amphibole rich lavas; Px-rich = pyroxene rich lavas; QNII =
quenchedmafic inclusionsxls = crystals; Plag = plagioclase, amph = Am-
phibole; CPX = clinopyroxene; OPX = orthopyroxene; Qtz = quartz; Snd =
sanidine; Opqs = opaque minerals.

%



crystals. Platevoet and Bonin (1991) attribute such textures to the mingling of coeval mafic and

silicic magmas, which is consistent with other evidence for mixing and mingling at Aucanquilcha

(Figure 21b). Plagioclase is also found in glomerocrysts with pyroxene, amphibole and opaque

oxides.

Amphibole

Amphibole crystals in Aucanquilcha lavas and inclusions exhibit a wide spectrum of

textures. The crystals are typically <1 mm to 1-3 mm wide and can occur as phenocrysts or within

glomerocrysts. Reaction textures are common on amphibole phenocrysts, although not ubiquitous.

Crystals can exhibit reaction textures include thick rims (10-50 gm) of plagioclase, pyroxene and

oxides, thin (1-5µm) opacite rims and interiors cored with either amphibole, biotite or plagioclase.

These cored crystals tend to be small and euhedral, resembling hopper textures found in pyroxene,

indicating rapid crystallization. Overall, crystals can be classified as having 1 of three rims: thick,

thin opacite or unarmed, while they can also be cored or uncored (normal). Crystals are found as

euhedral or irregular crystal shapes (Figure 21c-e). There is no clear relationship between eruptive

stage and the variety of textures found, as many samples may have irregular phenocrysts with

obvious, thick rims juxtaposed with euhedral, unrimmed phenocrysts.

Biotite

Most biotite crystals vary in size from <0.5 mm to -10 mm, but typically -1-2 mm. The

crystals are rounded and corroded with pronounced reaction textures (Figure 21f). The crystals

typically have 1 micron to 1 mm rims composed of oxides, plagioclase and pyroxene with some

crystals entirely decomposed into these secondary phases. Almost all biotite phenocrysts contain

inclusions of plagioclase, zircon or opaque oxides. Rarely, biotite is found as cores to amphibole

phenocrysts. Although the biotite is typically reacted, suggesting it is not in equilibrium with the

dacite magma, Feeley and Sharp (1996) propose that biotite can breakdown quickly during eruption

leading to the textures observed.

Inclusions

Quenched magmatic inclusions (QMI) found at Volcan Aucanquilcha can be classified into

two textural types. In primary quenched magmatic inclusions, crystal contents range from 10-20%

phenocrysts by volume with a porphyritic to vitrophyric texture, with thin, quenched rims that are

typically oxidized. Most QMI are between 1-10 cm in diameter, but, in one Angulo lava flow, can

have a diameter of >30 cm. They occur in -75% of lava flows sampled at Aucanquilcha, and

typically account for no more than 1-5% of the lava flow. Rarely, small (<1 cm) inclusions will have

small, needle-shaped plagioclase crystals extending into the host lava. Reequilibrated inclusions,

found in the Rodado stage, have an intergranular texture. These inclusions are primarily made of



interlocking acicular plagioclase and amphibole with interstitial opaque oxide grains. Based on field

and petrographic observation, the majority of inclusions at Aucanquilcha are quenched inclusions.

Mineral Compositions

Plagioclase Feldspar

Compositions of phenocryst cores at Aucanquilcha vary from An21 to An70 and do not have

normal zonation, although this range is variable depending on the eruptive stage (Table 12). The

range of compositions is less within individual eruptive stages. In general, the Azufrera and Cumbre

Negro stages have tight clustering of phenocryst core compositions at -An30. Rodado and Angulo

stages cores exhibit a much larger range, An40.50 (Figure 22). The rims (An25-59) of most phenocrysts

are more calcic than their corresponding core, but in most cases, it is only slightly more calcic (5-15

mol% An content; Table 12; Figure 22). Groundmass crystals are more calcic than both the rims and

cores of phenocrysts, with average groundmass compositions ranging from An42 to An63 (Table 12;

Figure 22). The Angulo Stage groundmass crystals are much more calcic on average than other

stages (Figure 22). Plagioclase phenocrysts from quenched inclusions tend to be less sodic than

phenocrysts from their corresponding host lavas for the Azufrera and Angulo stages, whereas

phenocrysts from the Rodado stage inclusions are slightly more sodic than the corresponding host

phenocrysts (Figure 22). This could be linked to the textural differences in these inclusions, as the

Rodado inclusion is a reequilibrated inclusion (Brandon Browne, pers. comm., 2004) In most cases,

there appear to be both oligocase-andesine and labradorite phenocrysts in the inclusions, indicating

that many of the crystals could be xenocrysts.

Pyroxene

Both clinopyroxene and orthopyroxene are present in all lavas at Volcan Aucanquilcha

(Figure 23) except for rare Angulo Stage samples that contain only orthopyroxene. In most samples,

pyroxene is subordinate to amphibole and biotite except for a handful of Angulo lavas were

pyroxene is dominant over those mafic phases. Pyroxene-phyric quenched inclusions have both

pyroxenes.

Clinopyroxene are augite with core compositions in lavas ranging from En40_51, while

corresponding rims are En42-55 (Table 13), indicating a slight zonation in the crystals. Mg content of

the clinopyroxene is slightly lower towards the rims of the crystals. Orthopyroxene are enstatite and

also have a limited range of composition, varying from En7089 cores and En71_83 rims (Table 13),

with no apparent Mg zonation from core to rim. There is little variation in composition of the

pyroxenes between eruptive stages. Quenched inclusions have clinopyroxene core compositions of

En43_47 with identical rim compositions. Orthopyroxene from quenched inclusionsvary from En69-8,

cores and rims (Table 13). In both
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Figure 23. Pyroxene classification for pyroxene EMP data from Volcan Aucanquilcha
Pyroxene data for each of the eruptive stages at Vulcan Aucanquilcha. En = Enstatite, Fs = F
silate; Di = Diopside; I led = Hedenburgite. Plots created using Deltaplot software. Pyroxene
compositions calculated using F1 software and methods from Deer et al. (1992).
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Table 12. Representative feldspar electron microprobe analyses from Volcan Aucanquilcha
Stage Azufrera Rodado Cumbre

Ne ro
Angulo QMI

g
Sample AP2-00-94 AP2-00-98 AP2-00-92 AP2-00-60 AP2-00-77

Type core rim gm core rim jzm core rim Qm core rim Qm core rim em

SiO2 60.7 60.0 55.5 57.4 58.4 56.1 60.4 58.0 56.8 55.2 60.0 52.4 57.8 60.6 54.3
A1203 24.8 25.3 27.4 26.5 25.2 27.2 24.7 25.9 26.0 27.6 24.7 30.1 26.9 25.1 27.1
Fe2O3 0.2 0.3 0.9 0.4 0.3 0.6 0.2 0.3 0.9 0.3 0.3 0.6 0.2 0.2 1.4

MgO 0.0 0.0 0.4 0.0 0.1 0.1 0.0 0.0 0.2 0.0 0.0 0.1 0.0 0.0 0.8

CaO 6.5 7.1 10.1 8.3 7.6 9.5 5.8 7.0 8.1 10.4 6.9 13.0 8.7 6.7 11.1
Na2O 7.4 7.0 5.6 6.3 6.4 5.8 7.7 6.9 6.1 5.5 7.3 4.2 6.2 7.3 4.5

K2O 0.6 0.6 0.3 0.8 0.8 0.5 0.7 0.5 0.7 0.3 0.6 0.2 0.5 0.7 0.3

Total 100.3 100.3 100.1 99.7 98.9 99.7 99.6 98.7 99.1 99.4 99.9 100.5 100.3 100.5 99.6
An 31.5 34.7 49.1 40.3 37.8 46.3 28.4 34.8 41.5 50.2 33.0 62.7 42.2 32.3 56.5
Ab 64.9 61.6 49.0 55.0 57.5 51.1 67.5 62.2 54.7 47.9 63.4 36.3 54.7 63.9 41.8
Or 3.6 3.7 1.9 4.6 4.7 2.7 4.0 2.9 3.8 1.8 3.6 1.0 3.1 3.8 1.7

Low An 21.1 30.1 28.3 27.5 25.7 44.3 23.4 24.0 31.6 25.2 30.3 37.5 28.9 31.3 45.6
High An 40.4 55.4 57.3 59.4 57.9 51.1 63.5 59.1 52.8 70.2 53.5 68.3 52.9 40.8 61.1



Table 13. Representative pyroxene elect
Clinopyrosene
Stage Azufrera Rodado Cumbre Negro Angulo QMl
Sample AP2-00-59 AP2-00-97 AP2-00-92 AP2-00-73 AP2-00-77

Type core rim core rim core rim core rim core rim
Si02 50.4 50.1 50.6 50.6 50.0 50.8 49.7 48.8 51.4 47.2
TiO2 0.7 0.8 0.5 0.6 0.5 0.6 0.8 0.9 0.5 1.8

A1203 3.8 4.0 3.4 3.2 4.1 4.0 3.1 4.2 2.0 6.0

Cr203 0.2 0.1 0.5 0.2 0.3 0.2 0.1 0.2 0.3 0.0

Fe203 (c) 3.5 3.3 3.2 3.7 3.7 3.4 5.1 5.1 3.1 4.5

FeO (c) 4.1 5.0 3.9 4.1 4.4 4.5 5.5 4.1 4.2 7.1

MnO 0.2 0.2 0.2 0.1 0.1 0.2 0.3 0.2 0.1 0.2

MgO 15.4 15.3 15.8 15.7 14.5 15.2 16.4 14.9 17.0 13.1
CaO 21.3 20.6 20.5 21.1 20.2 21.3 18.6 21.0 20.2 20.0
Na2O 0.4 0.4 0.5 0.4 0.8 0.5 0.2 0.3 0.3 0.3

Total 100.1 99.8 99.1 99.8 98.8 100.4 99.8 99.7 99.0 100.2
Wo 46.3 45.0 45.0 45.8 46.1 46.4 40.7 46.8 42.9 45.6
En 46.6 46.5 48.3 47.3 46.1 46.0 49.9 46.0 50.2 46.0
Fs 7.1 8.5 6.7 7.0 7.8 7.6 9.4 7.2 6.9 7.2

Wo Range 40.4-46.3 44.9-46.1 38.8-46.5 39.0-48.2 42.1-47.4 41.5-47.0 40.7-47.0 36.2-46.8 42.7-47.3 43.1-47.2
En Range 45.2-50.7 46.5-47.5 44.0-49.0 41.2-47.9 41.0-50.7 43.6-47.5 44.2-49.9 43.1-55.0 40.4-50.2 41.8-48.8

.3-15.7 3.4-13.7 6.2-12.1 4.3-13.5 6.,

Orthopyroxene
Fs Ranae 7.1-11.3 74-8.5 69-12.3 7 5-12.7 6.5-140 6.0-103

SiO2 53.1 53.7 53.4 53.4 51.6 53.5 52.2 52.5 55.2 53.7
TiO2 0.1 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.3

A1203 1.0 2.4 2.8 2.0 4.8 2.8 1.1 1.2 1.1 2.1

Cr2O3 0.2 0.4 0.1 0.1 0.1 0.2 0.0 0.0 0.1 0.2
Fe2O3 (c) 5.6 1.9 1.2 1.9 2.6 2.5 3.8 3.8 1.0 2.6

FeO (c) 6.9 10.4 14.2 13.1 13.9 13.0 16.5 14.0 11.6 10.6
MnO 0.2 0.2 0.2 0.2 0.3 0.2 0.7 0.5 0.2 0.2
MgO 30.6 29.0 26.6 27.5 25.5 27.6 24.7 26.3 29.5 29.0
CaO 1.5 1.3 1.7 1.3 1.5 1.1 0.9 1.1 1.5 1.4

Na2O 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.0 0.0
Total 99.2 99.6 100.4 99.6 100.4 101.0 100.0 100.1 100.2 100.3

Wo 2.9 2.7 3.5 2.6 3.1 2.2 1.8 2.4 2.9 2.8
En 86.2 81.1 74.3 76.9 74.2 77.4 71.4 75.2 79.6 80.7
Fs 10.9 16.2 22.2 20.6 22.7 20.5 26.8 22.5 17.5 16.5



Wo Range 1.2-3.3 2.3-3.5 2.4-3.5 2.3-2.9 2.2-3.1 2.2-2.4 1.3-2.5 1.7-3.1 1.5-5 7 2.7-3.5

En Range 71.0-89.1 75.7-82.8 74.3-82.6 70.9-78.0 74.2-78.2 76.7-77.4 70.6-75.6 71.5-76.0 69.0-81 0 70.8-81.8
Fs Range 8.0-27.5 15.1-21.3 14.8-22.2 18.5-26.5 18.9-22.7 20.4-21.1 22.1-28.2 21.6-25.7 16.2-289 15.5-26.2

Table 13 con. Orthopyroxene Wo, En and Fs Ranges
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lavas and inclusions, there is very little compositional variability between the rims and cores of

phenocrysts, indicating that either there was little compositional difference between host and

intruding magmas or the lack of a significant xenocrystic population of pyroxene.

The range of MgO for clinopyroxene and orthopyroxene is similar, although clinopyroxene

phenocrysts tend to have a slightly higher Mg# than orthopyroxene, indicating that it likely

crystallized before orthopyroxene. There is little systematic change in clinopyroxene compositions

with changing whole rock FeOF/MgO, but orthopyroxene compositions tend to become more Fe rich

with increasing FeO*/MgO. Commonly, pyroxene in lavas occurs in glomerocrysts with plagioclase

and Fe-Ti oxides, and this evidence, combined with the its occurrence in all quenched inclusions

indicates that the two pyroxenes likely precipitating with plagioclase and oxides during the

formation of Aucanquilcha magmas.

Amphibole

All lavas and most inclusions at Volcan Aucanquilcha have two distinct compositional

populations of amphibole phenocrysts, regardless of textural type. Based on the classification of

Leake et al. (1997), the amphiboles are either pargasite or hornblende (after the nomenclature in

Deer et al., 1992; edenite and tschermakite from the nomenclature of Leake et al., 1997) with a

minor component of magnesiohornblende (Figure 24a-b; Table 14). These amphibole are essentially

unzoned and exhibit a wide variety of textural types, but there is only weak correspondence between

composition and texture. The majority of pargasite crystals are euhedral; where present, reaction

rims are slightly more likely to be thick and the population is more diverse per sample (i.e., more

different textures observed). In contrast, hornblende is less likely to be euhedral, tends to have only

thin, dark rims, and has more limited textural diversity. In most cases, the two amphiboles occur in

equal proportions, although in some samples, there is a preponderance of hornblende over pargasite,

and one inclusion (AP2-00-71, Rodado Stage) has 95% hornblende.

Fe-Ti oxides

All lavas and most inclusions at Volcan Aucanquilcha contain both titanomagnetite and

ilmenite. In most cases, magnetite is more abundant than ilmenite. Infrequent small sulfide

inclusions occur in some ilmenite grains. Magnetite typically occurs as small (<0.05 mm) euhedral

grains in the groundmass or in glomerocrysts with pyroxene, amphibole and plagioclase. Ilmenite

occurs as small (<0.05 mm) rounded grains in the groundmass. Very rare chromite grains occur in a

single sample (AP2-00-59, Angulo), with 26 to 32 wt% Cr2O3 and are likely xenocrysts.

Exsolution lamellae are common in all samples. Homogenous grains of magnetite range

from -1 to 15 wt% TiO2, while ilmenite range from 30 to 45 wt% TiO2 (Table 15). Many magnetite-

ilmenite pairs show positive deviation from equilibrium, indicating increased partitioning of Mn into

ilmenite (Figure 25). Some unexsolved, co-existing pairs of magnetite and ilmenite found at Volcan
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Representative amphibole electron yses from VolcAn Aucanquilcha

Azufrera Rodado Angulo

AP2-00-59 AP2-00-97 AP2-O0-73

I High Al High Al High
rim core rim core - core

SiO, 41.7 47.7 47.

.95 6.19 6.1 6.07 6.95 5.96 5. 6.1

Data recalculated using methods from

Table 14. microprobe anal

Stage Cumbre Negro QMI

Sample AP2-00-92 AP2-00-77

Type Low A Al Low Al Low Al High Al Low Al Low Al High Al

Location core rim core rim core rim core rim rim core rim core rim core rim

475 489 430 432 465 466 413 0 41.5 41.5 47.3 48.6 40.9 41.6 46.8 47.4 44.3 42.8

TiO2 1.2 1.3 2.7 2.4 1.4 1.3 3.2 2.8 0.9 1.3 3.2 2.9 1.3 1.3 3.5 3.7 1.2 1.1 1.9 2.7

A1203 5.5 6.4 10.7 11.4 6.5 7.3 11.5 11.5 5.7 6.1 11.4 11.0 5.8 5.8 12.0 11.4 6.4 6.0 9.0 10.5

Cr2O3 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1

Fe2O3 (c) 8.3 15.0 9.7 12.0 10.8 12.1 10.9 11.2 10.4 12.6 10.8 11.1 11.2 11.5 10.3 10.8 11.4 11.0 13.0 12.1

FeO (c) 7.0 0.2 3.3 4.2 4.1 2.5 1.8 1.7 5.1 1.3 2.0 2.9 3.1 2.1 3.5 2.0 2.7 2.6 1.3 1.1

MnO 0.5 0.4 0.1 0.1 0.3 0.4 0.1 0.1 0.5 0.4 0.0 0.1 0.4 0.4 0.1 0.1 0.4 0.4 0.3 0.1

MgO 14.4 14.7 15.2 14.0 14.8 15.0 15.0 14.7 14.8 16.2 15.2 14.4 15.5 15.9 13.9 15.1 15.3 15.7 15.0 15.1

CaO 11.4 8.5 11.1 10.9 10.7 10.5 10.8 10.5 11.2 10.7 10.9 10.7 10.8 10.6 10.9 10.9 10.5 10.7 10.4 10.4

Na2O 1.1 1.4 2.2 2.3 1.3 1.4 2.3 2.3 1.2 1.4 2.4 2.3 1.2 1.0 2.1 2.2 1.4 1.2 1.8 2.2

K2O 0.5 0.9 0.7 0.7 0.6 0.5 0.6 0.6 0.5 0.4 0.6 0.6 0.4 0.4 0.6 0.6 0.5 0.5 0.6 0.6

F 0.4 0.5 0.3 0.7 0.4 0.3 0.5 0.5 0.4 0.4 0.3 0.4 0.3 0.4 0.3 0.3 0.3 0.4 0.4 0.4

Cl 0.1 0.1 0.0 0 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.1 0.0 0.0

H2O 1.9 1.9 2.0 1.7 1.9 1.9 1.8 1.8 1.9 1.9 1.9 1.8 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9

Total 99.6 99.9 100.6 101.5 99.4 99.7 99.6 99.4 100.1 99.6 100.2 99.5 99.2 99.8 99.9 100.6 98.9 98.9 99.8 99.4

Formula
Na 0.31 0.38 0.62 0.63 0.37 0.39 0.64 0.65 0.33 0.39 0.67 0.64 0.34 0.29 0.59 0.61 0.39 0.37 0.49 0.63

K 0.09 0.16 0.13 0.13 0.12 0.09 0.12 0.12 0.09 0.08 0.11 0.11 0.07 0.07 0.12 0.11 0.09 0.08 0.11 0.10

Al IV 0.94 1.05 1.81 1.84 1.12 1.23 1.96 1.93 0.98 1.04 1.94 1.89 0.99 0.98 2.04 1.93 1.09 1.03 1.54 1.79

Al VI 0 0.03 0 0.07 0 0 0 0.05 0 0 0 0 0 0 0.02 0 0 0 0 0

Si 6.95 6 6 6 78 6 78 6 03 6 91 6 77 601 6 07 6 87 99 6 82 6.89 641 7

Deer, Howie and Zussman (1991) and Leake et al. (1998). (c) indicates calculated values.



Table 15. Representative Fe-Ti oxide electron microprobe analyses from
Volcan Aucanuuilcha
Stage Azufrera Rodado C. Negro Angulo QMI
Sample AP2-00-59 AP2-00-97 AP2-00-92 AP2-00-60 AP2-00-77
Phase met ilm met ilm met ilm met ilm met ilm
SiO2 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0
TiO2 9.1 35.9 7.6 39.9 6.6 39.5 8.0 41.4 7.3 39.8
A1203 1.6 0.2 2.3 0.2 1.6 0.1 3.2 0.1 2.3 0.2
Cr2O3 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Fe2O3 (c) 47.9 31.1 50.3 23.2 53.8 24.6 48.7 20.0 51.0 23.1
FeO (c) 35.3 26.6 35.3 31.4 34.9 31.3 35.9 33.0 35.5 31.5
MnO 0.5 0.7 0.4 0.4 0.4 0.4 0.3 0.4 0.4 0.5
MgO 1.9 2.8 1.5 2.3 1.3 2.1 1.5 2.0 1.2 2.1
ZnO 0.2 0.1 0.1 0.0 0.2 0.1 0.0 0.1 0.1 0.1

V203 0.3 0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.5 0.0
Total 97.0 97.5 98.0 97.6 99.2 98.2 98.2 97.0 98.4 97.5
Xilm 67.4 - 75.4 - 74.2 -- 78.3 -- 75.3
Xusp 25.3 21.1 -- 18.1 -- 22.0 -- 20.1 --
Temp.

763-1014 813-899 799-986 801-981 826-940
Range*
f02 -9.6--13.1 -10.8-"11.8 -11.3-"12.4 -10.1--12.6 -10.1--12.1
Range*

Magnetite and ilmenite compositions recalculated using methods from Carmichael
(1967) and Stormer (1983). Temperatures and oxygen fugacity calculated using
methods from same sources and ILMAT Excel macro (LaPage, 2003). * = Temp-
eratures and oxygen fugacity for all samples of the eruptive stage.



Aucanquilcha have equilibrium partitioning of Mg and Mn as defined by Bacon and Hirshmann

(1988; Figure 25).

Magnetite and ilmenite from the Azufrera Stage are Ti-poor compared to the other eruptive

stages, while the Angulo Stage have the widest range of Ti concentration. In general, magnetite in

quenched inclusions tends to be more Ti-rich in the Angulo Stage and more Ti-poor in the Rodado

Stage, but this difference could be related to the textural difference between the inclusions.

Biotite

Biotite occurs in all lavas and sparsely in most inclusions at Volcan Aucanquilcha,

typically as rounded, corroded phenocrysts, and does not occur in the groundmass. The grains

typically have --0.1-1 mm rims composed of plagioclase, pyroxene and oxides, suggesting

dehydration reactions during ascent (Feeley and Sharp, 1996). Biotite occurs as a single composition

population (unlike amphibole) and likely crystallized with the hornblende amphibole in a cooler,

wetter, lower P dacite magma. The overall range for MgO content is -12 to 17.5 wt%. and biotite in

all eruptive stages is essentially unzoned. In general, the Azufrera and Rodado stages are most Ti-

rich, while the Azufrera stage is Mg rich and Rodado stage is Mg poor (Figure 26, Table 16). The

youngest sample of the Angulo stage is more Ti-rich than the older sample, while the QMI is more

Mg poor than the host lavas. The Rodado stage QMI biotite is more Mg rich and Ti poor than that in

the host lavas.

Olivine

Olivine occurs as a trace phase in < 10% of lavas and inclusions, usually as rounded and

partially resorted crystals with Fo content of -75 to 77 (Table 17). Olivine occurs as a trace phase

in lava, while the quenched magmatic inclusion from the Angulo Stage (AP2-00-77) contains -1 to

3 vol% olivine of the same composition. The olivine in lavas is likely xenocrysts.

Whole Rock Composition

Major and Trace Elements

Lavas at Volcan Aucanquilcha vary continuously from 62-67.5 wt% silica, while quenched

inclusions vary from 59-62 wt% silica (Table 18; Figure 27a-1), forming a high-K calcalkaline suite

of andesite and dacite (Figure 13). Lava and inclusion compositions at Aucanquilcha plot within the

field of other Pleistocene to Recent volcanoes in the CVZ (Figure 13). There is little variation in

silica content between eruptive stages, although there is a slight enrichment in silica versus other

stages in the Cumbre Negro Stage, while the Angulo Stage tends to be slightly depleted in silica

(Figure 27a-1). Otherwise, more than 75% of exposed lavas sampled at Aucanquilcha fall between

64-66 wt% silica.
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Table 16. Representative biotite electron microprobe analyses from
Volcan Aucanquilcha
Stage Azufrera Rodado Cumbre

Negro
Angulo QMI

Sample AP2-00-94 AP2-00-98 AP2-00-92 AP2-00-60 AP2-00-77
SiO2 36.2 36.4 36.7 37.0 36.8
TiO2 4.8 4.8 4.5 4.8 4.4
A12O3 14.0 13.5 13.8 13.7 13.7
FeO 15.0 16.2 14.8 14.3 17.8
MnO 0.1 0.2 0.2 0.1 0.2
MgO 15.1 14.3 15.5 15.4 13.5
Na2O 0.8 0.7 0.9 0.9 0.7

K2O 8.7 9.0 8.5 8.7 8.8
F 0.6 0.6 0.7 0.6 0.5

Cl 0.1 0.2 0.1 0.1 0.1

H2O (c) 3.7 3.6 3.7 3.7 3.7

O=F 0.2 0.3 0.3 0.3 0.2
O=C1 0.0 0.0 0.0 0.0 0.0
Total 98.8 99.1 99.1 99.0 99.9

Data recalculated using methods from Deer, Howie and Zussman (1991).



Table 17. Representative olivine electron microprobe
analyses from Volcan Aucanquilcha

Stage Azufrera QMI - Ang.
Sample AP2-00-59 AP2-00-77

SiOZ 38.6 38.1

FeO 21.9 21.2
MnO 0.3 0.3

MgO 40.3 40.1

CaO 0.1 0.1

Total 100.8 99.7
Fo 77 77



Table 18. Representative whole rock analyses of lavas and inclusions from Volcan Auca'nquilcha'

Element
(wt%)

AP-00'
54

Azufrera

AP2-00-
46

.Azufrera-

AP2-00,
64

Azufrera-

AP2-00-

24

Azufrern'

A P2-00-
68

Rodado'

AP2-00-
1oo

Rodado:

.AP2-00-
71

Rodado*

AP-011-
28

C.Negro

AP2-00-
92

C. Negro

AP-

nguloi

011-A-P2-00-

Anaulo

AP2-00-

Angulo

AP2-00-

ngulo*

. ,S102 66.0 64.9 64.3 61.2 64.4 65.9 57.4 65.9 63.7. 59.6

A12O3 16.3 16.1 16:5 16.7 16.6 16.5 17:1 16.0 16.4 16.1 16:9 16.6 17.0

0.6 0.7 0.8 0.7 0.6 0.8 0.6' 0.5 1.0

3.8 4.1 3.2. 4.3 5.9

0.06 0.06 0.07 0.07
4.0 4.0 4.9 4.4 3.6 7..1 6.0

MgO 1.8 1_9: 1.9 2.6 2.1 1.5 2.9 1. - 3.3.

I. I+10 3.2 3.0 2.9 - 2.2

4.2 4.3 4.2 4.2 4.4 4.2 3.8 4.4 4.6 4.4 4.4 4.4 4.0

PIA 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3

Total 99.7 98.8 =98.8 98.6 100:0 99.5. 97.4 99..4 .99.6 '99':6 99:3 98.3 .99:0

l1L W L tLa ALY1I Gl a rwuann alwnuv. a.v..nuv ...nce.v . S.ce.v s cauv ruIcauv- .ciIJ_urv u.Cuav
Ni 8 10 .11 6 8 7 5 14

Cr 26 25- 31 30 23 16 12 23 7 45

Se 7.1 7.4 8.0 9.8 9.7 6.5 17.1 5 6.6 9,6 9.6 7.7 13.5

V 78 82 80 121 85 74 140 93 71 104 119 89 158

Ba 986- 1027 1015 954 973 1038 775' 1010 1030 93-5. 965' 983 983

Rb 87.1 80.0 90.7 59.- .6 52.4

Sr 474. 559 477 618 513 484 714 552 578 568 560 550 675

Zr 157 .165 164 175 _ 168 _ 190 108 145 142 146 157 153 171

Y 10.4 10.6 10.7 12.8 13:9 14.6 15.0 9 8.5. 12.4 13.5 12;1 14.7

Nb 8.1 8.2. 8.5 .8.7 8.9 10.0' 6,0 '5.9' 6.7 7.3 7.9 7.7 9.4
Ga 21 23 20 24 21 19 19 22 22 20 18 19 21

Cu. .11 28 20 4.1 40 35 42, 2 9 5 38

79 74 80 87` 127

Pb 13.8 13.5 11.2 11.6

La 28.8 28.0 26.9 29.1 25

Ce 52.0 52.1 49.1 54.8 50.2

Tit 7.7 6.5

Pr 5.7 5.9 -5.4' 6_4 ,6.5 '6.7' 5.1 4.7 5.1 56. 5.4 5.8

,yd -21.9 22.1 20.8 24.9 24.6 25.6 21.6 18.2 19.9 21.7 21.0 23.9

sin 4.4 4.5 4.2 5.2. 5.0 5.0 5.0 3.6 4.1 4.4 4.2 5.4

En 1.1 1.1 1.1 1.4. 1.2. 1.2. 1.3 0.9 1.1 1.1 1.1 1.5

5

668 637 637

TiO2 06 07 07 06
FeO* 35 37 38 31 45 43 39 57
MnO 0.06 007 009 006 005 007 008 007 008
CaO 38 3.7 35 47 45 44

7 15 23 20 17
24 29 33 21 29 29 26 27 27

Element
AP-00- AP2-00- AP2-00- AP2-00- AP2-00- AP2-00- AP2-00- AP-00- AP2-00- AP-00- AP2-00- AP2-00- AP2-00-

Ppm) 54 46 64 24 68 100 71 28 92 77 51 60 76
....f .. A....{'....... A....I'...... A..-t- ..w.* D..A..A.. U..A..A.. U..A..A..* r IU-...... /" Ne...... A......1.. A.....d.. A.....d.. A......L.*

11 9 4 8 5

43 8 7

7 81 8 1023 51 5 78 807 686 729 77

32 1 1

Zn 82 72 90 71 64 76 76 69

141 129 139 103 14 144 125 125 134
31,8 334 213 235 242 272 267 249
78 613 42.2 48 431 45 1 503 489

9.1 4.6 84 104 36 3 61 5.7 6.4 69

(

50



Element
(PPnn)

AP-00-
54

Azufrera

AP2-0O-
46

Azufrera

AP2-00-
64

Azufrera

AP2-00-
24

Azufrera*

AP2-00-
68

Rodado

AP2-00-
100

Rodado

AP2-00-
71

Rodado"

AP-00-
28

C.Negro

AP2-00-
92

C. Negro

AP-00-
77

Angulo

AP2-00-
51

Angulo

AP2-00-
60

Angulo

AP2-00-
76

Angulo*
Gd 3.2 3.3 3.3 4.0 3.9 3.8 4.3 2.5 3.3 3.5 3.3 4.5

Tb 0.4 0.5 0.4 0.6 0.5 0.5 0.6 0.5 0.5 0.6

by 2.2 2.2 2.3 3.3

!lo 0.4 0.4 0.4 0.4 0.6

Er 0.9 09 0.9 1.1 1. 0.8 1.1 1.2 1.1 1.3

Tm 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2

lb 0.7 0.7 0.8 0.8 1.0 1.2 1.1 0.6 0.9 1.0

/.u 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.1

Hf 4.3 4.5 4.6 4.7 4.6 5.1 3.2 3.9 .3 4.7

0.6 0.6 0.6 0.6 0.7 0.4 0.5 0.5 0.5 0.5 0.6

17 2.0 1.6 2.2 1 2.0 2.7 1.0 1.5 1.4 1.5 1.6 1.1

1.6 3.1 1.6 2.9 2.5 2.4 2.7 1.4

28 28 29 32
05 05 05 06

2 13 14

0.3 05
17 25 27 24
03 04 05

09 10

Ta 0.6
1.

Cs 28 2.7 33 1.7

Table 18 continued. * indicates quenched mafic inclusion

41 44 4
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The most striking variation among lavas is the relative enrichment in K2O (wt%) for the

Rodado Stage relative to other stages, especially the Angulo Stage (Figure 13). The K2O/SiO2 Slope

for the Rodado Stage (between 64.4-66.2 wt% silica) is -0.28, while the slope over the same

compositional range for the Angulo Stage is -0.08. This divergent behavior of the Rodado Stage is

also reflected in silica vs. A1203, Zr, Ba, Rb and Sr (Figure 27a-1).

Overall for the lavas, CaO, FeO*, MgO, TiO2, MnO and Ni decrease with increasing silica

content, while K2O, Na2O, Sr, Rb, and Ba contents increase. The Rodado stage increases in Zr, Nb

and A1203 with increasing silica content, while all other stages decrease in these elements (Figure

27a-1; 28). Quenched inclusions from the Rodado and Angulo Stages plot in similar fields for all

major elements except CaO, TiO2, and P2O5, where it is more depleted than other inclusions, and

MgO, where it is enriched comparatively. The Azufrera Stage inclusion behaves similarly to the

least silicic lavas of the Angulo Stage. Although the Rodado Stage inclusion has the lowest silica

and highest MgO content, it is unlikely to represent the true composition of the mafic end member

because of its intergranular texture. Instead, the inclusions from the Angulo Stage likely represent

the most primitive magma empted at Aucanquilcha as they exhibit a more typical quenched texture.

The A1203 concentration of lavas and inclusions from Aucanquilcha decrease with

decreasing silica content, along with behavior of Ba, Rb, Sr (Figure 28), indicate the fractionating

assemblage is likely dominated by plagioclase. Although the array of compositions suggest that

magma mixing has played a role in the development of Aucanquilcha lavas, the small volume of

quenched magmatic inclusions relative to lavas and variation in behavior of the Rodado Stage

indicate that mixing with a more primitive magma does not alone control the composition.

However, mixing between two similar dacites stored at different P-T conditions, suggested by the

bimodal amphibole population, and mixing between a dacite magma and crustal melts, suggested by

oxygen isotopic data, play an important role at Aucanquilcha. Zr and Nb concentrations in lavas

suggest zircon also plays a role in the fractionating assemblage (Table 18).

Trace element profiles for lavas and inclusions at Aucanquilcha, normalized to QMI AP2-

00-77, indicate that lavas are enriched in LILEs and LREE relative to the more mafic inclusion

composition (Figure 29). They also exhibit depletion in Sin and Nd, along with HREEs relative to

the Angulo inclusions. Most stages have a strong enrichment in Th, except for the Cumbre Negro

lavas that have no Th spike. Overall, the Cumbre Negro stage is less enriched in all trace elements

compared to the Angulo inclusion and other Aucanquilcha lavas. HFSEs such as Zr and Hf are

either the same or below the values for the Angulo inclusion, except in the Rodado Stage where

some lavas are enriched in Zr and Hf, indicating the presence of zircon. This is supported by the

strong HFSE depletion of the Rodado Stage inclusion, suggesting the crystallization of zircon from

the parental melt. The Rodado Stage inclusions behaves unlike any other sample at Aucanquilcha,

with strongly depleted LREEs and HFSEs (Figure 29) and an enrichment in Sr. This behavior might
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be related to its distinct intergranular texture, indicating its reequilibrated nature. As with the major

elements, the Azufrera Stage inclusion behaves very similarly to the lavas.

Rare Earth Elements

Lavas and inclusions from Aucanquilcha are characterized by high REE concentrations

(Figure 30; Table 18), with a pronounced LREE enrichment ([Ce/Yb] = 9.8-19.1). Inclusions,

especially from the Angulo Stage, tend to be enriched in MREE and HREE compared to lavas,

while Rodado Stage inclusions are relatively depleted in LREE compared to lavas (Figure 30). The

"scoop"-shape of most of the profiles in the HREEs indicates that amphibole (and to a lesser degree,

clinopyroxene) crystallization play a role in the formation of these magmas, but increasing Sm/Yb

ratios with decreasing HREE content suggests that crystallization of these phases are not the

dominant process as amphibole and clinopyroxene have similar partition coefficients in andesitic

melts (Hanson, 1978; Green and Pearson, 1985). Instead, this pattern suggests the influence of an

HREE-enriched trace phase and assimilation of a low HREE crustal material (Feeley and Davidson,

1994). Many of the lavas have a slight negative Eu anomaly, especially evident in the Rodado and

Angulo Stages, indicating plagioclase fractionation is involved.

Some lavas have Lu/Tm of -1 (compared to -0.85-0.9 for most lavas), indicating less of an

influence of amphibole fractionation in their formation (Figure 30), and these samples will be used

as a potential end member for AFC models. These samples also tend to have the weakest Eu

anomaly, and could potentially represent crustal melts.

Sparsely crystalline quenched mafic inclusions in the Azufrera and Angulo stages are

depleted in Cs, Rb, Ba and Th and enriched in Sr, Sm, Nd, Y and Zr as compared to lavas. The

holocrystalline inclusion of the Rodado stage is very depleted in LILEs compared to lavas and to

other inclusions (Figure 29), but it is also depleted in Zr and Hf, indicating zircon fractionation

during its formation.

Isotopes

Sr and Nd isotopic trends at Volcan Aucanquilcha are best understood in the context of the

full suite of isotope analyses from the Aucanquilcha Volcanic Cluster (Figure 31). For lavas,
81Sr/86Sr increases from 0.705 to -0.7068 for the AVC, and 0.7057 to 0.7068 for Volcan

Aucanquilcha with increasing Rb content (Table 19; Figure 31). 141Vd/144Nd decreases from

0.51240 to 0.51225 with increasing Rb content in lavas (Table 19, Figure 31). Mafic inclusions do

not plot along the same trend, with higher 87Sr/86Sr and lower 143Nd/144Nd at a given Rb content. In

general, 87Sr/86Sr decreases and 143Nd/144Nd increases with increasing silica content at Aucanquilcha

for both lavas and inclusions. Variation between eruptive series at Aucanquilcha is small, but the

Cumbre Negro Stage has the lowest 81Sr/86Sr and highest 143Nd/144Nd while the Rodado is the
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-Stage Azufrera Azufrera. Azufrera
Sample AP2-00-47 AP2-00-64 ,AP-00-54

Rodado: Rodado Rodado Rodado C. Negro
AP2-QO-70 .AP2-00-96. AP2-00-98 AP2-00-100 AP2-00-91

Sr 6Sr
4

0.70614 0.70650 0.70661 0.70635 0.70621 0.70679 0.70668 0.70580
1Vd/14I.L Nd 0.51234 0.512295 061229 0.512303. 0.512353 0.51228, .0.512281 0.51240

208Pb/204Pb, 38.574 38.489 38.582 38.525' 38.687 38.537 3$.560 '38.604-

! 80b sntbw

Stage C. Negro Angulo Angulo Angulo Angulo QMI - Rod_ QMI - Ang.
Sample AP2-00-92 AP2-00-57 4P2-00-61 AP2-00-75 AP2-00-79 AP2-00-71 AP2-00-77

TSr S? - 0.70583 0.70629 0.70601 0.70641 0.70624 0.70622 0.70680
243Nd/144Nd 0.512389 .0,512329 0:512348 0.512345 0.512329 .0.512262 0.512277
208Pb/204 b 38.614 38.525 38.597. 38.522 38.630 38.537 -38.518.
207Pb/204Pb 115.624 15.603 15,621 15.607 15.635 15.612 15.616
20°Pb/20 Pb 18.672 18.652 18.679 .18.668'' 1.8.695 18.663 18.689
S180sn1ow +6.4.7 +6.5.7

n

Table 19. Sr-, Nd-, Pb- and O-isotopic analyses of selected whole rock and plagioclase samples from
Volcan Auca ilcha.

207Pb/204Pb 15 617 15 609 15.635 15.603 15 654 15 624 15.624 15 622
206pb/204Pb 18 636 18 656 18.672 18.652 18 708 18 686 18.692 18 670

+5.73 +623 +602

Whole rock for Sr, Nd and Pb data, plagioclase separates for 0 data. QMI = quenched mafic inclusion.
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opposite. This trend is roughly correlated with geographic location, with Sr isotope ratios increasing

and Nd isotope ratios decreasing from west to east. This reflects patterns across the arc illustrated in

previous studies (Davidson et al., 1991; Worner et al., 1994).

Pb isotopes exhibit no distinct trends between eruptive stages or geography. In general,

207Pb/204Pb and 208Pb/204Pb increase with increasing 206Pb/204Pb (Figure 32; Table 19). Azufrera

Stage lavas tend to contain lower 206Pb/204Pb compared to the Rodado Stage, while the Angulo Stage

spans the most of the range of values. Worner et al. (1992) have interpreted the Pb isotopes of

Quaternary volcanoes in the CVZ to reflect basement compositions. The AVC and Volcan

Aucanquilcha are located within the southern (S of 19.5°S) region where lavas are more enriched in
206Pb/204Pb and 207Pb/204Pb relative to lavas erupted north of 19.5°S. Worner et al. (1992) interpret

this change in Pb isotopic character as a change in lower crustal rocks being assimilated by

Quaternary magmas.

Oxygen isotope ratios for Volcan Aucanquilcha are the lowest measured in the CVZ,

ranging from - 5.7-6.69 o 5180 (Figure 33; Table 19). There is a distinct trend of increasing 5180

with decreasing age of lavas and the Angulo quenched magmatic inclusion has the highest 5180 at

Aucanquilcha (Figure 33). Studies of areas with significant hydrothermal alteration have shown that

upper crustal rocks can have their 5180 significantly lowered by interaction with meteoric water

(Grunder, 1987; Rose et al., 1994; Feeley and Sharp, 1995). This pattern of increasing 5180 through

time is consistent with two possible models: (1) the initial mixing of a low 5180 crustal melt with a

progressive reduction in the amount of mixing as the magmatic system continues or (2) a larger

proportion of high-5180 primary magma (e.g., uncontaminated andesite) into the magmatic system.

Both of these scenarios likely play a role in the development of dacite magmas at Volcan

Aucanquilcha.

Discussion

Volcan Aucanquilcha has erupted dozens of lavas of restricted composition and mineralogy

over the past 1 million years. The overall compositional range of the Aucanquilcha Volcanic Cluster

spans that of the Central Volcanic Zone, but lavas from Volcan Aucanquilcha span only from 62-67

wt% silica (Figure 14) and most have compositions from 64 to 66 wt% silica. Mafic inclusions

extend the mafic end of the range to 59% silica. Even across all eruptive stages, the average silica

content of each stage does not vary significantly over the course of -1 million years of activity. In

contrast, Volcan Ollague, an active composite volcano located 30 km to the east behind the volcanic

front, has ejecta ranging from 53 to 66 wt% silica erupted over its -1 million year history. The

compositional homogeneity at Volcan Aucanquilcha is coupled with mineralogical homogeneity,

where over 80% of lavas erupted have a plagioclase > amphibole > pyroxene > biotite > Fe-Ti oxide

assemblage. The monotony of the mineralogy is emphasized by the ubiquitous bimodal amphibole
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population found in all Aucanquilcha lavas. Taken together, the persistence of composition and

mineral assemblage over time at Volcan Aucanquilcha indicate that the underlying magmatic system

has reached a climax composition, analogous to climax vegetation that is achieved for a set of quasi-

steady state, undisturbed environmental conditions. In the following discussion, we consider three

aspects of magmatism beneath Volcan Aucanquilcha. First, we treat the configuration and

conditions of the pre-eruptive magma and origin of the compositional range of lavas. We follow

with consideration of the importance of precursory magmatic activity with respect to feedbacks

between magma and crust in achieving dacitic climax composition. Finally, we consider the

relationship between the timing and thermal and material relationships between magmatism and

hydrothermal alteration at Volcan Aucanquilcha.

Magmatic Intensive Parameters

Al-in-hornblende geobarometrv

Estimates of pressure, using the method of Johnson and Rutherford (1989), provide a range

of crystallization depths for amphibole in lavas and inclusions at Volcan Aucanquilcha. Hornblende

amphibole provide a range of pressure from 0.1 to 2.7 kb, indicating depths of between -0.5 to 6

km, while pargasite amphibole provide a range of 3.1 to 5.8, indicating depths in excess of 8 km

(Table 20; Figure 34). This barometer requires the presence of plagioclase, sanidine, quartz,

amphibole, magnetite, and titanite or ilmenite (Johnson and Rutherford, 1989). Lavas from Volcan

Aucanquilcha have only sparse sanidine and titanite but bulk compositions, the presence of ihnenite

and similarity to experimentally calibrated hornblende amphibole allow for use in this system. The

Johnson and Rutherford (1989) barometer has not been experimentally calibrated for the high-Al

amphibole assemblage, so the absolute values for pargasite should be treated skeptically. However,

it does indicate that pargasite likely crystallize deeper than hornblende, corroborated by the higher

temperatures derived from the pargasite. However, it is not known if the hotter, more mafic dacite

magma had the correct composition or mineral assemblage. Taken at face value, the error on the

geobarometer is 0.5 kb, indicating that the difference in pressure of -Ikb for hornblende and -4kb

for the pargasite is significant. This points toward two levels of crystallization within the magmatic

system.

Amphibole-plagioclase geothermometrv_

Experimental studies have shown increasing AIIV and (Na+K)A correlates with increasing

crystallization temperature (Helz, 1973). The two populations of amphibole at Aucanquilcha are

divided into a high T, Al-rich population (pargasite) and a lower T, Al-poor population (hornblende)

(Figure 24b). These populations can also be divided into a low Ti (hornblende) and high Ti

(pargasite) population. The higher temperature and higher Ti classification of the hornblende is
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Aucanquilcha

Amphibole - Low Al
Average T (°C) 934 837 906 805 876 988 937 826 946

T Range (*C) 888-937 810-886 902-909 768-823 837-901 973-1012 902-1003 818-836 901-996

Average P (kb) 1.2 1.2 1.5 1.2 1.0 1.1 0.7 2.5 1.2

P Range (kb) 0.5-2.2 0.5-2.4 1.3-1.8 0.7-1.9 0.3-1.5 0.1-1.5 0.1-1.1 2.2-2.7 0.6-1.6

Amphibole - High Al
Average T(°C) 994 936 965 899 942 1026 1002 880 1033

T Range (*C) 984-1027 862-962 918-991 813-965 919-974 990-1055 961-1026 840-890 992-1078

Average P (kb) 4.3 5.1 5.0 4.7 4.7 5.1 5.0 4.8 4.1

5

Icula

Table 20. Pressure and temperature data derived from amphibole electron microprobe analyses from Volcan
Stage Azufrera Azufrera Rodado Rodado C. Negro Angulo Angulo QMI - Rod. QMI - Ang.
Sample AP2-00-59 AP2-00-94 AP2-00-97 AP2-00-98 AP2-00-92 AP2-00-60 AP2-00-73 AP2-00-71 AP2-00-77

P Range (kb) 3.1-5.0 4 7-5 8 4.4-5 7 4.2-5.8 4 3-5 3 4.3-5.9 4.7- .6 3.1-5 9 3 0-5.1

Amphiboles pressures ca ted using Johnson and Rutherford (1989; ±0.5 kb error); amphibole temperatures calculated using Holland and
Blundy (1994; error ±40°C)



131

consistent with an amphibole derived from a more mafic magma than that crystallizing the

pargasite.

Temperatures for lavas and inclusions at Volcan Aucanquilcha using HBPlag software

based on methods from Holland and Blundy (1994) range from 768 to 1012°C for hornblende

amphibole and 813 to 1078°C for pargasite amphibole (Figure 34; Table 20). Average temperatures

derived from the two populations of amphibole for each eruptive stage indicate a formation

temperature difference of -60-90°C between the two amphibole. Although this 60°C difference is

close to being within the error of the geothermometer (±40°C), the occurrence of the temperature

difference in all samples indicates that it is likely not a product of analytical error. Ab content of

plagioclase was measured using electron microprobe for use in the thermometer. Amphibole and

plagioclase composition were recalculated using F1 software provided with the Cameca SX-50,

using methods from Deer et al. (1992).

Fe-Ti Oxide geothennometry and oxygen fugacity

Electron microprobe analyses from co-existing, unexsolved Fe-Ti oxides were recalculated

using methods from Carmichael (1967) and Stormer (1983), with final temperatures and fugacity

calculated using Stormer (1983) as codified in ILMAT Excel spreadsheet macro (LaPage, 2003).

These calculations indicate a range of -750-1025°C (Figure 35; Table 20); an error for the

geothermometer is ±40°C. Methods from Bacon and Hirshmann (1988) were used to test for

equilibrium of co-existing pairs and only samples falling within 2a of Mg-Mn equilibrium were

used. Oxygen fugacity for coexisting Fe-Ti oxides range from -9.5 to -13.0 or -i to 2 log units

above NNO buffer. Error for oxygen fugacity is ±0.5 to 1 log units.

Pre-eruptive magmatic conditions and geometry

Volcan Aucanquilcha is among a handful of volcanoes that have documented occurrence of

bimodal unzoned amphiboles in their lavas (Figure 36). The only other volcanoes documented to

have two phenocryst populations of amphibole are also in the Central Andes: Parinacota, Sajama

and Porquesa (Nakada, 1991). It has been suggested that Mt. Shasta, California may have three

phenocryst populations of amphibole (Grove, et al., 2005). Two populations of amphibole have been

observed in other volcanoes but they are divided between a phenocryst and groundmass population

(e.g., Green, 1982; Kay and Kay, 1985; Romick et al., 1992). In the Central Andean volcanoes, this

bimodal has been simply attributed to mixing of two magmas during the evolution of the magmatic

system. We also attribute the presence of two distinct amphibole populations to mixing because (1)

the amphiboles do not overgrow one another and (2) each population is virtually unzoned indicating

equilibration at substantially different conditions and from different compositions unlike pargasitic
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decompression compositions observed at Mount St. Helens (Rutherford and Hill, 1993; Gardner et

al., 1995).

In addition, at Volcan Aucanquilcha, the details of the distribution of these amphiboles,

along with the textures and composition can help elucidate on the geometry of the magmatic system,

along with the timing of mixing events in relation to eruptions. The pargasite and hornblende found

at Volcan Aucanquilcha indicate that a likely scenario for the generation of dacite is a series of

cupolas in the upper crust: two dacite magmas of similar compositions but crystallizing at different

P-T conditions.

The Angulo stage has the greatest overall pressures measured, while the Rodado is the

most shallow for both types of amphiboles. The stages also have similar temperature distribution

(within 20 error), but the Angulo stage is the hottest and the Rodado stage the coolest for both

amphibole (Figure 34). Overall, this suggests a model where pargasite crystallizes in dacite stored in

a deeper reservoir, while the hornblende crystallizes in a shallower one, possibly a cupola on the

deeper reservoir. Fe-Ti oxide temperatures (Table 20) suggest crystallization (or re-equilibration) in

the shallow cupolas. The depth of these cupolas do not change significantly during the evolution of

the volcano, with the exception of the Angulo stage that has signs of renewed magmatic intrusion

through higher proportion quenched inclusions and drier mineral assemblages compared to previous

eruptive stages.

The lack of reaction rims on many amphiboles of both populations suggests two possible

scenarios: (1) episodic tapping of magmas with distinct amphibole populations mingling prior to

eruption or, (2) tapping and mangling of distinct magmas during eruption. The magmas that host the

different amphiboles cannot have been mingled or mixed for very long or there would be well-

developed reaction and overgrowth relationships between the two amphibole types. Rutherford and

Hill (1993) and Browne (2004, pers. comm.) have found that amphiboles can react and recrystallize

in a magma in a matter of days to hours, so prolonged mingling would be evident if this were the

case. This supports the idea of rapid mixing and eruption of the dacite magma, as experiment work

indicates that re-equilibration of amphibole after mixing can occur is a timeframe of hours to weeks

(Brandon Browne, 2004, pers. comm.). Furthermore, repeated eruption of two-amphibole lavas such

as these indicates that the process of mingling was likely to be a common physical process. The lack

of composition zonation and banding in the eruptive lavas suggest that the two dacite reservoir that

mixed where not very compositionally different and may not have been physically far apart.

This rapid transit time might have been facilitated by crustal lineaments that underlie the

edifice of Volcan Aucanquilcha. Nearby Volcan Mifto has only hornblende, but most of the

hornblendes exhibit reaction textures, suggesting longer storage and transport time to the surface

(McKee, 2001). Volcan Miflo is a conical edifice, evidence of a prominent crustal lineament under

the volcano. The presence of bimodal amphibole at Central Andean volcanoes such as

Aucanquilcha, Sajama, Parinacota and Porquesa (Nakada, 1991) might suggest that rapid mixing



and eruption are a common occurrence, especially where potential crystal lineaments can allow for

rapid transit to the surface.

Compositional Evolution of the Volcan Aucanquilcha System

We will suggest a three-stage model for the petrogenesis of the dacite from Volcan

Aucanquilcha (Figure 37): (1) priming of the upper crust through hydrothermal activity, (2)

intrusion of andesitic magma and its fractionation to a mafic dacite and either (3a) the mixing of this

mafic dacite with a melt of silicic upper crust or (3b) continued fractionation with little mixing.

These processes are directly related to the incremental emplacement of the AVC pluton that

provides the thermal and material inputs to the upper crust (Figure 36).

Major Element Fractionation Models

Andesitic inclusions (-60 wt% silica, 2.3 wt% K2O) are the most mafic composition rocks

found at the modem Volcan Aucanquilcha. This parental andesite is one of five magmatic end

members used in these models (Figure 38; Table 21) in the Volcan Aucanquilcha system which also

includes a mafic dacite (-63% silica; 2.7 wt% K2O), high-K dacite (-65 wt% silica, 3.2 wt% K2O),

silicic dacite (^-66 wt% silica, 2.8 wt% K2O) and crystal melt (--68 wt% silica, 4.3 wt% K2O). The

occurrence of andesitic inclusions also suggests that mafic lavas that had previously erupted in older

AVC centers are no longer able to reach the surface.

One problem with modeling the development of magmas at Volcan Aucanquilcha is the

potential, based on bimodal amphibole populations in all lavas erupted, that two similar dacite

magmas mixed to form the dacite observed. In modeling magmagensis at Aucanquilcha, the least

silicic and most silicic dacite was chosen as an endmembers although it contains two amphibole

populations (i.e., evidence of mixing). We believe that these mafic and silicic dacites are close to the

bulk compositions of their respective endmembers and can be used to model the fractional

crystallization of the parent andesite to a mafic dacite and mafic dacite to silicic dacite.

Least squares regression for crystal assemblages for an andesitic quenched inclusion -

mafic dacite pair (see Table 21) indicate a modal proportion of phases needed to crystallize in

equilibrium that varies little between each eruptive stage. In order to produce a mafic dacite from

andesite, an assemblage of -47% plagioclase, -41% amphibole, 8% clinopyroxene, and -4%

magnetite (Et2 = 0.03). These phases are chosen as they are likely the phases crystallizing in both

dacite magmas. Biotite, though present in most lavas, likely only occurs in the silicic dacite that is

cooler and wetter, thus does not play a prominent role in the generation of these magmas. With the

large of number of phases present in many Aucanquilcha lavas, and the small compositional gaps,

small t2
are easily generated in these models, but based on the assemblages observed in lavas and

inclusions and the fit in the chemical modeling (see below), this assemblage can account for much

of the variation without the need of orthopyroxene. Models with only plagioclase, clinopyroxene
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Table 21. Magma compositions used to model petrogenesis at Volcan Aucanguilcha, Chile
Element Andesite Mafic Dacite Mixed Dacite Silicic Dacite Crustal Melt

(wt%) (AP2-00-77) (AP-00-81) (AP2-00-98) (AP2-00-61) (QCN94-2/8)1

SiO2 60.21 64.38 65.20 67.46 67.1
A1203 17.14 16.48 17.16 16.35 13.78

TiO2 1.03 0.74 0.61 0.49 0.42
FeO* 5.72 4.37 3.71 3.18 2.49
MnO 0.08 0.06 0.08 0.05
CaO 6.04 4.41 3.92 3.47 0.93

MgO 3.36 2.17 1.35 1.40 5.22
K2O 2.20 2.83 3.19 2.96 3.16

Na2O 3.99 4.36 4.49 4.52 4.26
P2O5 0.25 0.21 0.27 0.12 0.11

Trace

Cs

(ppm)

1.41 1.72 3.36 3.11 4.2
Rb 52.4 75.5 96 88.5 178
Ba 879 983 1047 991 609

Th 4.99 7.14 9.4 7.73 23
Ta 0.59 0.57 0.72 0.52 1.3
La 24.9 28.6 36.55 22.76 34
Ce 50.2 52.7 66.76 40.67 64
Sr 675 518 543 538 204

Nd 23.87 22.98 27.76 16.71 23
Sm 5.38 4.76 5.28 3.4 4

Eu 1.5 1.2 1.3 0.86 0.78
Hf 4.68 4.38 5.45 3.4 --

Y 14.65 12.57 16.41 8.8 16
Yb 1 0.87 1.32 0.71 1.9
Lu 0.15 0.14 0.21 0.11 0.31

= data from Seibel et al., 2001. All other data from this study.



and magnetite yield much larger ERZ and seem unreasonable considering the ubiquitous occurrence

of amphibole. Using the fractional crystallization models, the removal of -15-25% of this crystal

assemblage from a parental andesite will generate a dacite similar to the mafic (62-64 wt% silica)

dacite found in the Azufrera, Rodado and Angulo stages (Figure 38). For the Cumbre Negro and

Angulo stages, an additional 10% crystallization of the same phase assemblage from the mafic

dacite composition (Table 21) produces silicic dacite observed. High K20 lavas of the Azufrera and

Rodado stages cannot be modeled via direct crystal fractionation (Figure 38) with any assemblage

of phases found in Aucanquilcha lavas.

This model of fractionation works for most major elements except for Ti, Ca and Mg. Ti

variations can be explained as potential titanite fractionation to produce the low Ti concentrations in

lavas compared to models. The higher Mg of lavas could be the product olivine accumulation or the

presence of biotite, which is not considering to have a major role in the fractionation, while the slow

decrease in Ca contents of lavas may be the product of limited plagioclase accumulation. Overall,

these deviations from the models appear to be minor.

Trace Element Fractionation Models

Trace element models for the fractional crystallization of the andesite to a mafic dacite also

match for -20% crystallization (Figure 39; using partition coefficients from Feeley and Davidson,

1994; Appendix A). Zircon fractionation appears to play a small role in the development of younger

stages, but not in the older Azufrera and Rodado stages. These models indicate that plagioclase

accumulation is more likely during the youngest stages of activity, as they have low MREE

concentrations and require slightly higher bulk partition coefficients for Sr and Rb. For these

younger stages (Cumbre Negro and Angulo), a model of -10% additional fractionation of the mafic

dacite will produce a trace element pattern similar to the most silicic dacite of the Angulo stage

(Figure 38). Again, trace element models of direct crystal fractionation cannot account for the high

K20 lavas of the Azufrera and Rodado stages.

Major and Trace Element Mixing Models

The lavas of the Rodado stage, and to a lesser degree, the Azufrera stage, exhibit elevated

K2O (wt%) when compared to the lavas of the more recent Cumbre Negro and Angulo stages

(Figure 14; 38). This elevated K2O content cannot be explained with a simple fractionation model as

potassium increases too rapidly with increasing silica to be explained by crystallization of the major

phases found in Aucanquilcha lavas. Models for trace element mixing between a fractionated mafic

dacite and a crustal melt derived from silicic upper crust (modeled from Rio Frio IG II, Seibel et al.,

2001) also indicates -30% mixing between the two melts to produce the observed high-K dacite

compositions (Figure 38).
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Direct mixing of a crustal melt can model the compositional range observed. We use an

18.6 million year old regional ignimbrite (Rio Frio IG II - Qcn-92-2/8; Seibel et al., 2001; Table 21)

as a proxy for the upper crust (<8 km) in the Central Andes. Large-scale ignimbritic activity has

been common over the past 20 Ma in the Central Andes (Baker, 1981; DeSilva, 1989; DeSilva,

1991), so it is not unlikely that much of the upper crust is composed of either ignimbrite deposits or

the intrusive equivalent to these deposits. This upper crust has also likely been hydrothermally

altered and thermally primed by the prolonged magmatic activity associated with the AVC, making

it more fusible than unaltered, cold upper crustal material. As the new batches of andesitic magma

intrude the upper crust, this crust is melted and mixed wholesale into the mafic dacite that is

fractionated from the andesite. Mixing models for the crustal melt and mafic dacite (Figure 38;

Table 21) indicate mixing of between 0-30% crustal melt with the dacite to produce the observed

range of values.

Isotope Modeling

Isotopically, the low contrast in Sr, Nd and Pb isotopic ratios, along with low contrast in

Nd and Sr ratios between the upper crustal melt and the observed dacite and within the suite of

Aucanquilcha lavas make modeling of changes in isotopes during fractionation. These highly crustal

Sr, Nd and Pb isotope ratios (Table 19) suggest that upper crustal material is important to the

evolution of magmas in the Central Andes, as suggested by Feeley and Davidson (1994) and

Davidson et al. (1991). In general, younger stage lavas have higher 143Nd/144Nd and lower s7Sr/86Sr

ratios as compared to older stages, suggesting a higher proportion of mafic lavas or lower proportion

of crustal melts. The hotter and drier assemblages observed in Angulo lavas indicate that it is likely

caused by a new input of mafic lavas with less interaction with altered wall rock. Overall, models

for the Rodado and Azufrera stages suggest that mixing between an upper crustal melt and the mafic

dacite intersect the field of Aucanquilcha lavas, and Rodado lavas are farthest along the mixing line,

indicating a higher proportion of mixing (Figure 38). However, quantitatively, these isotopes do not

provide clear evidence for the source and proportions of magma mixing at Volcan Aucanquilcha.

Oxygen isotopic ratios provide a clearer picture of the influence of crustal contamination

on the lavas at Volcan Aucanquilcha. Volcan Aucanquilcha lavas have some of the lowest 5180

values found in the Central Volcanic Zone (Figure 40), ranging from +5.7 to +6.6%o. These low

5180 values can be attributed to two possible scenarios: (1) direct sampling of mantle source

(e.g., Davidson et al., 1991; Davidson et al., 2005) or (2) contamination by hydrothermally altered

crustal material (e.g., Hildreth et al., 1984; Grander, 1987; Feeley and Sharp, 1995). The high 5180

values (> 7°xo) for lavas from most volcanic centers in the CVZ (James, 1985), along with the -70-

km of crustal suggested by seismic reflection (Schueber and Geise, 1999) preclude the idea that

direct mantle melt, unaffected by continental crust, could reach the surface in the AVC. Instead,
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these 5180 values suggest that lavas from Volcan Aucanquilcha have significantly interacted with

altered crostal melts with low (< 2%o) 6180 values.

The Rodado and Azufrera stage lavas have the lowest 6180 values found at Volcan

Aucanquilcha (Figure 33), indicating the most interaction with a low 6180 source, likely a melt of

hydrothermally altered upper crust (Figure 36). In order to determine upper crustal 6180 values

necessary to lower the overall 81SO of the dacite lavas erupted at Volcan Aucanquilcha, we modeled

the oxygen isotopic evolution of the upper crust at 21°. Assuming a typical 618O value for meteoric

water at that latitude of -7% (Agemar et al., 1999) and an estimate of +7%o for the initial rock

(based on typical CVZ magmas that likely constitute the upper crust), we modeled flow through the

upper crust with a rock temperature of 275°C (e.g., a geothermal gradient of -75-80°C/km). Using a

model after Taylor (1977, 1979), upper crust 6180 values of between +2.3-0.6%o are reached with

time-integrated water to rock (weight) ratios of between 0.1-0.5. Volcanic activity has occurred in

the AVC for at least 11 million years, but even if we take only the most recent activity (Polan Group

and Volcan Aucanquilcha), magmatism has been occurring for the past -4 million years. This would

allow for time-integrated water/rock ratios that could reasonably reach the values calculated here.

Mass constraints for magma generation

The two main edifice-building stages, the Azufrera and Rodado, produced -30 km3 of

lavas, while the final two stages, the Cumbre Negro and Angulo, added an additional -7 km3 of

lavas. Assuming an approximately 10:1 intrusive to extrusive ratio for silicic rocks (Crisp, 1980),

the total magma reservoir in the upper crust for the edifice building stages is likely -300 km3, while

the final two stages need a magma reservoir of -70 km3. This estimate suggests a grand total of

-370 km3 of magma needed to produce the observed volume of lavas erupted.

This 370 km3 magma reservoir can be further divided into andesitic source, dacite and

crustal melts needed to produce the range of lava compositions observed. This assumes that all the

magmas are produced in a similar fashion, e.g., that all magmas are produced via fractionation and

mixing, with little variation from these trends. It also assumes that these processes repeat throughout

the history of the volcano to produce each successive batch of magma for the eruptive series. It is

unlikely that all of the estimated 370 km3 of dacite magma was liquid at a single time. Instead, this

magma was likely emplaced incrementally (see Glazner et al., 2004), forming a pluton.

Starting with the initial volume of magma needed to produce the 37 km3 of erupted lava,

the dacite reservoir can be divided into two pieces: mafic dacite magma and crustal melts. Although

6180 data suggest that the early stage magmas had more interaction with crustal melts, all lavas

erupted have somewhat lower 6180 values when compared to the CVZ, so the estimate of crustal

melt mixed with magma is based on the entire volume of dacite. In order to produce a 370 km3

reservoir of hybrid dacite, between 259 and 333 km3 of mafic dacite would need to mix with

between 37 and 111 km3 of crustal melts (a ratio of 10-30%) over the course of one million years.



However, this mixing is weighted towards the initial 300,000 years of the volcano's evolution. The

final stages can be produced by crystallizing between 15-30 km3 of the dacite reservoir to produce

the silicic dacite during the last 500,000 years. The volume of parental andesite can be estimated

from the volume of mafic dacite. Assuming that between 15-30% crystal removal is needed to

generate the mafic dacite from the parental andesite, an estimate of between 300 to 500 km3 of

andesitic magma is needed. This andesitic material likely underplates the dacitic reservoir and was

incrementally injected from depth. Overall, the magma needed to produce the observed lavas, when

accounting for the unerupted dacite and parental andesite, is between 700 and 900 km3.

Summary of Petrogenetic Model

Overall, the mafic and silicic dacite are produced by fractional crystallization, while the

high-K dacite is produced by mixing with a crustal melt along the fractional crystallization path of

the dacite. In all cases, the dacite is stored in different P-T conditions, producing two amphibole

populations that mixed during eruption The petrogenesis of dacite at Volcan Aucanquilcha (Figure

37 and 38) is highly influenced by its location, both temporally and spatially, within a long-lived

volcanic cluster. The magmatism that this 30 by 30 km area has experienced since the at least the

late Miocene has altered the top 10 km of crust at 21°S both compositionally, with the addition of

magma (now as either crystallized plutons and crystal mush) and the hydrothermal alteration of

previously existing crust. It has also altered the thermal structure of the upper crust, warming it

through repeated intrusions (Schilling et al., 1999; Chmieloski et al., 1999), and as the new addition

of magma will cool over the course of several hundred thousand to millions of years based on single

conduction models (Glazner et al., 2004), adding heat to the upper crust. This alteration has likely

had the net effect of homogenizing the upper crust both thermally and compositionally. It is this

priming of the upper crust that is needed in order to buffer the magmatic system during the

generation of Aucanquilcha dacite that allows it to produce such a monotonous composition over

the course of one million years (Figure 37).

The generation of dacite is dominated by the fractional crystallization of an andesitic parent

that is seen at Volcan Aucanquilcha as only quenched magmatic inclusions in most lavas sampled.

This andesite likely ponds at depth and begins to crystallize, eventually forming a reservoir of mafic

dacite that is the baseline dacite for the volcano (Figure 37). The generation of a mafic dacite from

andesite likely occurs deep within the magmatic system, no deeper than 5 to 8 km based on

amphibole barometry. These magma are likely hotter and drier and might be reflected in some of the

Angulo stage lavas that are less silicic and have pyroxene > amphibole. Most lavas that have erupted

at Volcan Aucanquilcha have evolved beyond this basic mafic dacite composition and can be

divided into two main categories: (1) high-K dacite, found in the Azufrera and Rodado stages and;

(2) high silica dacite, found in the Cumbre Negro and Angulo stages (Figure 38). This dacite

reservoir is likely stratified in lenses that are not active simultaneously, allowing for the
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crystallization of multiple amphibole populations at different P-T conditions and mixing with the

low 5180 crustal melts generated by the intrusion (Figure 37). This high-K dacite produced by

mixing with crustal melts is the dominant magma during the edifice building Azufrera and Rodado

stages.

The first two eruptive stages (Azufrera and Rodado) have been more affected by mixing

with upper crust than the last two eruptive stages (Cumbre Negro and Angulo). This is likely either

to do the waning of thermal inputs to the system, although the increased mafic component in the

Angulo stage suggests otherwise or due to the thermal and compositional buffering of the system. P-

T data indicate that overall depth of crystallization does not significantly change over the course of

Aucanquilcha's evolution (Figure 34), which suggests a progressive buffering of the magma system

from the surrounding wall rock after the initial emplacement of the magma. Lavas from the Cumbre

Negro and Angulo stages have elevated 5180 values compared to the Azufrera and Rodado stages

(Figure 33), indicating less interaction with a low 5180 source like a crustal melt (Figure 37).

The youngest stages of volcanism, Cumbre Negro and Angulo, show less influence of

crustal melt through their higher 5180 compared to earlier stage volcanism. This change in 5180 is

due to either waning of magmatic activity producing less crustal melt or a higher proportion of high

5180 magma in the system. For these two stages, some of both of the scenarios may come into play.

The small volume and overall high silica composition (Table 9) of the Cumbre Negro lavas suggest

that these lavas are the most fractionated. Therefore, they are likely the last portion of the original

Azufrera and Rodado magmatism with little thermal energy to melt more altered crust. The Angulo

stage exhibits a wide degree of compositional variation, drier phenocryst assemblage (Table 9),

more abundant mafic inclusions and higher amphibole temperatures (Figure 34) suggesting that a

higher proportion of high 6180 magma, such as a hotter mafic dacite or andesite, increased the

overall 6'80 of the Angulo stage relative to previous stages. Both stages continue to exhibit two

amphiboles in all lavas sampled, indicating a persistent geometry to the magmatic system, but are

much less voluminous than the high-K dacite generated by the initial intrusion (-1:4).

The generation of dacite at Volcan Aucanquilcha can take a number of trajectories, but will

repeatedly form similar dacites, both compositionally and mineralogically. This suggests that the

magmatic system is well established within the upper crust, allowing for persistent and repeatable

dacite magmatism. As each successive andesitic intrusion is injected into the upper crust, a new

batch of similar mafic dacite is produced at depth and percolates upwards. This mafic dacite will

melt the fusible hydrothermally altered upper crust and mix with these melts, producing high-K

dacites with low 5180 values. After the initial pulse of magmatism, there will be insufficient thermal

energy to melt additional crust and successive magmas will have higher 5180 values and drier

assemblages due to higher proportion of mafuc dacite/andesite (see Figure 34). It is only possible to



form this recurring dacite magmatism in areas with a long history of magmatism and homogenized

upper crust and may apply to batholiths.

Variations in Time and Space

Unlike many Central Andean volcanoes, Aucanquilcha does not have associated mafic

lavas. When compared to the range of compositions found in the Central Volcanic Zone, Volcan

Aucanquilcha has a very restricted range of silica, only varying 64±3 wt% (Figure 14) for lavas, and

63±4 wt% when inclusions are included. Even across all eruptive stages, the average silica content

of each stages does not vary significantly over the course of -4 million years of activity. This range

is exceptionally small when compared to Volcan Ollague, 30 km to the east behind the volcanic

front that ranges from 53-66 wt% silica (Figure 16). This compositional homogeneity at

Aucanquilcha is couple with a mineralogical homogeneity, where over 80% of lavas erupted have a

plagioclase > amphibole > pyroxene > biotite > Fe-Ti oxides assemblage. This is taken even further

as bimodal amphibole populations are found in all samples. This consistent eruption of

mineralogically and compositionally monotonous dacite indicates that a series of repeated processes

occur underneath Aucanquilcha before and between each eruption. In order to accomplish this

series, the system must be constrained to keep as many parameters (such as temperature, crustal

composition and water content) constant during each eruptive event.

Low 6180 magmas are rare in continental arc settings (Larsen and Taylor, 1986), especially

in the Central Volcanic Zone (James, 1985; Figure 41). Hydrothermal systems driven by the

magmatic intrusions play a vital role at Aucanquilcha, providing a source of low 6180 melts to

produce the low 6"'0 magmas found at the volcano. Previous studies by Grunder et al. (1987), Rose

et al., (1994) and Feeley and Sharp (1995) have found reduced 6180 values in either erupted lavas or

crustal rocks and concluded that hydrothermal alteration driven by magmatism lowered the overall

6180 of crustal rocks. These lower 6180 rocks were then assimilated by magmas, producing

relatively low 6180 silicic magmas (Grander et al., 1987; Feeley and Sharp, 1995). The

hydrothermal system in the AVC may be the cause of the potential low 6180 upper crust suggested

by the 6180 values from Volcan Aucanquilcha. This hydrothermally altered upper crust is melted

during andesitic intrusion and then mixed with dacite magmas to produce the range of compositions

observed.

There is abundant evidence in the AVC for an extensive hydrothermal system beyond the

low 6180 values at Volcan Aucanquilcha. Cerro Polan, Cerro La Luna and Cerro Tres Monos, all

-3.5-3.0 M.y.-old volcanoes in the AVC, have widespread hydrothermal alteration with abundant

sulfur deposits. Vn. Aucanquilcha itself has solfataric deposits and the occurrence of covellite

(Clark, 1970). Most of this alteration at volcanic centers in the AVC occurs along crustal

lineaments, indicating that water flow is concentrated along these lineaments, allowing for deep

percolation of meteoric water into the crust. The large spatial distribution of this alteration (-100

14t
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km2) also supports that idea that much of the upper crust underneath the AVC has been

hydrothermally altered.

Volcn Aucanquilcha and the AVC

The repeated production of similar dacite lavas in magmatic system at Aucanquilcha is

likely due to its location within a long-lived volcanic cluster. The 11 million years of magmatism

associated with the Aucanquilcha Volcanic Cluster have pumped -350 kin3 of magma through the

crust and onto the surface. Using an estimate of -10:1 intrusive to extrusive ratio typical of arc

systems (Crisp, 1980), upwards of 3500 km3 of magma has been intruded into the upper crust (< 15

km) underneath the AVC over the past 11 million years at rate of 0.32 km3/k.y. The effect of this

repetitive input of magma into the upper crust would be to warm the crust and keep it consistently

warm as intrusion continues, both due to the input of new magma and the slow cooling and

crystallization of older intrusions. Combined with this thermal maturation, the repeated intrusion of

mafic magma in a -70 km deep crustal column under the AVC and subsequent fractionation and

crystallization of these intrusions should compositionally homogenize the upper crust. As the system

ages, each new intrusion is likely intruding crystallized plutons or crystal mushes that have a similar

bulk composition to the new intrusion or new fractionate. This is amplified by the fact that much of

the Central Andean upper crust is constructed of 5-25 m.y.-old regional ignimbrites and their related

intrusions (Seibel et al., 2001) that have similar bulk compositions to the AVC. This thermal and

compositional maturation could also produce preferred pathways through the upper crust for

magmas that have been primed by previous intrusion along crystal lineaments. This produces a

situation that during the evolution of Volcan Aucanquilcha, magma intruded into already warmed

upper crust with similar bulk composition and fractionates, thus limiting the potential pathways of

deviation (e.g., assimilation of different material). This can then produce the monotonous

"Aucanquilcha dacite." Geophysical studies of the Central Andes (Schilling et al., 1997; Schueber

and Geise, 1999) suggest a zone of partially molten crystal mush at approximately 30 km depth at

21°S (i.e., underneath the AVC; Figure 20). This molten mush zone might be the lower reaches of

the thermally matured Andean middle to upper crust that extends to shallower levels as more

discrete conduits, lenses and pods.

In the AVC, the long volcanic record is evidence for repeated intrusion of magma into the

upper crust. These repeated intrusions provide two main inputs to the upper crust: thermal energy to

heat the crust and drive hydrothermal systems and material (in the form of magma) that

compositionally homogenizing the upper crust. Although the compositional homogenization of the

upper crust by repeated intrusion and fractionation appear to be important, especially in terms

producing a silicic density cap that prevents the eruption of primitive lavas (DeSilva, 1989). The

most "primitive" magmas found at Volcan Aucanquilcha are silicic andesite inclusions (-59-60 wt%



silica), suggesting that more primitive magmas (basaltic andesite and low silica andesite) that

erupted earlier in the history of the AVC are prevented from reaching the surface.

Two Amphibole Lavas in the Central Andes

Dacite lavas with two populations of weakly-to-unzoned phenocrystic amphibole appear to

be rare in the volcanic record. Only dacite lavas from Aucanquilcha, Sajama, Porquesa and

Parinacota volcanoes (the latter three from Nakada, 1991), all of which in the Central Andes,

contain bimodal populations of amphibole (Figure 36). These volcanoes are built on overly

thickened continental crust that has experienced extensive magmatic intrusion during the past 10

million years, especially at the AVC. Perhaps, repeated intrusions in silicic upper crust can produce

a quasi-stable magmatic system that allows for the crystallization of two amphiboles followed by

rapid mixing during eruption. The reaming of the magmatic system during an eruption, potentially

commence by an intrusion of new parental andesite, could mix and disaggregate magmas quickly

during a short ascent from between 1-8 km to the surface in the scale of days to hours (Rutherford et

al., 1998; Coombs et al., 2002; Zellmer et al., 2003). The rapid ascent could be aided by crustal

lineaments that appear to underlie each of these volcanic systems based on satellite imagery (deSilva

and Francis, 1991), providing preferred pathways for ascending magmas. The occurrence of

bimodal amphibole phenocryst populations could indicate magmatic system that is well established

and has ready access to the surface that is periodically reamed during eruptions where the crust is

thick enough to provide staging areas for a variety of silicic/intermediate melts.

Relationship to Porphyry Copper Deposits

With abundance solfataric alteration, hydrous, crystal-rich dacite lavas, minor copper

mineralization, although limited and its proximity to world-class porphyry copper deposits

(Collahausi and Chuquicamata), Volcan Aucanquilcha is potentially a porphyry copper producing

system. The volcano has experienced extensive alteration, with as much as 30% of the edifice

especially in the oldest Azufrera stage affected. At least two other large centers in the AVC have

experienced major alteration by hydrothermal fluids (Cerro Tres Monos and Cerro Polan) and all of

these centers have strong linearly aligned vents. Porphyry copper deposits have been found with

volcanic deposits that are believed to be related to the mineralizing intrusion, at least temporally

(Dilles and Proffett, 1995). Porphyry dikes associated with Cu deposits are typically crystal rich,

hydrous magmas with roughly dacitic composition (Gustafson, 1978; 1979) that are emplaced as

cupolas on the top of larger batholithic systems (Dilles and Proffett, 1995). They are also associated

with abundant hydrothermal alteration and solfataric activity and native sulfur deposits (Field and

Gustafson, 1976; Dilles et al., 1992; Zentilli and Stark, 1992; Gustafson et al., 2001).
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Previous studies have suggested that crustal lineaments increase fluid flow in the crustal,

promoting alteration of the upper crust through circulation of fluids, although these systems are rare

(Larsen and Taylor, 1986; Feeley and Sharp, 1995). The linear arrays of vents at the AVC (Figure 2,

12) indicate that there are likely crustal lineaments underneath the AVC that focus hydrothermal

fluids along these preferred conduits. This increased flow could help transport metal- and sulfur-

enriched fluids to into the upper crust. This suggests that active metal mineralization could be

occurring at depth underneath Volcan Aucanquilcha as hydrous dacite is emplaced in cupolas at

depths no more than 1 and 8 km. The AVC is located at a step in the Central Andean volcanic front,

where to the north, starting with Volcan Ollagiie, the arc trends WNW, while to the south, starting

with Volcan Aucanquilcha and continuing towards Volcan San Pedro-San Pablo, the arc trends

NNW (Figure 10). This might suggest that structural influences in the crust control the location of

volcanism in the AVC and promoted the eruption of -350 km3 of lava in the AVC over the past 11

million years.

An alternate scenario also exists for Volcan Aucanquilcha. The passive nature of the

eruptions at Volcan Aucanquilcha (dominantly effusive dacite flows) suggests that there could be

abundant degassing of the magma at depth, precluding explosive eruptions (Sato et al., 1992). There

is little record of explosive eruptions in the AVC, particularly in the past 4 million years. This could

indicate that crustal lineaments not only allow for easier hydrothermal flow but also for easier

access by magmas to the surface passively. The end result could be that the crustal lineament have

allowed for easier access to the surface by magmas that might otherwise have stalled at depth to

form porphyry dikes and stocks. In this case, Volcan Aucanquilcha might not have erupted if it were

not for crustal lineaments underneath the system. In other words, with preferred conduits in the

crust, Volcan Aucanquilcha would not be a volcano. Instead, it would likely be hydrous porphyry

intrusion in the upper crust. This suggests that crustal lineaments plan an important role in

determining whether intruding magmas erupt or stall within the crust, along with whether they will

erupt explosively or passively.

Conclusions

The production of monotonous dacite over the one million year lifespan of Volcan

Aucanquilcha is rare in the volcanic record. It is maintained due to Volcan Aucanquilcha's location

in a long-lived volcanic cluster that has likely created an upper crust that is both compositionally

and thermally homogenized. The dacite erupted at Volcan Aucanquilcha was produced in a multi-

stage magmatic system, likely in a similar configuration as a porphyry intrusion with cupolas and

small pockets of magma stored at different pressures and temperatures within the upper crust. The

prolonged magmatism of the AVC has hydrothermally altered the upper crust, creating a reservoir

of low 5180 material that can be easily fluxed, melted and mixed with intruding dacite magmas.

Bimodal amphibole populations indicate that the geometry and P-T conditions have been repeated



151

through the history of the volcano, suggesting a persistent magmatic system. The textural

relationships in amphibole also suggest rapid mixing of magmas during eruption, where the

magmatic system is reamed through established conduits.

The evolution of the dacite magmas erupted at Volcan Aucanquilcha can be explaining

with a multiple-step evolution: (1) priming of the upper crust through hydrothermal alteration driven

by long lived magmatic; (2) 15-25% fractional crystallization of a parental andesite to amafic dacite

and varying proportions of either (3) up to 30% mixing with an upper crustal melt to form ahigh-K

dacite or, (4) an additional 15% fractionation of the mafic dacite to form a silicic dacite. These

processes have been repeated throughout the history of Volcan Aucanquilcha to produce the

monotonous dacite observed in all eruptive stages. This indicates that the magmatic system at

Aucanquilcha has likely reached a balance of compositional and thermal parameters that allow for

repeated mixing, crystallization and eruption. This equilibrium of intensive and extensive

parameters may also help produce bimodal amphibole phenocryst populations found only in the

Central Andes.

Alteration is plentiful in the AVC, with at least three major centers exhibiting extensive

alteration. These centers all have linear vent arrays, suggesting that crustal lineament play an

important role in promoting the circulation of hydrothermal fluids and magma access to the surface.

Volcan Aucanquilcha might not have erupted were it not for these preferred pathways; instead a

porphyry intrusion would have formed in the upper crust. In this sense, there may be a critical level

of fracturing in the crust that allows for deep circulation of fluids without permitting easier eruption

of magma onto the surface in order to form porphyry copper deposits.

Volcanism at Volcan Aucanquilcha shows the important role that previous magmatic

activity at a given location can have on future magmatism. The repeated intrusions in the AVC over

the past ten million years have helped create a homogenous upper crust and help drive a robust

hydrothermal system. Without these processes occurring, thereby limiting compositional mobility, it

is unlikely that Volcan Aucanquilcha could repeatedly produce the same dacite magma for one

million years. Volcan Aucanquilcha is an example of "postmodern volcanism," where modem

volcanic activity is a product of all the magmatism that came before it in the same location.
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General Conclusions

The development of magmatism in the Aucanquilcha Volcanic Cluster and Volcan

Aucanquilcha is likely the surficial manifestation of the emplacement of a batholith in the upper

crust. The AVC has experienced the homogenization of the lavas erupted from a bimodal suite (59

and 62 wt% silica) during its early stages at 10-11 Ma to a strongly homogenized peak at -64 wt%

silica in the recent activity at Volcan Aucanquilcha. This transition from bimodal to homogenous is

marked to the appearance of quenched inclusions that cover the mafic end of the spectrum and the

disappearance of more mafic lavas. The pattern of volcanism changes through time, from a diffuse

pattern to a more centralized pattern, similar to the pattern seen in thee exposed Tuolumne Intrusive

Suite, CA, along with exhibiting a pattern of low rates of eruption, followed by a strong pulse of

eruption and then a waning of activity. The longevity of the Aucanquilcha Volcanic Cluster is most

similar to those of large plutons such as the Tuolumne Intrusive Suite, CA and Tatoosh Plutonic

Complex, WA. This suggests that the AVC is the product of repeated injections of magma into the

upper crust over at least eleven million years, and this repeated magmatism plays a vital role in

defining the behavior of the Volcan Aucanquilcha magmatic system.

Volcan Aucanquilcha has been active since at least 1.05 Ma and has erupted -37 km3 of

dacite lava, with a majority of its activity during its first 300,000 years. During this time, most of

the edifice was built and lava was erupted at a rate of -0.18 km3/k.y., while the post edifice

building phase had an eruptive rate of -0.02 km3/k.y., indicating a waning of activity. This pattern

of growth is similar to those found at other arc volcanoes. By examining average rates of eruption

for a series of arc volcanoes and comparing with the eruptive rates over time for Aucanquilcha, we

suggest that many older volcanoes have misleading low eruptive rates as many experience higher

eruptive rates during their early evolution, following by low rates during a much longer period

afterwards.

The monotonous nature of dacite at Volcan Aucanquilcha, both mineralogically and

compositionally, indicate that its location in a long-lived volcanic cluster may be the controlling

factor in producing a monotonous dacite. This monotonous dacite at -64 wt% silica with an

assemblage of plagioclase > amphibole > pyroxene > biotite > Fe-Ti oxides is likely the product of

a series of events: priming of the upper crust through repeated intrusion and hydrothermal

alteration, fractional crystallization of andesitic parental material and either mixing with crustal

melts or continued fractionation. Bimodal amphiboles found in all Aucanquilcha lavas suggest a

multilevel, quasi-stable geometry to the magmatic system, implying a steady-state, buffered

system. This is caused by the thermal and compositional homogenization of the upper crust by the

repeated intrusions of the AVC. Hydrothermal activity driven by this magmatism also altered the

upper crust, making it more fusible and a low 6180 source of crustal melts to mix with dacite

magmas. The AVC as a whole may be the volcanic equivalent of a porphyry copper deposit,
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Appendix A: Partition Coefficients

Element Plagioclase Clinopyroxene Magnetite Orthopyroxene Amphibole

Cs 0.02 0.17 0.63 0.20 0.50

Rb 0.02 0.01 0.01 0.02 0.05

Ba 0.05 0.02 0.01 0.01 0.08

Th 0.01 0.09 0.05 0.04 0.13

Ta 0.00 0.09 0.28 0.04 0.50

La 0.12 0.14 0.22 0.03 0.14

Ce 0.06 0.02 0.06 0.09 0.09

Sr 1.30 0.07 0.01 0.01 0.19

Nd 0.06 0.44 0.06 0.03 0.16

Sm 0.03 0.78 0.07 0.05 0.34

Eu 0.19 0.72 0.53 0.06 0.36

Hf 0.01 0.21 0.14 0.02 0.34

Y 0.06 1.10 0.05 0.30 3.10

Yb 0.01 0.93 0.11 0.24 0.44

Lu 0.05 0.86 0.32 0.31 0.44

Partition Coefficients used in trace element models (from Feeley and Davidson, 1994).

Appendix B: Collected Data CD-ROM

To obtain additional copies of this CD-ROM of compiled XRF, ICP-MS, Ar/Ar dating,

isotope and electron microprobe data, please contact the author at eklemett@u.washington.edu or

contact Anita Grunder at grundera@geo.oregonstate.edu.




