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 This dissertation combines volcanological research of three convergent continental margins. Chapters 

1 and 5 are general introductions and conclusions, respectively. Chapter 2 examines the spatiotemporal 

development of the Altiplano-Puna volcanic complex in the Lípez region of southwest Bolivia, a locus of a 

major Neogene ignimbrite flare- up, yet the least studied portion of the Altiplano-Puna volcanic complex of 

the Central Andes. New mapping and laser-fusion 40Ar/39Ar dating of sanidine and biotite from 56 

locations, coupled with paleomagnetic data, refine the timing and volumes of ignimbrite emplacement in 

Bolivia and northern Chile to reveal that monotonous intermediate volcanism was prodigious and episodic 

throughout the complex. 40Ar/39Ar age determinations of 13 ignimbrites from northern Chile previously 

dated by the K-Ar method improve the overall temporal resolution of Altiplano-Puna volcanic complex 

development. Together with new and updated volume estimates, the new age determinations demonstrate a 

distinct onset of Altiplano-Puna volcanic complex ignimbrite volcanism with modest output rates 

beginning ~11 Ma, an episodic middle phase with the highest eruption rates between 8 and 3 Ma, followed 

by a general decline in volcanic output. The cyclic nature of individual caldera complexes and the 

spatiotemporal pattern of the volcanic field as a whole are consistent with both incremental construction of 

plutons as well as a composite Cordilleran batholith.  

 Chapter 3 examines the spatiotemporal development of marine tephra deposits in deep sea sediment 

cores from the Sunda trench near Sumatra, which reveal evidence for seven large (minimum volume 0.6 – 

6.3 km3), previously undocumented, explosive eruptions in this region over the last ~110,000 years, 

presumably sourced from mainland Sumatra. Sediment cores were collected within and adjacent to the 

Sunda trench from 3.3ºN to 4.6ºS at water depths between 1.8 and 5.5 km and distances of ~200 to 310 km 

from the active Sumatran volcanic arc. Glass shards within the tephra horizons were analyzed via the 

electron microprobe and laser ablation ICP-MS and define three compositional groups. Minimum volume 

estimates for the seven unique units are consistent with volcanic explosivity index (VEI; Newhall and Self, 



 

1982) values of 4 - 5. The most frequent, widespread, and youngest deposits were found in the central 

region of the study area suggesting the central Sumatran arc as at the highest risk for large explosive 

eruptions.  

 The first detailed chronological and geochemical data are presented for Tunupa volcano and nearby 

Huayrana lavas in chapter 4. New 40Ar/39Ar age determinations reveal edifice construction at ~1.5 Ma, a 

duration of ~90-240 k.y., and extrusion rates of 0.43 to 0.93 km3/k.y. Mineralogical compositional and 

textural data are consistent with shallow crustal storage (~7-18 km) and magma mixing. Volcano 

morphology, extrusion rates, mineralogy and textures are all similar to the Pleistocene to recent composite 

cones of the arc front, although new and available age data from the literature indicate that Western 

Cordilleran volcanism was concomitant with extrusion of both Huayrana (~11 Ma) and Tunupa (~1.5 Ma) 

lavas in the behind arc region. Arc-related volcanism was either widespread during these eruptive periods, 

or an additional melting mechanism was involved. Geochemical data, such as lower Ba/Nb ratios and 

enriched high field strength elemental concentrations, compared to volcanoes of the modern arc front 

suggest that Huayrana and Tunupa lavas were derived from a different source than the modern arc front. 

Geophysical and geochemical research in the central Andes indicate local variations in crustal and 

lithospheric thicknesses and compositions consistent with a dynamic continental lithosphere that has 

foundered in piecemeal fashion into the underlying asthenosphere throughout the mid to late Cenozoic. The 

data presented in this chapter for Tunupa and Huayrana indicate a complex petrogenetic origin and more 

research is necessary to determine the relative roles of arc and non-arc volcanism beneath the central 

Altiplano.    
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Spatiotemporal And Geochemical Investigations Into Convergent Margin Magmatism In The Central 

Andes And Its Near Antipode In Western Indonesia 

 

CHAPTER 1 

General introduction 

 

 Many of the world’s volcanoes remain virtually unexplored. Although the geographical coordinates of 

most of these unexplored volcanoes are generally known, their ages, composition, and significance have yet 

to be revealed. Much more than a problem of documentation, this lack of knowledge impedes our 

understanding of earth’s processes and their potential impact on our daily lives. In this dissertation I 

explore the timing and chemistry of remote volcanic eruptions on opposite sides of the globe with the 

overall goal of improving our understanding of the processes and timescales involved in the genesis of 

magma, its ascent, and eruption. The common thread of the three manuscripts presented in Chapters 2, 3, 

and 4 is the use of state-of-the-art geochemical techniques to reveal compositions and spatiotemporal 

relationships of volcanic products. These data are integrated within a larger framework of lithospheric 

dynamics and the risks on human populations posed by explosive volcanic eruptions. The chapters are 

ordered chronological to their execution and completion.  

 Chapters 2 and 4 examine the timing, chemistry, and spatiotemporal relations of volcanism in the 

Altiplano-Puna plateau of the central Andes. This plateau is second only in breadth and height to that of 

Tibet. Both of these plateaus were constructed in the Cenozoic and have drastically altered the climatic 

patterns of the earth, although they formed at different plate tectonic settings. Whereas the Tibetan plateau 

results from continental collision, the Altiplano-Puna formed at the boundary of oceanic and continental 

lithosphere. How and why this plateau formed at a continental margin has fueled intense debate in the 

geological community. A wide assortment of researches from the earth science subdisciplines have 

attacked this problem from a variety of angles, and synthesis of their contributions has slowly yielded clues 

into the plateau’s construction, although interpretations remain hotly debated. While the exact mechanisms 

of plateau growth are still poorly understood, a general consensus has developed that crustal shortening 

alone cannot account for the awesome dimensions of the Altiplano-Puna. It is also clear that an 

understanding of timing and origin of volcanism associated with this region is an important source of 

information. 

 Geophysical data show that the plateau is paradoxically supported by a relatively thin lithosphere in a 

region that has experienced intense crustal shortening. This observation is generally hypothesized to result 

from detachment and sinking of the lower lithospheric mantle and lower crust into the asthenosphere. This 

loss of dense lithosphere, and the accompanying rise of buoyant, hot asthenosphere, contributes to plateau 

uplift. The size, style, and timing of the proposed lithospheric foundering remains poorly constrained and 

have received little contribution from the volcanological community for at least two reasons. First, the 

geochemical and volcanological response to lithospheric foundering in any region of the world is difficult 
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to constrain. Foundering-induced melting can occur in the crust, mantle lithosphere, or asthenosphere 

through the same processes that result in intraplate or continental margins. As a result, there is no unique 

“signature” for lavas from lithospheric foundering. Second, the same extremely thick and buoyant 

continental crust that may have led to the foundering in the central Andes impedes the rise of dense mantle-

derived magmas, whose primitive chemistry might have provided valuable constraints on their petrogenetic 

origins.  

 Despite the geochemical limitations, studies of volcanic rocks have the potential to provide important 

clues concerning the foundering hypothesis, particularly through spatiotemporal and volumetric analysis. 

The arid Altiplano-Puna plateau offers a pristine natural laboratory to study temporal trends in vent 

locations and volcanic production rates. Limited erosion has resulted in excellent preservation and exposure 

of an array of ancient and modern volcanism across much of the high plain. This exposure was 

impressively captured in a recent image by the Moderate Resolution Imaging Spectroradiometer aboard 

NASA’s Terra satellite in April 2011 (Fig. 1.1). Almost completely cloud-free and tree-free, the 

photograph provides an unprecedented record of volcanism spanning tens of millions of years. Hundreds, if 

not thousands, of these volcanoes have been identified in name only. Precise age dating, with geochemical 

and volumetric analysis of the lavas, will strongly increase our understanding of the lithospheric processes 

that directly led to their petrogenesis.  

 Chapter 2 provides an important step in this research with investigation of the Altiplano-Puna volcanic 

complex, an immense silicic volcanic field in the middle of the plateau. Chapter 4 examines the dominantly 

effusive Tunupa volcano and immediate surroundings, ~150 km north of the Altiplano-Puna complex. In 

these two chapters data from 40Ar/39Ar age determinations, whole-rock and mineral major and trace element 

analysis, volumetric calculations, and spatiotemporal analysis are evaluated within the context of previous 

research from the central Andes. As each subdiscipline can only hint at the overall geological processes in 

an area as geologically complex as the central Andes, synthesis of data from a wide variety of sources is 

necessary to understand its underlying tectonic processes.   

 In Chapter 3 I use many of the same geochemical methodologies and analysis as in Chapters 2 and 4, 

including the use of the electron microprobe and tephra correlation techniques. Perhaps the most significant 

difference in this chapter lies not in the sample localities but in the timescales involved. Whereas my 

research in the central Andes spanned much of the past 10 million years, investigations of volcanism in 

Sumatra, Indonesia is limited to the late Pleistocene and Holocene. Because of the more recent time span, 

this project overlaps with the lives of human civilization. In Chapter 2 I attempt to address an apparent gap 

in the volcanological record of the western Sunda arc of Sumatra. Sumatra volcanism includes eruption of 

the ~74 ka Youngest Toba Tuff, the largest of the Quaternary, as well as the 1883 eruption of Krakatau 

(from an island just south of Sumatra), one of the largest of the Holocene. The volcanologic record from 

Sumatra between these two great events, however, is poorly constrained. Sumatra currently consists of at 

least 35 active volcanoes, many of them towering stratovolcanoes overlooking densely populated regions. 

Numerous eye-witness accounts of small to moderate explosive activity have accumulated in the past few 
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hundred years, marking this region as one of the most volcanically dangerous on earth. Steep-sided, 

sparsely vegetated volcanic cones in this wet, low-elevation equatorial region further attest to the youthful 

and frequent eruption history of the globe’s sixth largest island. Despite the apparent frequency and 

potential for large explosive eruptions illustrated by Toba, Krakatau, and nearby Tambora on Java, very 

little is known about the prehistoric late Pleistocene to Holocene record of volcanism of the western Sunda 

arc.  

 Chapter 3 takes advantage of a fortuitous collection of tephras collected during the PaleoqQuakes07 

research cruise in 2007 and currently stored on the Oregon State University campus in Corvallis. These 

tephras are intercalated with turbiditic and hemipelagic material within sediment cores taken along the 

Sunda trench, where the Indo-Australian plate subducts beneath the continental Sunda microplate. These 

deep-sea sediment cores were collected with the primary goal of establishing the Holocene record of great 

subduction zone earthquakes at this margin, spurred by the devastating loss of life and infrastructure 

following the M 9.0 earthquake and accompanying tsunami on December 26, 2004. The destruction caused 

by the slow-moving plates at this tectonic boundary underscores the importance of better understanding the 

volcanological record in a region poorly equipped to respond to natural disaster.  

 Tephras within the deep-sea sediment cores span much of the time range between the eruptions of 

Toba and Krakatau. Determining their volumes, distributions, and geochemical characteristics thus 

provides valuable information concerning the explosive volcanic record during this time frame, for which 

very little is known. Although much can be gained by terrestrial investigation of the volcanological record 

on Sumatra, extremely high rates of vegetation, pedogenesis, and erosion have likely erased much of the 

distal tephra record, highlighting the usefulness of the dataset. Furthermore, the information gained through 

analysis of the deep-sea tephras can be used to focus terrestrial efforts. 

 The three manuscripts of this dissertation involved considerable assistance and collaboration from 

researchers at Oregon State University and around the world. Our common goal of understanding the 

processes of our planet and their relations to society further strengthen the ties and shared goals of the 

international community. This consequence is also an important result of this dissertation. 
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Figure 1.1 Image of the central Andes from the NASA Terra satellite
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CHAPTER 2 
 

40Ar/39Ar chronostratigraphy of Altiplano-Puna volcanic complex ignimbrites reveals the development of a 

major magmatic province 
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2.1 Abstract 

 The Lípez region of southwest Bolivia is the locus of a major Neogene ignimbrite flare-up, and yet it 

is the least studied portion of the Altiplano-Puna volcanic complex of the Central Andes. Recent mapping 

and laser-fusion 40Ar/39Ar dating of sanidine and biotite from 56 locations, coupled with paleomagnetic 

data, refine the timing and volumes of ignimbrite emplacement in Bolivia and northern Chile to reveal that 

monotonous intermediate volcanism was prodigious and episodic throughout the complex. The new results 

unravel the eruptive history of the Pastos Grandes and Guacha calderas, two large multicyclic caldera 

complexes located in Bolivia. These two calderas, together with the Vilama and La Pacana caldera 

complexes and smaller ignimbrite shields, were the dominant sources of the ignimbrite-producing eruptions 

during the ~10 m.y. history of the Altiplano-Puna volcanic complex. The oldest ignimbrites erupted 

between 11 and 10 Ma represent relatively small volumes (approximately hundreds of km3) of magma from 

sources distributed throughout the volcanic complex. The first major pulse was manifest at 8.41 Ma and 

8.33 Ma as the Vilama and Sifon ignimbrites, respectively. During pulse 1, at least 2400 km3 of dacitic 

magma was erupted over 0.08 m.y. Pulse 2 involved near-coincident eruptions from three of the major 

calderas resulting in the 5.60 Ma Pujsa, 5.65 Ma Guacha, and 5.45 Ma Chuhuilla ignimbrites, for a total 

minimum volume of 3000 km3 of magma. Pulse 3, the largest, produced at least 3100 km3 of magma during 

a 0.1 m.y. period centered at 4 Ma, with the eruption of the 4.09 Ma Puripicar, 4.00 Ma Chaxas, and 3.96 

Ma Atana ignimbrites. This third pulse was followed by two more volcanic explosivity index (VEI) 8 

eruptions, producing the 3.49 Ma Tara (800 km3 dense rock equivalent [DRE]) and 2.89 Ma Pastos Grandes 

(1500 km3 DRE) ignimbrites. In addition to these large caldera- related eruptions, new age determinations 

refine the timing of two little-known ignimbrite shields, the 5.23 Ma Alota and 1.98 Ma Laguna Colorada 

centers. Moreover, 40Ar/39Ar age determinations of 13 ignimbrites from northern Chile previously dated by 

the K-Ar method improve the overall temporal resolution of Altiplano-Puna volcanic complex 

development. Together with the updated volume estimates, the new age determinations demonstrate a 

distinct onset of Altiplano-Puna volcanic complex ignimbrite volcanism with modest output rates, an 

episodic middle phase with the highest eruption rates, followed by a decline in volcanic output. The cyclic 

nature of individual caldera complexes and the spatiotemporal pattern of the volcanic field as a whole are 

consistent with both incremental construction of plutons as well as a composite Cordilleran batholith. 

 

2.2 Introduction 

 The Altiplano-Puna volcanic complex (de Silva, 1989a) of the Central Andes is one of the world’s 

premier settings for studying large silicic volcanism and its relation to plutonic underpinnings. The 

hyperarid climate of the Altiplano-Puna region during the past several million years has resulted in 

excellent preservation of Altiplano-Puna volcanic complex ignimbrites, but it has also limited erosion and 

vertical exposure, thereby hampering the establishment of a regional stratigraphy based on physical 

characteristics of successive ignimbrites. Although this region includes some of the world’s largest 

documented ignimbrite eruptions (Guest, 1969; de Silva, 1989b) including the Atana (Gardeweg and 
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Ramírez, 1987; Lindsay et al., 2001a), Puripicar (de Silva and Francis, 1989), and Vilama (Soler et al., 

2007) ignimbrites, many fundamental stratigraphic details of the volcanic field remain to be understood. A 

conspicuous gap in the knowledge of the regional ignimbrites lies within the Lípez region of southwest 

Bolivia, in the heart of the Altiplano-Puna volcanic complex, where we have concentrated our study and 

sufficient exposure of basement allows us to define the onset of the major ignimbrite volcanism. We report 

new geologic mapping, precise 40Ar/39Ar age determinations from 56 sites in Bolivia and Chile, 

geochemical analyses, and volume calculations of, until now, little-studied ignimbrites and eruptive centers 

including the large Pastos Grandes and Guacha caldera complexes. The 13 40Ar/39Ar sample sites in 

northern Chile were previously described and K-Ar dated by de Silva (1989b). Additionally, we 

incorporate 40Ar/39Ar ages determined for five Altiplano-Puna volcanic complex ignimbrites in Chile 

reported by Barquero-Molina (2003). Using these data, we reveal in detail the development of one of the 

world’s youngest and best-preserved large silicic volcanic fields. This contribution to Altiplano-Puna 

volcanic complex volcanism includes new estimates of (1) the spatial extent of individual ignimbrites, (2) 

rates of volcanic fluxes and pulses, and (3) the longevity and repose periods of multicyclic nested caldera 

systems. We in turn examine the underlying causes of the Altiplano-Puna volcanic complex ignimbrite 

flare-up and the assembly of individual plutonic centers and Cordilleran batholiths. 

 

2.3. Geological Context – The Altiplano-Puna Volcanic Complex  

 The Altiplano-Puna plateau of the Central Andes is second only to the Tibetan Plateau in terms of 

areal extent, elevation, and crustal thickness. Unlike Tibet, however, the Altiplano-Puna plateau was 

formed at an active continental margin characterized by subduction of a dense oceanic plate (Nazca) 

beneath old, continental lithosphere (Brazilian craton of the South American plate). Thus, the plateau is the 

only modern region of its size and character to also involve subduction-zone magmatism. Subduction zone 

volcanism has been active in the Central Andes since the Jurassic, and significant tectonic shortening has 

occurred throughout the Cenozoic with major uplift of the plateau in the Late Cenozoic. Crustal shortening 

resulted in the presently thick continental crust (up to 70 km) beneath the Altiplano-Puna Plateau. After a 

hiatus related to flat-slab subduction, volcanism in the Altiplano-Puna plateau was abruptly widespread at 

ca. 27 Ma and may be related to delamination of the lower lithosphere (see Kay and Coira, 2009). The large 

crustal thicknesses have resulted in severe contamination of nearly all Central Andean arc magmas that 

postdate crustal shortening (Davidson et al., 1991; Davidson and de Silva, 1992; Wörner et al., 1994). The 

most significant crustal contributions to mantle- derived magmas occur in the Altiplano-Puna volcanic 

complex at the intersection between the Altiplano and Puna regions of the plateau (Fig. 2.1). The intense 

ignimbrite flare-up began in the mid-Miocene and occurs in a region of ~70,000 km2 (21°S–24°S) east of 

the active arc front where base elevations are in excess of 4 km, the highest of the plateau. A seismically 

imaged low-velocity layer that has been interpreted to contain significant amounts of partial melt 

(Chmielowski et al., 1999; Zandt et al., 2003) underlies the complex. The ignimbrites of the Altiplano-Puna 

volcanic complex are of the “monotonous intermediate” variety (Hildreth, 1981), are dominantly calc-
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alkaline, high-K dacites with minor rhyolite, and are thought to be erupted portions of a major Cordilleran 

batholith that underpins the Altiplano- Puna volcanic complex (de Silva et al., 2006a, 2006b; de Silva and 

Gosnold, 2007). 

 The ignimbrite sheets typically contain large (up to 5 mm) phenocrysts of plagioclase, quartz, 

biotite, amphibole, and Fe-Ti oxides with occasional sanidine, along with ubiquitous apatite, titanite, and 

zircon. Isotopic and other geochemical constraints of individual centers suggest assimilation of 50%–70% 

crust by mantle-derived magmas (de Silva, 1989a; Ort et al., 1996; Lindsay et al., 2001b; Schmitt et al., 

2001). Large dacitic ignimbrite sheets are typically associated with equally impressive caldera dimensions, 

commonly in excess of 45 km in diameter. In the Altiplano-Puna volcanic complex, at least seven eruptions 

related to four caldera complexes with large resurgent centers (Pastos Grandes, Guacha, Vilama, La 

Pacana) are classified as 8 or greater on the volcanic explosivity index (VEI; Newhall and Self, 1982). Such 

eruptions are commonly referred to as supereruptions with dense rock equivalent (DRE) volumes in excess 

of 450 km3 (Sparks et al., 2005; Self, 2006). Additionally, the Altiplano-Puna volcanic complex contains 

numerous lesser-volume ignimbrite shields that are apparently unrelated to major caldera collapse and 

resurgence. Our new spatiotemporal and compositional data further the understanding of the size and 

eruptive loci of the Altiplano- Puna volcanic complex ignimbrites and the development of abundant silicic 

magmatism in this region. 

 

2.4 Methods 
2.4.1 Sample Collection and Field Mapping 

 With the goal of establishing the spatiotemporal development of the Altiplano-Puna volcanic 

complex, our two primary objectives of this work were to identify and correlate individual ignimbrites and 

to establish a coherent stratigraphic framework throughout the region. Our work in the La Pacana caldera to 

the south (Lindsay et al., 2001a), Panizos on the eastern edge of the Altiplano-Puna volcanic complex (Ort, 

1993), and the western flank of the Altiplano-Puna volcanic complex (de Silva, 1989b) provides detailed 

stratigraphy that can be extended into the study area in Bolivia. The presence of basement outcrops in areas 

like the Quetena valley and in the eastern margin of the Altiplano-Puna volcanic complex allowed fiduciary 

stratigraphic sections to be identified. Continuity of outcrop and sufficient vertical exposure allowed a 

coherent stratigraphy of the largest ignimbrites to be developed throughout the region. For instance, the 

Vilama (Soler et al., 2007), and now the Guacha ignimbrites, can be traced throughout a large part of the 

study area, and their basal and upper contacts are clear in many areas. The newly defined Tara and Pastos 

Grandes ignimbrites are the youngest major ignimbrites in the area and are consequently well exposed for 

much of their extent. The most difficult correlations occur on the edges of the ignimbrite plateau, in areas 

of Quaternary volcanism close to the active arc, and distal outliers without clear stratigraphic context. 

Sampling therefore focused on distal outcrops as well as key stratigraphic sections throughout the plateau. 

Juvenile pumice blocks were sampled from the ignimbrites wherever possible to avoid possible xenocrystic 

contamination; otherwise bulk ignimbrite was collected. 
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2.4.2 40Ar/39Ar Geochronology 

 Samples of pumice, ignimbrite matrix (re- moved of obvious lithics), and lava were crushed with 

mortar and pestle, sieved to isolate 250–500 and 500–1000 μm size fractions, and rinsed in deionized water 

to remove vesicular glass. Euhedral biotite crystals were picked under a binocular microscope. Select 

biotite crystals were ultrasonically cleaned for 1 min in dilute (5%) nitric acid to remove adhering glass. 

Feldspar and quartz were concentrated using a Frantz magnetic separator. Sanidine crystals were largely 

isolated from the quartz and plagioclase using Na-polytungstate at 2.61 g/cm3. Individual sanidine crystals 

were further distinguished via scanning electron microscopy (SEM) using energy dispersive spectrometry 

(EDS) at both Oregon State University and the University of Wisconsin–Madison. As a final purification 

step, sanidine crystals were cleaned ultrasonically in dilute (5%) hydrofluoric acid (HF) for 1 min followed 

by several rinses in de- ionized water. 

 Sanidine and biotite crystals from each sample were encapsulated in pure Al foil packets and placed 

into wells in 2.5-cm-diameter Al disks interspersed with 28.34 Ma sanidine from the Taylor Creek rhyolite 

(Renne et al., 1998) as a neutron flux monitor. The Al disks were irradiated for 3 h in the cadmium-lined 

in-core irradiation tube (CLICIT) at the Oregon State University TRIGA reactor. Based on previous 

experiments, corrections for undesirable nucleogenic reactions on 40K and 40Ca are as follows: [40Ar/39Ar]K 

= 0.00086; [36Ar/37Ar]Ca = 0.000264; and [39Ar/37Ar]Ca = 0.000673 (Singer et al., 2004). Across individual 

Al disks, J values were uniform within a 2σ analytical uncertainty of 0.5%, which was propagated 

quadratically into the uncertainty on the final age of each sample. 

 At the University of Wisconsin–Madison Rare Gas Geochronology Laboratory, biotite and sanidine 

crystals were fused using a CO2 laser at 25% and 35% output power, respectively. Single-crystal laser-

fusion (SCLF) analyses were performed in most cases, although small biotites (<150 μm diameter) in some 

samples necessitated that multiple crystals be fused together to generate signals larger than blanks. Biotite 

was treated with a low-power (0.1 Watt) cleanup step using a de- focused laser beam to release adsorbed 

loosely bound argon—largely atmospheric in composition—prior to total fusion. Fully automated 

experiments included fusion for 75 s, followed by gas cleanup on two SAES GP50 getters for either 180 s 

(sanidine) or 600 s (biotite). Blanks were measured frequently throughout the analytical sessions, typically 

after every two laser fusions. Isotopic analysis and data reduction followed the procedures of Smith et al. 

(2003). Mass discrimination, monitored using a pipette of atmospheric argon measured 108 times during 

the analytical sessions, varied by <±1.0‰ during each analytical session. 

 

2.4.3 Paleomagnetism and Whole-Rock Geochemistry 

 Characteristic remanent magnetism (ChRM) directions and whole-rock geochemical analyses were 

performed to test correlations of various units that cover areas of up to several 1000 km2 and to develop a 

database for future work. A summary of the paleomagnetic portion of this study (sampling, methods, and 

interpretation) is presented in Appendix 1. A more comprehensive treatment will be published elsewhere. 
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Because definitive textural, mineralogical, or geochemical fingerprints for individual ignimbrites are 

difficult to establish (de Silva and Francis, 1989), only limited whole-rock geochemical chemical analyses 

were conducted. Major- and trace-element analyses were performed by X-ray fluorescence (XRF) and 

inductively coupled plasma mass spectrometry (ICP-MS) at GeoAnalytical Laboratories, Washington State 

University, Pullman, Washington (see Johnson et al., 1999). 

 

2.4.4 Ignimbrite Correlation 

 We compiled a geographical information system (GIS) database containing our newly determined 
40Ar/39Ar age determinations (Table 2.1) with the age and location of published isotopic ages determined 

for ignimbrites within the Altiplano-Puna volcanic complex. In addition, the GIS database includes the 

distributions of 300 ignimbrite outcrops of 60 units that were digitized from paper geologic maps of the 

Lípez region published by Servicio Nacional de Geología y Minería (SERGEOMIN, see references in 

Table 2.2). Field mapping and section logging during this study and over the last 20 yr, coupled with the 

new geochronologic data strongly suggested that the 60 individual ignimbrite units compiled in the Lípez 

region by SERGEOMIN represent a much smaller number of large- volume ignimbrites that, until now, 

could not be correlated owing to the lack of detailed study, and to the paucity and large uncertainties of 

previous age determinations. Work in northern Chile and elsewhere (de Silva and Francis, 1989; Hildreth 

and Mahood, 1985) has shown that large-volume ignimbrites (monotonous intermediates) are often difficult 

to distinguish in the field, and we used precise 40Ar/39Ar age determinations, in conjunction with field data 

and paleomagnetic signatures, to (1) correlate the previously mapped units by SERGEOMIN and others, 

(2) estimate the extent of each ignimbrite from the Lípez region of Bolivia, and (3) establish distinctive 

ages for the majority of Altiplano-Puna volcanic complex ignimbrites. We use our newly acquired 

geochemical data and the published age data within the database to support our conclusions and resolve 

complexities presented by the 40Ar/39Ar age data. 

 

2.5 Results 
2.5.1 40Ar/39Ar Age Determinations 

 The results of 848 single-crystal and 84 multicrystal fusion analyses from 60 samples are 

summarized in Table 2.1 (complete data in Appendix 2). These new ages significantly expand and refine 

the geochronologic data available for the Altiplano-Puna volcanic complex. On average, 13 fusion ages 

were determined for each sample, and the results were pooled to calculate an inverse-variance weighted 

mean age. Because isochron regression of single- and multicrystal data revealed that excess argon is not 

present in either biotite or sanidine in a detectable amount, the weighted mean ages were taken to give the 

most precise estimates of time elapsed following eruption (Table 2.1). Sanidine analyses are preferred over 

biotite due to their large crystal size (>250 μm), higher K concentrations, higher precision, and potentially 

superior accuracy (e.g., Kelley, 2002; Hora et al., 2010). Sanidine data from 14 samples reveal Gaussian 

age distributions, with few outliers. Because sanidine was only present within some units (14 of the 60 
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samples analyzed), we rely on the weighted mean age of concordant biotite single-crystal fusion 

experiments as the best estimate for the eruption age of many units. In 10 samples, we analyzed both biotite 

and sanidine, and the sanidine 40Ar/39Ar ages were younger (and outside of 2σ error) in every case, with the 

exception of the two least precise biotite ages (B06-018 and B06-002), which overlapped the corresponding 

sanidine ages within 2σ error (Figs. 2.2 and 2.3). The offset between sanidine and biotite ages shows no 

systematic variation with younger or older ages and ranges from concordant up to 320 k.y. This behavior 

has also been observed in other Pliocene–Pleistocene silicic lavas and ignimbrites within the Central Andes 

and may reflect pre-eruption partitioning of a small quantity of excess argon into biotite that is retained 

upon eruption owing to the higher closure temperature of biotite relative to sanidine (Hora et al., 2010). 

Thus, the biotite dates likely yield maximum ages for those units. 

 

2.5.2 K-Ar versus 40Ar/39Ar Ages 

 We determined 40Ar/39Ar ages for 13 ignimbrite samples from northern Chile that had previously been 

analyzed by the K-Ar method (de Silva, 1989b). K-Ar and 40Ar/39Ar ages are concordant for 11 of 13 

samples, whereas, in two others, the 40Ar/39Ar age is older than the corresponding K-Ar age (Table 2.3; Fig. 

2.4). Moreover, in each case, the 2σ analytical uncertainty of the 40Ar/39Ar age is smaller by a factor of 4–5 

compared to the K-Ar ages. A significant implication of the new 40Ar/39Ar ages is that it is now possible to 

distinguish among ignimbrite units that had previously yielded concordant K-Ar ages. 

 

2.5.3 Paleomagnetism and Whole-Rock Geochemistry 

 Characteristic remanent magnetism (ChRM) directions were determined for 45 sites in 10 

ignimbrites. The ChRM data were especially useful in distinguishing ignimbrites in the central region of 

the study area where many of the large ignimbrite sheets overlap and will be the subject of a later 

publication. The results of 21 whole-rock geochemical analyses (19 unaltered blocks of pumice and 2 

effusive post-ignimbrite lavas) are shown in Figure 2.5 and reported in full in Appendix 3 . Analyses of 

samples with concordant 40Ar/39Ar ages are commonly consistent with respect to most major and trace 

elements and support correlations based primarily on the age determinations and field relations. The 

ignimbrites and lavas analyzed in this study are similar to previous measurements of Altiplano-Puna 

volcanic complex ignimbrites, i.e., dominantly high-K, calc-alkaline dacites with much lesser volumes of 

rhyodacites and rhyolites. 

 

2.5.4 Unit Correlations and Preferred Ages 

 Most ignimbrite outcrops in the Lípez region are similar to Altiplano-Puna volcanic complex 

ignimbrites in Chile (de Silva, 1989b; de Silva and Francis, 1989; Lindsay et al., 2001a, 2001b; Schmitt et 

al., 2001) and Argentina (Soler et al., 2007); they are commonly buff in color and contain large (commonly 

up to 5 mm) phenocrysts of plagioclase, quartz, and biotite. Due to significant overlap in both whole-rock 

and mineral chemistry among the ignimbrite units, we relied heavily on field observations and high-
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precision 40Ar/39Ar age determinations supported by ChRM data to establish unit correlations as well as the 

eruption age for each ignimbrite. Positive correlations were made where all applicable samples within a 

unit yielded: (1) 40Ar/39Ar ages with Gaussian probability distributions and mean square weighted deviate 

(MSWD) values <1.5, (2) consistent paleomagnetic and stratigraphic field observations, and (3) 

comparable bulk chemical and mineralogical composition. Once correlation was established among sample 

sites, we used the age, geochemical, paleomagnetic, and previously published K-Ar ages to correlate the 

numerous outcrop distributions from the SERGEOMIN geologic maps of southwest Bolivia (Table 2.2; 

Fig. 2.6). 

 

2.5.5 Ignimbrite Extent and Volumes 

 The sheer scale of these large ignimbrites and their source calderas, coupled with the vagaries of 

distribution, exposure, and preservation, particularly in older eruptions, makes volume estimation a 

nontrivial task. Examination of the literature (e.g., Mason et al., 2004) shows that, in many cases, volume 

estimations are often order of magnitude estimates that are loosely based on two rules of thumb: (1) that 

magma equivalent intracaldera and outflow deposit volumes are approximately equal and (2) that some 

outflow deposit volumes are approximately equal to coignimbrite ash volumes. Based on our experience in 

the Altiplano-Puna volcanic complex and at Cerro Galán, we find these rules untenable. First, 

intracaldera:outflow ratios range considerably based on collapse-style and timing. At La Pacana (Lindsay et 

al., 2001a), Vilama (Soler et al., 2007), and Cerro Galán (Folkes et al., 2011) intracaldera:outflow ratios are 

as high as 4:1 or 5:1.  

 Second, the crystal-rich nature of the monotonous intermediate magmas and minimal crystal 

enrichment in the bulk matrix compared to pumice suggest that fallout and ash volumes may not be as 

important as generally assumed. To date, no correlation of distal ash deposits of any significant volume has 

been realized for the Altiplano-Puna volcanic complex. So, the assumption of an equivalent outflow:ash-

fall ratio is not supported in this work. To avoid these potential sources of overinflation of eruption 

volumes, we adopt a very conservative approach as described below. 

 

2.5.5.1 Intracaldera Deposit Volume 

 Intracaldera volume is calculated based on excellent exposure of resurgent blocks of the Pastos 

Grandes and Guacha calderas, which reveal 1.3 and 1.1 km, respectively, of maximum relief between the 

resurgent intracaldera domes and their surrounding moats. These thicknesses consist of welded tuff and 

thus represent a minimum thickness of intracaldera ignimbrite. While the intracaldera deposits of the older 

eruptions from these nested caldera complexes are largely obscured, and the depth of collapse for these 

eruptions is unconstrained, we use a 1 km intracaldera thickness for the older eruptive units (Chuhuilla and 

Guacha ignimbrites). Similar thicknesses of at least 1.1 km are also seen in the other major caldera complex 

in this region (Lindsay et al., 2001a; Soler et al., 2007; Folkes et al., 2011). Unlike at La Pacana and 

Vilama calderas, where asymmetric caldera collapse was assumed and intracaldera thicknesses were 
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extrapolated in volume calculations (Lindsay et al., 2001a; Soler et al., 2007), we do not make any similar 

adjustments to the intracaldera volumes of the Guacha, Chuhuilla, Tara, or Pastos Grandes ignimbrites. 

 For the ignimbrite shields (Laguna Colorada, Tatio, and Alota), we assume modest sag-type calderas 

(<65 km2) with minimal intracaldera fill depths of 0.2 km. These estimates are based on the relatively large 

size of outflow sheets and evidence for the presence of a sag caldera beneath the effusive lavas of the 

Panizos ignimbrite shield (Ort, 1993). Intracaldera deposits have measured densities near dense rock 

equivalent (2.4 g/cm3), and no adjustment is made to the deposit volumes. 

 

2.5.5.2 Outflow Deposit Volumes 

 Although the relative youth and long-term aridity of the Altiplano-Puna volcanic complex result in 

mostly intact deposits, limited down- cutting prevents accurate thickness estimates throughout the 

distribution of each ignimbrite. The available exposure, uplift local to the calderas, and distal mesas and 

other remnants, however, do allow useful thickness estimates for each unit to be determined from source to 

edge. While locally the outflow ignimbrites may be hundreds of meters thick (proximal to caldera, or valley 

ponded), typically the ignimbrites range from ~80 to 20 m throughout most of their extent, thinning distally 

to 10 m or less. We thus use an average of 50 m for the outflow deposit thickness, which is then multiplied 

by the areal extent of each unit to calculate the outflow volumes. 

 The areal extents of the deposits used for volume calculations are defined by the most distal 

outcrops we were able to correlate. Rather than assume radial distribution, we attempted to generate shape 

files in the GIS that reflect the mapped distribution of the units, taking into account preexisting topography 

to the best extent of our knowledge. Older deposits are the most prone to error in this treatment. Based on 

measured bulk ignimbrite densities of 1.8– 2.2 gm/cm3, DRE volumes are calculated to 75% of deposit 

volume. 

 While the long-term aridity of the plateau going back at least until 10 Ma has been well established 

(e.g., Strecker et al., 2007), local fluvial erosion has been persistent plateau wide. In the Altiplano-Puna 

volcanic complex, interplay between fluvial and eolian erosion is strongly documented in the ignimbrites 

(Bailey et al., 2007; de Silva et al., 2010), and there is clear evidence that distal ignimbrite deposits have 

been completely removed. However, this loss is local and windward and certainly not pervasive throughout 

the extent of the ignimbrites. Moreover, the amount removed by erosion is a function of material properties 

of ignimbrite leach (induration, welding, etc.; de Silva et al., 2010). We do not attempt to estimate the 

amount of material removed by erosion. 

 

2.5.5.3 Volumes of Fallout and Coignimbrite Ash 

 Similarly, we make no consideration for loss of fallout or coignimbrite ash. The lack of regionally 

extensive Plinian fall precursors to these large-volume ignimbrites is documented in many areas beyond the 

Central Andes, and this may suggest low-fountaining eruption columns that do not generate significant 

Plinian fallout (e.g., de Silva et al., 2006b). Ort (1993) has argued that the extremely crystal-rich nature of 
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the Panizos ignimbrites (50% crystals in the pumice), which are similar to many other Altiplano-Puna 

volcanic complex ignimbrites, resulted in ash-poor ignimbrites that would only be weakly fluidized and 

that elutriation of fine ash would be inefficient. Preliminary estimates of crystal enrichment in the Cerro 

Galán ignimbrites (Folkes et al., 2011) and the Puripicar and Atana ignimbrites of northern Chile suggest 

crystal enrichment of only 10%–15%, i.e., much lower than would be expected if approximately equivalent 

volumes of outflow and fallout ash (co-plinian or coignimbrite) were erupted. 

 As outlined already, our approach minimizes potential errors and yields minimum ignimbrite 

volumes (Table 2.4). The largest error in our estimates is in the lack of constraint on topographic control of 

the older ignimbrites beneath the Vilama in Bolivia and the Sifon in Chile. However, sufficient incision and 

basement exposure indicate that these are rather confined and not as laterally extensive as the younger 

ignimbrites (e.g., de Silva, 1989b; Caffe et al., 2008). Further detailed mapping may refine our figures if 

new exposures are found, with the most significant changes likely to come when the Guacha and Pastos 

Grandes calderas are mapped and studied in more detail, which we suspect will only increase our volume 

estimates. 

 

2.6 Correlation, Distribution, and Volumes of Lípez Ignimbrite Units 
2.6.1 Pastos Grandes Caldera Complex 
2.6.1.1 Chuhuilla Ignimbrite 

 The Chuhuilla ignimbrite is the northernmost large-volume ignimbrite of the Altiplano-Puna 

volcanic complex and was linked with the Pastos Grandes caldera complex when the ~60 × 35 km, oval 

collapse structure was first identified through satellite imagery (Baker, 1981). Chuhuilla pumice is crystal-

rich, containing large, purple phenocrysts of quartz commonly >5 mm, and large euhedral biotite. Within 

the pumice, dense, crystal-rich enclaves of euhedral plagioclase, quartz, biotite, and amphibole are 

common. No fallout was identified for this unit. Two analyzed pumice blocks contain 68–69 wt% SiO2. 

 Baker and Francis (1978) determined a biotite K-Ar age of 5.9 ± 0.3 Ma for the Chuhuilla 

ignimbrite, whereas our 40Ar/39Ar age determinations for two biotite samples yielded discordant results. 

Biotite from sample B06-050 gave a 40Ar/39Ar date of 5.54 ± 0.03 Ma, whereas the age distribution from 

biotite from sample 89019 was bimodal (Fig. 2.2), with four of the ages concordant with sample B06-050 

(Table 2.1). Sanidine from sample 89019 gave a normal probability distribution (Fig. 2.3A) and our 

preferred age of 5.45 ± 0.02 Ma. 

 The Chuhuilla ignimbrite crops out primarily to the north of Pastos Grandes caldera and in valley 

exposures between Cerro Juvina and the caldera. Sample 89019, however, was collected west of the Pastos 

Grandes resurgent dome and supports a larger distribution for this unit. We correlated the distribution of the 

Chuhuilla ignimbrite of Baker (1977, 1981) with the Tomasamil and Thiumayu tuffs of the geologic maps 

(Almendras and Baldellón, 1997; Pacheco and Ramírez, 1997a) based on outcrop distributions and similar 

K-Ar ages (Table 2.2). The ignimbrite unit likely extends farther west and north than the mapped extent, 

but is buried beneath the modern arc deposits. On the Chilean side of the border, the 5.4 ± 0.3 Ma (K-Ar 
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age of Baker and Francis, 1978) rhyolitic Carcote ignimbrite is stratigraphically equivalent but 

compositionally distinct from the dacitic Chuhuilla ignimbrite, and we therefore consider them separate 

units, although they have not been found in contact in the field. Southward into Chile, the Toconce and 

Linzor tuffs are also stratigraphically and chronologically equivalent to the Chuhuilla ignimbrite, but the 

source of these small-volume ignimbrites is in northern Chile (de Silva, 1989b). Our current map of the 

distribution of the Chuhuilla ignimbrite covers an area of ~4000 km2 (Fig. 2.6). Increases in thickness and 

welding toward the Pastos Grandes caldera support the Baker and Francis (1978) suggestion that the source 

of the Chuhuilla ignimbrite is in the area of the cur- rent Pastos Grandes caldera. It remains to be 

determined if the large Pastos Grandes collapse scarp is related to the Pastos Grandes ignimbrite (described 

later herein) or whether this is a Chuhuilla-aged structure that was reactivated during the younger eruption. 

Lavas from the Chuhuilla stratovolcano define the crest of the scarp, lie stratigraphically above the 

Chuhuilla ignimbrite, and may represent post-ignimbrite eruptions along the ring fracture. We note that the 

K-Ar date of 7.3 ± 0.5 Ma for the Chuhuilla lavas (Pacheco and Ramírez, 1997a) is inconsistent with the 

stratigraphy because they overlie the 5.45 Ma Chuhuilla ignimbrite. Assuming the Pastos Grandes collapse 

scarp is indeed related to the Chuhuilla caldera, we calculate an intracaldera area of ~1100 km2, an outflow 

area of ~3170 km2, and a minimum DRE volume of ~1200 km3 for the Chuhuilla ignimbrite (Fig. 2.6; 

Table 2.4). 

 

2.6.1.2 Alota Ignimbrite 

 The rhyolitic Alota ignimbrite shield (also known as Cerro Juvina) is located ~10 km east of the 

Chuhuilla stratovolcano within the broad Alota basin. It consists of a gently sloping (~4%–6%) ignimbrite 

apron with lava flows stratigraphically above the center of the shield. Downcutting around the domes 

reveals the contact between the lavas and the pyroclastic units to be conformable and consistent with post-

ignimbrite effusive activity above the pyroclastic base. Pumice from the Alota ignimbrite is among the 

most silicic (75 wt% SiO2) measured within the Altiplano-Puna volcanic complex. 

 Prior to this study, the only age for this center was a 6.5 ± 0.3 Ma K-Ar determination from biotite 

in the central lava complex (Pacheco and Ramírez, 1997a). Sanidine from dome lava yields a 40Ar/39Ar age 

of 5.22 ± 0.01 Ma, which is indistinguishable from the Alota ignimbrite pumice age of 5.23 ± 0.01 Ma 

(Table 2.1). 

 The Alota ignimbrite is largely restricted to the Alota basin, suggesting that the currently exposed 

sedimentary sequences to the east, and he Chuhuilla stratovolcano to the west acted as topographic barriers. 

Our estimate of the Alota ignimbrite outflow distribution (Fig. 2.6) includes a modest extension of the 

Juvina tuffs of Pacheco and Ramírez (1997a). Incision around the effusive dome lavas reveals evidence of 

proximal thickening of the pyroclastic sequence. This suggests a shallow sag structure in which the 

proximal deposits are assumed to have ponded. An overall volume of at least ~20 km3 DRE is calculated 

for this ignimbrite. 
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2.6.1.3 Pastos Grandes Ignimbrite 

 In the Alota basin, three major ignimbrite units are clearly exposed with the 5.45 Ma Chuhuilla 

ignimbrite overlain by the 5.23 Ma Alota ignimbrite, and the 2.89 Ma Pastos Grandes (Fig. 2.7A). Pumice 

in the Pastos Grandes ignimbrite is rare and, where present, is strongly indurated and difficult to extract. No 

fall deposit is associated with this thick, homogeneous ignimbrite unit. 

 The eastern outflow of the Pastos Grandes ignimbrite was mapped by Pacheco and Ramírez (1997a) 

as the Chatola tuffs, with two K-Ar ages between 3 and 4 Ma (Baker and Francis, 1978; Pacheco and 

Ramírez, 1997a). This outflow unit, just east of the Pastos Grandes caldera scarp, is thick and highly 

indurated, consistent with a relatively proximal source. Pacheco and Ramírez (1997a) argued that eruption 

of the outflow Chatola tuffs was responsible for the collapse of the Pastos Grandes caldera, which was then 

closely followed by eruption of the intracaldera Pastos Grandes tuffs. However, based on the concordant 

ages of the intracaldera and outflow units, and the thick (1.3 km) resurgent mound of intracaldera 

ignimbrite, we argue that caldera collapse likely occurred early in the eruption and emplaced a single unit, 

the Pastos Grandes ignimbrite. We have also correlated outcrops to the south of the caldera with the Pastos 

Grandes ignimbrite based on flow distribution patterns and ChRM signatures. 

Abundant sanidine from both intracaldera and outflow samples, combined with sanidine from the resurgent 

dome, yielded a precise weighted mean age of 2.89 ± 0.01 Ma, which is our preferred eruption age for the 

Pastos Grandes ignimbrite. Biotite produced a slightly older weighted mean age of 2.94 ± 0.01 Ma (Fig. 

2.3C). The previously undated Pastos Grandes resurgent ignimbrite dome yielded a biotite 40Ar/39Ar age of 

2.91 ± 0.03 Ma, which strongly suggests that the resurgent dome is composed of the Pastos Grandes 

ignimbrite, although we were unable to find sanidine in this sample, which is common in other Pastos 

Grandes samples. A stratigraphically consistent sanidine 40Ar/39Ar age of 2.83 ± 0.02 Ma for the Cerro 

Sombrero lava dome (Table 2.1; Fig. 2.6) overlying the eastern edge of the resurgent dome supports the 

argument that effusive activity and resurgence closely followed eruption of the Pastos Grandes ignimbrite. 

 As mentioned above, it is less obvious whether the giant Pastos Grandes caldera scarp also formed 

during this eruption, or is a remnant of the Chuhuilla ignimbrite eruption and associated collapse. Both 

ignimbrites are widespread, and large collapse structures would be expected from both eruptions. As a first-

order approximation, we assume the same area for intracaldera Pastos Grandes as for the intracaldera 

Chuhuilla ignimbrite, although further investigation is necessary to clarify the collapse structure(s). From 

our estimates, we calculate a minimum intracaldera volume of 1430 km3 based on the exposed thickness of 

the resurgent domes, an outflow distribution of at least 2900 km2 (Fig. 2.6), and a total minimum volume of 

1500 km3 DRE (Table 2.4). 

 

2.6.2 Guacha Caldera Complex 
2.6.2.1 Guacha Ignimbrite 

 During study of the La Pacana caldera in northern Chile, Lindsay et al. (2001a) identified two new 

extensive ignimbrite units that had previously been attributed to the Atana ignimbrite by Gardeweg and 
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Ramírez (1987). Lindsay et al. (2001a) named these units the Lower and Upper Tara ignimbrites and 

argued for a Bolivian source near Cerro Guacha or Cerro Corutu. We have mapped both of these 

ignimbrites into Bolivia, which we here rename the Guacha and Tara ignimbrites, respectively. The Guacha 

ignimbrite is a crystal-rich rhyodacite (67–71 SiO2 wt%) with a wide distribution in Bolivia, Chile, and 

Argentina. Lindsay et al. (2001a) determined three biotite K-Ar ages between 5.5 and 5.7 Ma for this 

ignimbrite in Chile. In contrast, 59 new single-crystal fusion biotite 40Ar/39Ar ages from five suspected 

Guacha samples gave a weighted mean age of 5.81 ± 0.01 Ma. In only the northernmost of these samples 

were we able to locate and analyze sanidine, which yielded the younger, preferred, age of 5.65 ± 0.01 Ma. 

This northern sample, collected just above the Vilama ignimbrite, is located more than 130 km from an 

outcrop of the Guacha ignimbrite (formerly Lower Tara) identified by Lindsay et al. (2001a) on the shores 

of the Salar de Tara in Chile, thus identifying the Guacha ignimbrite as among the most widespread within 

the Altiplano-Puna volcanic complex. This interpretation is supported by evidence for a large caldera 

collapse of Cerro Guacha associated with the eruption, including a wide distribution of welded, apparently 

intracaldera ignimbrite as well as a large, westward- concave, arcuate scarp partially obscured by effusive 

lavas east of the resurgent ignimbrite. An outcrop of welded ignimbrite with subvertical lineation and 

abundant lithics was found just west of the scarp and is likely one of the vent locations for the Guacha 

ignimbrite. Densely welded intracaldera outcrops ~30 km from the scarp are consistent with a large (~1200 

km2) trapdoor collapse area with dimensions among the largest recorded (Mason et al., 2004). Mapping 

from La Pacana caldera northward has identified the Guacha ignimbrite as forming the southern flank of 

the Guacha caldera and forming the eastern portion of the resurgent dome, while the western dome is 

unequivocally related to the Tara ignimbrite (Fig. 2.6), as described in the next section. The inner eastern 

collapse scarp of the Guacha caldera (formed during the younger Tara ignimbrite eruption) reveals a >700-

m-thick section of eastward-dipping Guacha ignimbrite suggesting truncation of the Guacha resurgent 

dome by collapse associated with the later eruption. 

 The outflow of the Guacha ignimbrite crops out beneath the Tara ignimbrite and extends into the 

Quetena Valley (Fig. 2.7B) between the Laguna Colorada ignimbrite shield and Uturuncu volcano and 

continues northward for at least another 60 km. The Guacha ignimbrite is also found to the east and south 

of Uturuncu volcano, and its apparent north-south trend suggests that the outflow followed a broad 

paleovalley, now occupied by the Quetena River. 

 Younger deposits largely obscure the western extent of this ignimbrite. A discordantly younger 

(compared to other biotite and sanidine dates from this unit) biotite 40Ar/39Ar age of 5.52 ± 0.06 Ma was 

determined from pumice (B06-085) sampled at the southern end of the Quetena Valley. Based on 

continuity of the ignimbrite sheet to the south and north of this location, however, we attribute this age 

discordance to loss of radiogenic argon from biotite in sample B06-085. 

 Numerous outcrops dated with the K-Ar method between 5 and 8 Ma and reported on the geologic 

maps as nine separate units are correlated with the Guacha ignimbrite (Table 2.2) based on field relations. 

In total, the Guacha ignimbrite covers a region of at least 5800 km2, including the portions mapped in Chile 
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by Lindsay et al. (2001a). Combined intracaldera and outflow volume estimates yield an overall minimum 

volume of 1300 km3 DRE (Table 2.4). The actual volume is likely much higher based on observed thick- 

nesses and the large size of the caldera structure. 

 

2.6.2.2 Tara Ignimbrite 

 Lindsay et al. (2001a) determined six K-Ar ages ranging from 3.42 ± 0.15 to 3.83 ± 0.21 Ma for 

Tara ignimbrite (formerly Upper Tara) out- crops in northeastern Chile. As one of the best-exposed units in 

the Altiplano-Puna volcanic complex, we have mapped this ignimbrite between Bolivia, Chile, and 

Argentina (Fig. 2.6). The thickest deposits are found in the ~1-km-thick western resurgent dome within the 

Guacha caldera, and outflow outcrops extend predominantly to the north and southeast of the resurgent 

dome. Contacts between the Guacha ignimbrite and the Tara ignimbrite are common. Outside the Guacha 

caldera, >200-m-thick accumulations of the Tara underlie Cerro Zapaleri near the triple point of the borders 

of Bolivia, Chile, and Argentina. 

 A sample from the western end of the resur- gent ignimbrite dome yielded a 40Ar/39Ar biotite age of 

3.56 ± 0.02 Ma, which is younger than the age inferred on the geologic maps. This age, combined with 

those of three outflow samples to the west, east, and north of the resurgent dome, gives a near-normal 

probability distribution curve (Fig. 2.3E) and a 40Ar/39Ar biotite age of 3.55 ± 0.02 for the Tara ignimbrite. 

We traced this ignimbrite north of the resurgent dome along the Pampa Totoral up to the southern end of 

the Quetena Valley, where the ignimbrite apparently stopped or has been completely eroded away. Two 

pumice samples from the Pampa Totoral yielded slightly older 40Ar/39Ar biotite ages (ca. 3.87 Ma). A 

single pumice analysis from the younger group revealed a rhyolitic composition, whereas pumice from the 

older group was dacitic. Our preferred age for the Tara ignimbrite comes from the only two samples of 

suspected Tara in which we were able to identify and analyze sanidine, which gave a weighted mean age of 

3.49 ± 0.01 Ma. Three lava domes stratigraphically overlie the northern side of the resurgent ignimbrite 

dome, two of which were dated and yielded 40Ar/39Ar ages concordant or slightly older than the Tara 

ignimbrite, suggesting that effusive activity closely followed the ignimbrite-producing eruption. Whole-

rock analyses of the two dated domes show strikingly different chemistry (Fig. 2.5) and mineralogy. The 

western, sanidine-bearing Chajnantor dome is among the most silica-rich (77 wt% SiO2) samples analyzed 

in this study, whereas the middle, Río Guacha dome is dacitic (66 wt% SiO2) and contains amphibole and 

rare pyroxene. Lindsay et al. (2001a) determined a rhyolitic composition for the Upper Tara ignimbrite 

with analyses that fall between the two domes in both major- and trace-element compositions. Least-

squares mass-balance modeling of lava and pumice compositions precludes a simple crystal fractionation 

model to explain the chemical variability, and the wide range in composition and mineralogy is suggestive 

of a complex magmatic system. 

 Our mapping of the Tara ignimbrite in Bolivia contrasts with the SERGEOMIN geologic maps, 

which do not include an ignimbrite of a similar age. Field mapping of the Tara ignimbrite led us to 

correlate two undated units from the geologic maps and to also incorporate select outcrops that were 
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previously correlated with older eruptions (Table 2.2). Overall, the Tara ignimbrite covers at least 2300 km2 

in Bolivia, in addition to the 1800 km2 mapped in Chile by Lindsay et al. (2001a) and a lesser area in 

Argentina. A minimum volume of 800 km3 DRE is estimated for the Tara ignimbrite (Table 2.4). 

 

2.6.2.3 Puripica Chico Ignimbrite 

 During our investigations of the Guacha caldera complex, we sampled pumices from the small (~10 

km3) local ignimbrite that forms the hoodoos known to tourists as the Piedras de Dali, named for surreal 

spires of weathered, indurated ignimbrite. This pumice is dacitic (67.3 wt% SiO2), and biotite yields a 
40Ar/39Ar age of 1.72 ± 0.01 Ma, the youngest associated with the Guacha caldera. The source of this 

ignimbrite, named the Puripica Chico tuffs on the geologic maps (Choque et al., 1996; Fernández et al., 

1996), appears to be buried under the Puripica Chico lavas, which erupted on the western edge of the 

Guacha collapse (Fig. 2.6). Structural and topographic evidence for collapse in this area is not found, but 

we note the similarity to the northern end of La Pacana caldera, where Lindsay et al. (2001a) identified the 

hinge of a trapdoor caldera. A similar collapse is posited for the Guacha caldera. 

 

2.6.3 Vilama Caldera Complex 
2.6.3.1 Vilama Ignimbrite 

 The extensive Vilama ignimbrite was described in detail by Soler et al. (2007), who used K/Ar and 
40Ar/39Ar determinations to ascribe an eruption age between 8.4 and 8.5 Ma and estimated a volume of 

1000–1400 km3 DRE. We sampled the Vilama ignimbrite throughout the eastern Lípez region and 

determined a weighted mean eruption age of 8.41 ± 0.02 Ma from 77 single-crystal biotite analyses from 

seven samples of both bulk matrix and pumice (Fig. 2.6; Table 2.1). Additionally, two Vilama outcrops 

were found along the Quetena River ~20 km further north than the distribution estimated by Soler et al. 

(2007). This modest extension is the only modification made to the distribution of Soler et al. (2007) shown 

in Figure 2.6. 

 

2.6.4 Altiplano-Puna Volcanic Complex Ignimbrites without Association to Major Collapse Calderas 
2.6.4.1 Laguna Colorada Ignimbrite 

 The dacitic Laguna Colorada ignimbrite shield, the focus of extensive explosive and effusive 

activity, lies between the Pastos Grandes and Guacha calderas. The ~40-km-diameter shield is referred to 

as the Panizos ignimbrite shield on the geologic maps (e.g., Pacheco and Ramírez, 1996) but is here 

referred to as the Laguna Colorada ignimbrite shield following de Silva and Francis (1991), who named it 

after the red-colored lake west of the shield and to distinguish this eruption from the better known and 

larger Panizos ignimbrite shield (Baker, 1981; Ort, 1993) in the eastern Altiplano-Puna volcanic complex. 

Previous K-Ar age determinations on biotite and hornblende yielded ages of 1.9 ± 0.2 Ma and 1.7 ± 0.5 Ma, 

respectively (Baker and Francis, 1978). The Laguna Colorada ignimbrite includes an ~2 m Plinian fall 

deposit at its base and at least two ~10-cm-thick locally intercalated fall deposits within the ignimbrite. It is 
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overlain by extensive effusive lavas and lacks an obvious collapse structure. Observations here and at other 

centers of this type (Panizos, Purico, Alota) suggest the lavas may be constrained within a shallow sag 

structure on the ignimbrite platform (Baker, 1977; de Silva and Francis, 1991; Ort, 1993). Pumice from 

within the fall deposit and a highly indurated pumice from the top of the ignimbrite yielded the lowest SiO2 

values (63.6–63.9 wt%) of the Bolivian ignimbrites analyzed in this study. 

 The 40Ar/39Ar analyses of biotite from two samples of welded ignimbrite matrix from the northern 

and eastern edges of the ignimbrite apron gave a weighted mean age of 1.98 ± 0.03 Ma. The Laguna 

Colorada ignimbrite was previously described as the Aguadita 3 and Aguadita 4 tuffs, and we include select 

outcrops of the Aguadita Brava tuffs (Table 2.2) to establish anoutflowarealextentof~1100 km2. Based on 

the distribution of the summit lavas, which are likely obscuring a central vent area and welded ignimbrite, 

we define a modest proximal deposit of ~63 km2, and calculate a minimum total deposit volume of 60 km3 

DRE. 

 

2.6.4.2 Tatio Ignimbrite 

 The Tatio ignimbrite (Lahsen, 1982) is preserved in outcrops south of Laguna Colorada and 

southwest of the Laguna Colorada ignimbrite shield. Similar to the Laguna Colorada ignimbrite, two of the 

dated samples of Tatio ignimbrite are less evolved (64.6–65.8 wt% SiO2) than most of the larger Altiplano-

Puna volcanic complex ignimbrites (Fig. 2.5). Biotite from three samples collected in this region yields a 

weighted mean age of 0.703 ± 0.010 Ma, which is concordant with the 40Ar/39Ar age for this ignimbrite 

reported in Barquero-Molina (2003) from Chile. 

 We correlated the Tatio ignimbrite with the Tocorpuri, Michina 1 and 2, and Río Pabellón 2 tuffs of 

the Bolivian geologic maps based on continuity in the field and a reported K-Ar age of 1.3 ± 0.4 Ma for the 

Tocorpuri tuffs (Table 2.2). Lahsen (1982) suggested the younger than 1 Ma Tocorpuri rhyolitic lava dome 

as a possible source area for the Tatio ignimbrite. Although we found no obvious source, deposit 

characteristics and facies distribution suggest that it is likely buried beneath younger deposits from Cerro 

del Tatio. We estimate an areal extent of ~830 km2 and a total minimum volume of 40 km3 DRE for this 

ignimbrite. 

 

2.7 Discussion 
2.7.1 Spatial and Temporal Patterns of Altiplano-Puna Volcanic Complex Volcanism: Relation to 
Plate Kinematics and Implications for the Development of Large Silicic Magmatic Systems  

 The high-resolution geochronology, spatial distributions, and volume estimates presented in this 

study, in conjunction with previously published data, allow the realization of a comprehensive framework 

for the development of the Altiplano-Puna volcanic complex ignimbrite flare-up (Table 2.5; Fig. 2.8). The 

spatiotemporal evolution of the >12,800 km3 of Altiplano-Puna volcanic complex ignimbrites during its 

~11 m.y. duration (average 1.11 km3/k.y.) is evaluated in 1.5 m.y. (and one 2.0 m.y) time slices in Table 

2.6 and Figure 2.9. A cumulative volume-time relationship is shown in Figure 2.10. These data show that 
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initial, small-volume, ignimbrite-producing volcanism was widespread throughout the complex represented 

by localized deposits now cropping out in Chile and Argentina (Fig. 2.9A). Major ignimbrite volcanism in 

the Altiplano-Puna volcanic complex began some 2 m.y. later with the eruption of the Vilama and Sifon 

ignimbrites at 8.41 and 8.33 Ma, respectively (Fig. 2.9B). These near-concordant eruptions mark the first 

peak (pulse 1; 30 km3/yr) of intermediate, ignimbrite volcanism in the complex, and the distant areal 

distributions suggest that widescale construction of a Cordilleran-sized batholith had begun by this time (de 

Silva and Gosnold, 2007). The rates of ignimbrite volcanism apparently waned during the period between 

7.5 and 6.0 Ma, although volcanism continued to be widespread across the region, as demonstrated by the 

eruption of the Panizos ignimbrite shield east of the Vilama caldera. Also erupting during this time frame, 

the Coranzulí ignimbrites (Seggiaro and Aniel, 1989; Seggiaro, 1994) in the southeast of the complex and 

minor ignimbrite volcanism occurred in the west (Fig. 2.9C). Volcanism increased in both volume and 

space between 6.0 and 4.5 Ma and is highlighted by the second major ignimbrite peak (pulse 2; 20 

km3/k.y.) between 5.60 and 5.45 Ma with the Guacha, Chuhuilla, and Pujsa ignimbrites erupting from the 

Guacha, Pastos Grandes, and La Pacana caldera complexes situated in a near north-south alignment behind 

the active arc front. This prodigious ignimbrite volcanism increased further between 4.5 and 3.0 Ma, a 

period characterized by the highest average eruption rates (2.08 km3/k.y.) and the largest ignimbrite peak 

(pulse 3; 31 km3/k.y.) with the eruption of the 4.09 Ma Puripicar and 3.96 Ma Atana ignimbrites occurring 

over a period of only ~100 k.y. During this highly productive interval, ignimbrite volcanism apparently 

became more focused near ~23°S. Pulse 3 was closely followed by two more VEI 8 eruptions, the 3.49 Ma 

Tara and 2.89 Ma Pastos Grandes ignimbrites. Including these two eruptions in the calculation of the third 

pulse (pulses 3a and 3b in Table 2.6), the eruption rate remains substantially higher (6.84–4.62 km3/k.y.) 

than the average rate of 1.17 km3/k.y., lasting up to 1 m.y. and marking this period as the climax of 

Altiplano-Puna complex volcanism. Following the eruption of the Pastos Grandes ignimbrite, the eruption 

rate decreases significantly to 0.10 km3/k.y. during the final 1.5 m.y., when explosive eruptive activity was 

confined to the shield-building activity of the 0.98 Ma Purico (Schmitt et al., 2001) and 0.70 Ma Tatio 

ignimbrites, as well as minor eruptions such as the 0.53 Ma Tuyajto (Barquero-Molina, 2003) and <1 Ma 

Filo Delgado ignimbrites (Gardeweg and Ramírez, 1987). Eruption of these ignimbrites, along with silicic 

dome complexes with strong chemical resemblance to Altiplano-Puna volcanic complex ignimbrites, such 

as the ca. 100 ka Chao dacite in northern Chile (de Silva et al., 1994) and the 89–94 ka Chascon-Runtu 

Jarita dome complex in Bolivia (Watts et al., 1999), represents the most recent felsic eruptions within the 

Altiplano-Puna volcanic complex (Fig. 2.9G). 

 The overall spatiotemporal trend of Altiplano-Puna volcanic complex volcanism lacks a dominant 

east-west sweeping trend that might be expected from a progressively steepening subducting slab (Kay and 

Coira, 2009), although the earliest eruptions of small stocks and domes did occur in the eastern reaches of 

the Altiplano-Puna volcanic complex (Kussmaul et al., 1975; Caffe et al., 2002). Ignimbrite volcanism was 

initially widespread and shows a consistently wide footprint throughout much of the duration of the 

complex. Such a pattern is consistent with the thick crust of the Central Andes, which likely prevented the 
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ascent of small volumes of magma. Babeyko et al. (2002) used thermo-mechanical modeling to argue that 

delamination of dense lower lithosphere likely generated the large volumes of mantle magmas capable of 

thermally maturing the crust and producing the immense crust-rich ignimbrites of the Altiplano-Puna 

volcanic complex in the 10–20 m.y. following tectonic shortening. The spatiotemporal pattern and the high 

crustal temperatures required for the numerous large, caldera-forming eruptions (de Silva et al., 2006a) are 

also consistent with a major heat-producing event, such as lithospheric delamination, which has also been 

argued elsewhere in the Central Andes (e.g., Kay and Kay, 1993; Kay et al., 1994; Garzione et al., 2006). 

Data from recent seismic studies (Schurr et al., 2006; Heit et al., 2008) support this conclusion, as they 

appear to show delaminated lithospheric blocks sinking beneath the Altiplano-Puna volcanic complex as 

well as large, low-velocity regions concentrated in the eastern portion of the Altiplano-Puna volcanic 

complex. Current surface uplift by magmatic inflation beneath Uturuncu volcano (Pritchard and Simons, 

2004) has also been suggested as a possible location for a future supervolcanic eruption (Sparks et al., 

2008). 

 

2.7.2 Comparison to Other Large Silicic Volcanic Fields 

 The pattern of volcanism defined in the Altiplano-Puna volcanic complex and shown in Figure 2.10 

is reminiscent of other large silicic volcanic fields, most notably the Southern Rocky Mountain volcanic 

field (Lipman, 2007) and the Southwestern Nevada volcanic field (Sawyer et al., 1994) of the United 

States. Each of these three silicic centers is characterized by pulses with eruption rates that are much higher 

than the long-term average of the volcanic field, and each has an eruptive history lasting 8–13 m.y. (Fig. 

2.10). The peak eruption rates and intensity of the most productive pulses in the Altiplano-Puna volcanic 

complex are also similar to the eruptive flux during the past two million years at Yellowstone and Taupo 

(Houghton et al., 1995). As noted by Lipman and McIntosh (2008), both the Altiplano-Puna volcanic 

complex and the Southern Rocky Mountain volcanic field are underlain by regional gravity lows that are 

suggestive of mid- to upper-crustal batholiths. Lipman (2007) and de Silva and Gosnold (2007) have 

argued that the pulsing eruptive history of the Southern Rocky Mountain volcanic field and the Altiplano-

Puna volcanic complex is suggestive of episodic, or incremental, assembly of these respective Cordilleran 

batholiths. This hypothesis comes at the heels of many recent studies of plutonic complexes that suggest 

individual plutonic bodies are themselves constructed incrementally over durations of hundreds of 

thousands to a few million years (Coleman et al., 2004; Matzel et al., 2006; Walker et al., 2007; 

Schaltegger et al., 2009). The nested caldera complexes of the Altiplano-Puna volcanic complex may also 

reflect such processes, as the multimillion-year longevity and periodic eruption history of these complexes 

is likely sustained through repeated magmatic injections. Successive VEI 8 eruptions with recurrences of 

2.6, 2.2, and 1.6 m.y. at the Pastos Grandes, Guacha, and La Pacana caldera complexes, respectively, 

suggest that plutons beneath these centers may be assembled over hundreds of thousands to millions of 

years in this region of thick continental crust. 

 Many smaller eruptive centers show similar durations and volume-time patterns of volcanism to the 
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large silicic volcanic complexes (see compilation in Grunder et al., 2008). In the case of the ~350 km3 

Aucanquilcha volcanic cluster, located along the modern arc front along the western border of the 

Altiplano- Puna volcanic complex, the volume-time relations and the centralization of eruptions mirror that 

of the Altiplano-Puna volcanic complex, suggesting an interplay between the Altiplano-Puna volcanic 

complex magmatic system and the frontal arc volcanism (Babeyko et al., 2002; Grunder et al., 2008). 

Further investigation is needed to determine the link between these two magmatic systems. 

 

2.8 Conclusions 

 High-precision 40Ar/39Ar geochronology, combined with new field, geochemical, and geophysical 

data provide the first comprehensive characterization of four newly described super eruptions from the 

Pastos Grandes and Guacha caldera complexes of the Altiplano Puna volcanic complex of the Central 

Andes. The areal extents of the Chuhuilla, Guacha, Tara, and Pastos Grandes ignimbrites are each 

estimated to cover thousands of square kilometers and have volumes in excess of 800 km3 DRE. These 

data, combined with previous Altiplano-Puna volcanic complex studies and the smaller eruptions described 

in this study, allow a comprehensive characterization of the volcanic complex. Overall, the eruption rate of 

the Altiplano-Puna volcanic complex averages 1.11 km3/k.y., and is punctuated by three distinct eruptive 

pulses at ca. 8.4, ca. 5.5, and ca. 4.0 Ma, during which eruption rates increased dramatically to between 20 

and 31 km3/k.y. over durations from 80 to 150 k.y. The average and peak eruption rates are comparable to 

that of the Southern Rocky Mountain and Southwestern Nevada volcanic fields of the North American 

Cordillera, and are consistent with piecemeal construction of Cordilleran batholiths by incremental pulses 

of magmatism. The cyclic nature of individual caldera complexes implied by our geochronologic data 

support the hypothesis that individual plutons are also constructed incrementally. The ~10 m.y. duration of 

the Altiplano-Puna volcanic complex is also similar to the duration at the nearby Aucanquilcha volcanic 

cluster, as well as numerous other examples from the volcanic and plutonic record. Lithospheric removal 

provides a valid explanation for the high power rates implied by Altiplano-Puna complex volcanism as well 

as the high surface elevations and spatiotemporal trends of ignimbrite eruptions. Despite the apparent 

waning of Altiplano-Puna volcanic complex ignimbrite activity, the tendency for ignimbrite eruptions to 

occur in pulses, together with evidence for a still molten portion of melt beneath the complex, suggests that 

the Altiplano- Puna volcanic complex remains capable of producing large ignimbrites like those 

characterized in this study. Our findings provide a foundation for more focused field and petrologic 

research on the large silicic systems within the Bolivian Altiplano-Puna volcanic complex. 
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2.11 Figures and tables 

 

 
 
Figure 2.1. Location map of the Altiplano-Puna volcanic complex (APVC) and known Neogene ignimbrite 
eruptive centers of the Central Andes. Major calderas within the extent of Altiplano-Puna volcanic complex 
ignimbrites are outlined. Ignimbrite centers: 1—Cailloma, 2—Macusani, 3—Arequipa, 4— Salas, 5—
Mauri-Lauca, 6— Curahuara, 7—Soledad, 8— Morococala, 9—Frailes, 10— Empexa, 11—Galán. Inset 
shows location of map along the western edge of South America. 
 
 
 



 

31

 
Figure 2.2. Comparison of 40Ar/39Ar results from coeval sanidine and biotite from common samples. Tie 
lines connect apparent ages for each sample. The bar width represents 2σ analytical uncertainty. The 
weighted mean ages of each mineral phase are only concordant in two samples (B06-018 and B02-002) for 
which the biotite has a large uncertainty. In other cases, sanidine ages are significantly younger. 
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Figure 2.3. Cumulative probability diagrams of the five ignimbrites for which single-crystal laser fusion 
ages were obtained from both sanidine and biotite. Normal (Gaussian) distributions are interpreted to 
represent a single population of crystals from an individual ignimbrite unit. Horizontal lines represent 2σ 
analytical uncertainty of data from which cumulative probability curves were generated (Table 2.1). In each 
case, sanidine yields a younger weighted mean age. 
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Figure 2.4. Comparison of 40Ar/39Ar results from this study with K-Ar results from the same samples 
reported in de Silva (1989b). The length of each line represents the 2σ analytical uncertainties. In 8 of the 
11 samples, the 40Ar/39Ar ages are concordant, and all are more precise than the corresponding K-Ar age. 
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Figure 2.5. Total alkalis versus silica diagram of pumice from Bolivian ignimbrites and lavas analyzed in 
this study. Also shown is array of Altiplano-Puna volcanic complex (APVC) ignimbrite pumice reported in 
de Silva (1987), Lindsay et al. (2001b), Ort et al. (1996), and Soler et al. (2007). Altiplano-Puna volcanic 
complex ignimbrites and lavas are dominantly dacitic with lesser volumes of rhyolite. 
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Figure 2.6. Location map showing sample localities and estimated original ignimbrite distributions (thick 
colored outlines) of newly described ignimbrite units from the Bolivian Altiplano-Puna volcanic complex. 
Extents of previously described Vilama (Soler et al., 2007) and Panizos (Ort, 1993) ignimbrites are also 
shown, with minor modification to the Vilama as described in the text. Outcrops from the SERGEOMIN 
geologic maps (filled polygons) are color-coded to demonstrate correlations to each ignimbrite unit (see 
Table 2.3 for references and original outcrop names). Distributions of Tara and Guacha ignimbrites in Chile 
are from Lindsay et al. (2001a). 40Ar/39Ar sample locations from this study are shown as circles; stars are 
published isotopic age data used to aid in correlating ignimbrites in this study (see Table 2.2 for 
references). Map numbers correspond with 40Ar/39Ar and K-Ar dates listed in Tables 2.1 and 2.2 
(previously published age data for Vilama and Panizos ignimbrites are not shown). Dashed lines show 
approximate or inferred locations of caldera collapse scarps. Locations of characteristic remanent 
magnetism (ChRM) sample sites discussed in Appendix 1 are shown as squares. Base map is a digital 
elevation model (DEM) made from 90 m Shuttle Radar Topography Mission (SRTM) data. 
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Figure 2.6. Location map showing sample localities and estimated original ignimbrite distributions 
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Figure 2.7. (A) View looking south from drainage of Río Chaira Waykho between the Pastos Grandes 
caldera and the Alota ignimbrite shield. ~100 m of total exposed ignimbrite shown in image. (B) View 
looking northeast from rim of Pampa Totoral towards the Quetena Valley and Uturuncu volcano. Erosion 
along the Quetena River has exposed the confluence of the 5.65 Ma Guacha ignimbrite and the 1.98 Ma 
Laguna Colorada ignimbrite. The 8.41 Vilama ignimbrite is exposed in limited outcrops below the Guacha 
ignimbrite within the canyon in the northern valley. Distance from road (elevation 4300 m) in bottom right 
of image to the summit of Uturuncu volcano (elevation 6008 m) is ~25 km. 
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Figure 2.8. Volume-time relations of Altiplano-Puna volcanic complex ignimbrites. Horizontal width of 
each unit is ±2σ of the preferred age of each unit listed in Table 2.5. 
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Figure 2.9. Spatiotemporal patterns of volcanism in the Altiplano-Puna volcanic complex showing 
approximate locations of calderas (stippled lines) and estimated distributions of ignimbrites (outlines). 
Early ignimbrite volcanism (11.0–9.0 Ma) and the onset of major-caldera–forming volcanism (9.0–7.5 Ma) 
occurred in both the western and eastern reaches of the Altiplano-Puna volcanic complex. A second major 
ignimbrite pulse was initiated ca. 5.6 Ma with eruptions from Pastos Grandes, Guacha, and La Pacana 
caldera complexes. The most voluminous phase of volcanism (4.5–3.0 Ma) was focused near ~23°S. Note 
that the minor Talabre and Tuyajto ignimbrites plot south of the extent shown and that the majority of the 
Coranzulí ignimbrites plot east of the figure. The apparent gap in the composite record along the Bolivia-
Chile border represents cover from the modern volcanic arc. See Table 2.6 for ignimbrite eruption rates 
corresponding to each time interval. 
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Figure 2.10. Cumulative volume versus time for ignimbrite eruptions in the Altiplano-Puna volcanic 
complex (APVC; thick line). Shown for comparison are the Southern Rocky Mountain (SRMVF; Lipman 
and McIntosh, 2008); Southwest Nevada (SWNVF; Sawyer et al., 1994); Yellowstone (Christiansen, 
2001); and Taupo (Houghton et al., 1995) volcanic fields. Altiplano-Puna volcanic complex ignimbrite 
volcanism shows a distinct beginning at ca. 11 Ma, followed by waxing volcanism that is punctuated by 
three discrete pulses, and apparent waning during the last 3 m.y. 
 
 
 



 

Table 2.1 Summary of 40Ar/39Ar laser fusion analyses 
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Sample# 
  

Map* Mat† Min§ 
Lat. 
(ºS) 

Lon. 
(ºW) 

40Ar/36Ari 
(±2σ) 

 Isochron  Age 
 (Ma±2σ)      MSWD#

Weighted Mean   
age** 

(Ma±2σ) MSWD N 
Age determinations from multiple ignimbrite samples     
Tatio Ignimbrite         
B06-069 1 pum bio 22.3013 67.7631 292.2±05.6 0.72±0.04 0.39 0.699±0.01 0.45 14 of 14 
B06-070 2 mat bio 22.3438 67.7939 294.2±07.1 0.77±0.13 0.90 0.750±0.06 0.81 10 of 10 
B06-067 1 pum bio 22.3007 67.7613 295.6±09.1 0.76±0.13 1.60 0.764±0.06 1.40 10 of 10 
      Weighted mean age of 34 analyses 0.703±0.010 1.14 34 
Laguna Colorada Ignimbrite         
B06-062 3 mat bio 22.2234 67.4256 278.0±25.0 2.09±0.21 0.95 1.95±0.03 0.98   9 of 11 
89022 4 mat bio 22.1857 67.5154 295.9±16.2 2.04±0.22 0.58 2.05±0.05 0.54 14 of 14 
      Weighted mean age of 23 analyses 1.98±0.03 1.30 23 
Pastos Grandes Ignimbrite         
89017 5 mat bio 21.8182 67.8280 306.0±13.0 2.86±0.08 0.51 2.91±0.03 0.63 14 of 14 
B06-036 6 mat bio 21.5958 67.6083 299.0±38.0 8.40±0.18 0.15 2.93±0.01 0.60 12 of 12 
B06-056 7 mat bio 21.6550 67.7303 296.9±05.5 2.95±0.05 1.17 2.96±0.02 0.53 11 of 12 
B06-058 8 mat bio 21.9443 67.8738 310.0±33.0 2.92±0.11 0.65 2.97±0.02 0.63 12 of 12 
      Weighted mean age of 49 analyses 2.94±0.01 0.88 49 
            
B06-056 7 mat san 21.6550 67.7303 293.0±18.0 2.89±0.02 1.06 2.88±0.01 0.65 17 of 17 
B06-058 8 mat san 21.9443 67.8738 294.0±37.0 2.88±0.02 0.66 2.88±0.01 0.44 14 of 14 
B06-036 6 mat san 21.5958 67.6083 292.1±06.2 2.95±0.03 0.70 2.89±0.01 0.75 18 of 18 
B06-045 9 mat san 21.4346 67.6374 293.0±15.0 2.91±0.02 0.89 2.91±0.02 0.77 17 of 19 
      Weighted mean age of 66 analyses 2.89±0.01 0.78 66 
Tara Ignimbrite           
B06-081 10 pum bio 22.4388 67.3760 295.4±01.2 3.87±0.10 1.16 3.86±0.05 1.02 11 of 13 
B06-027 11 pum bio 22.5012 67.4764 296.1±04.1 3.88±0.12 0.22 3.89±0.07 0.19 6 of 12 
B06-072 12 mat bio 22.7550 67.6397 300.0±12.0 3.44±0.10 0.53 3.48±0.03 0.52 13 of 13 
B06-025 13 mat bio 22.6331 67.4980 296.1±30.0 3.55±0.05 0.48 3.56±0.02 0.40 13 of 13 
B06-018 14 mat bio 22.7756 67.2529 301.0±16.0 3.51±0.17 0.04 3.56±0.07 0.13 6 of 6 
B06-013 15 pum bio 22.4479 67.2805 253.0±76.0 3.69±0.11 0.18 3.63±0.04 0.24 6 of 6 
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Table 2.1 (Continued) 
    Weighted mean age of 38 analyses 3.55±0.02 1.50 38 

         
B06-018 14 mat san 22.7756 67.2529 291.0±14.0 3.51±0.04 0.81 3.51±0.01 0.56 32 of 32 
89002 16 mat san 22.5151 67.6409 295.0±04.7 3.46±0.03 1.37 3.46±0.02 1.18 8 of 8 
      Weighted mean age of 40 analyses 3.49±0.01 1.17 40 
Puripicar Ignimbrite          
83015 17 pum bio 22.70 68.24 294.8±06.4 4.06±0.13 1.50 4.05±0.11 1.38 13 of 13 
89001 18 mat bio 22.3525 67.7278 301.5±13.0 4.08±0.05 1.20 4.09±0.04 1.19 12 of 12 
      Weighted mean age of 25 analyses 4.09±0.02 1.13 25 
Alota Ignimbrite          
B06-063 19 pum bio 21.4573 67.6457 247.0±34.0  5.78±0.13 0.61 5.63±0.04 0.91 11 of 11 
            
B06-063 19 pum san 21.4573 67.6457 294.3±02.5 5.25±0.07 0.99 5.24±0.02 0.40 23 of 27 
ALI-189 20 pum san 21.4809 67.6127 296.1±10.5 5.22±0.03 1.77 5.23±0.02 1.56 9 of 9 
      Weighted mean age of 32 analyses 5.23±0.01 0.49 32 
Chuhuilla Ignimbrite          
89019b 21 mat bio 21.7201 67.9552 292.9±04.6 5.75±0.11 0.89 5.70±0.03 0.78 10 of 10 
89019a 21 mat bio 21.7201 67.9552 312.8±20.2 5.11±0.46 0.12 5.51±0.03 0.78 4 of 4 
B06-050 22 pum bio 21.2490 68.1288 288.0±12.0 5.60±0.12 0.91 5.54±0.03 0.55 12 of 12 
      Weighted mean age of 16 analyses 5.52±0.02 0.72 16 
            
89019 21 mat san 21.7201 67.9552 296.4±06.4 5.45±0.04 0.78 5.45±0.02 0.46 16 of 17 
            
Guacha Ignimbrite        
B06-085 23 pum bio 22.3545 67.3929 294.0±01.8 5.73±0.25 0.71 5.52±0.06 0.87 11 of 11 
B06-007 24 pum bio 22.1630 67.3104 294.4±02.5 5.92±0.73 1.40 5.59±0.19 1.30 12 of 12 
B06-002 25 mat bio 21.8401 67.3373 290.3±06.4 5.80±0.13 0.51 5.71±0.05 0.62 12 of 12 
B06-022 26 mat bio 22.6085 67.3998 294.6±02.8 5.78±0.07 0.91 5.77±0.04 0.61 10 of 12 
B06-080 10 pum bio 22.4388 67.3760 293.6±03.7 5.81±0.04 1.90 5.80±0.00 1.04 13 of 12 
B06-030 27 mat bio 22.3813 67.1490 297.0±10.0 5.82±0.07 0.80 5.84±0.02 0.50 12 of 12 
      Weighted mean age of 59 analyses 5.81±0.01 1.40 59 
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Table 2.1 (Continued)          
B06-002 25 mat san 21.8401 67.3373 306.0 ± 45.0 5.65±0.04 0.02 5.65±0.01 0.52 26 of 26 
            
Panizos Ignimbrite        
BOL-
07-005 28 pum bio 22.2521 66.8351 294.0±32.0 6.97±0.25 1.70 6.98±0.04 1.50 12 of 12 
BOL-
07-001 29 pum bio 21.9834 66.5360 295.7±02.9 6.66±0.17 1.01 6.67±0.07 0.90 12 of 12 
BOL-
07-002 30 pum bio 22.0503 66.6334 301.0±13.7 6.72±0.07 0.29 6.75±0.02 0.29 10 of 10 
BOL-
07-003 28 pum bio 22.2521 66.8351 291.3±04.6 6.78±0.04 0.71 6.75±0.02 0.83 12 of 12 
BOL-
07-004 28 pum bio 22.2521 66.8351 293.3±03.9 6.80±0.06 0.77 6.78±0.03 0.73 12 of 12 
B06-077 31 pum bio 22.1199 66.9163 293.0±18.0 6.88±0.15 1.12 6.86±0.03 0.36 10 of 10 
      Weighted mean age of 56 analyses 6.79±0.02 2.50 56 
            
Sifon Ignimbrite           
83001 32 mat bio 22.66 68.47 299.2±28.0 8.20±0.32 0.37 8.23±0.15 0.35 14 of 14 
83005 33 pum bio 22.75 68.44 303.0±23.6 8.28±0.22 1.06 8.34±0.07 1.02 14 of 14 
      Weighted mean age of 28 analyses 8.33±0.06 0.72 28 
Vilama Ignimbrite        
B06-003 25 mat bio 21.8410 67.3363 293.0±03.9 8.30±0.19 0.21 8.22±0.11 0.32 12 of 12 
B06-032 34 mat bio 22.3414 67.1764 286.0±17.0 8.41±0.12 0.95 8.37±0.04 0.49 12 of 12 
B06-039 35 pum bio 21.7250 67.3865 288.0±28.0 8.44±0.19 0.59 8.40±0.05 0.17 6 of 6 
B06-035 36 mat bio 22.3916 66.9955 297.0±13.0 8.42±0.12 0.18 8.42±0.04 0.08 12 of 12 
B06-029 37 mat bio 22.2506 67.3454 294.6±03.2 8.42±0.13 0.97 8.42±0.05 0.51 12 of 12 
B06-031 38 mat bio 22.2265 67.0992 299.0±38.0 8.40±0.18 0.15 8.42±0.06 7.16 12 of 12 
B06-042 39 pum bio 21.7173 67.3521 297.0±16.0 8.46±0.13 0.97 8.46±0.04 0.42 11 of 12 
      Weighted mean age of 77 analyses 8.41±0.02 0.59 77 
Artola Ignimbrite          
83002†† 32 mat bio 22.66 68.47 303.8±23.6 9.37±0.22 0.87 9.45±0.03 0.84 13 of 15 
83028†† 40 mat bio 22.72 68.22 298.2±20.9 9.32±0.24 1.11 9.35±0.03 1.04 15 of 15 
      Weighted mean age of 28 analyses 9.40±0.03 2.00 28 
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Table 2.1 (Continued)          
Ignimbrite ages from single samples        
Puripica Chico Ignimbrite         
B06-073 41 pum bio 22.6262 67.6788 297.1±05.5 1.69±0.06 0.67 1.70±0.02 0.60 10 of 10 
Talabre Ignimbrite          
83078 42 mat bio 23.59 67.88 304.4±20.1 2.32±0.40 0.80 2.51±0.08 0.80 16 of 16 
Atana Ignimbrite          
83077 43 mat bio 23.18 67.98 300.0±13.5 3.92±0.14 0.22 3.96±0.08 0.24 13 of 13 
Chaxas II Ignimbrite          
83034 44 mat bio 22.77 68.08 269.4±33.8 4.12±0.18 1.49 4.00±0.10 1.65 10 of 12 
Pelon Ignimbrite          
83016†† 17 mat bio 22.70 68.24 290.4±15.3 6.21±1.11 0.83 5.82±0.08 0.80 13 of 14 
Linzor Ignimbrite          
83065†† 45 pum bio 22.25 68.14 289.3±09.4 6.51±0.30 0.63 6.33±0.12 0.70 15 of 15 
Toconce Ignimbrite          
83061 46 pum bio 22.28 68.22 281.6±23.2 6.84±0.56 0.52 6.52±0.19 0.57 15 of 15 
Yerbas Buenas Ignimbrite         
83022B†

† 47 mat bio 22.66 68.23 311.7±34.4 8.08±0.45 0.72 8.30±0.04 0.74 14 of 14 
Chaxas I Ignimbrite          
83035†† 48 pum bio 22.90 68.05 324.5±51.8 8.13±0.38 0.54 8.35±0.03 0.61 14 of 14 
Divisoco Ignimbrite          
83050 49 mat bio 22.28 68.29 299.7±16.1 10.13±0.22 0.81 10.18±0.15 0.77 14 of 14 
Rio San Antonio Ignimbrite         
B06-005 50 pum bio 22.1780 67.3123 304.0±17.0 10.09 ±0.83 0.41 10.33±0.64 0.48 9 of 12 
Lower Rio San Pedro Ignimbrite        
83088 51 pum bio 22.02 68.62 294.9±6.7 10.72±0.30 0.63 10.71±0.14 0.58 16 of 16 
            
Effusive eruptions          
Sombrero dome, Pastos Grandes Caldera       
B06-057 52 lava bio 21.7866 67.7534 296.6±03.9 2.98±0.06 1.20 3.00±0.01 0.93 10 of 12 
B06-057 52 lava san 21.7866 67.7534 402.0±280.0 2.80±0.09 0.78 2.83±0.02 0.75 13 of 14 
            

 



 

 

45

Table 2.1 (Continued)        
Rio Chajnantor dome, Guacha Caldera        
B06-024 53 lava bio 22.6213 67.4668 301.0±30.0 3.56±0.16 1.60 3.59±0.02 1.20 13 of 13 
B06-024 53 lava san 22.6213 67.4668 309.0±16.0 3.50±0.03 0.58 3.51±0.02 0.63 22 of 22 
            
Chajnantor lavas, Guacha Caldera        
BOL-
07-021 54 lava san 22.6294 67.4136 295.7±02.9 3.67±0.10 1.5 3.67±0.13 1.20 7 of 7 
           
Rio Guacha dome, Guacha Caldera        
B06-023 55 lava bio 22.6107 67.4387 308.0±12.0 3.57±0.04 1.17 3.61+0.02 1.01 9 of 10 
            
Alota dome, Alota Ignimbrite Shield        
92CJ018 56 lava bio 21.4948 67.5831 298.3±4.9 5.46±0.06 1.18 5.49±0.02 0.79 9 of 12 
92CJ018 56 lava san 21.4948 67.5831 290.9±7.1 5.23±0.04 1.00 5.22±0.02 0.60 16 of 16 

   Note: Full analytical data in Appendix 2. Preferred ages in bold.  
   *Map - refers to sample location numbers in figure 2.6. 
     †Mat. - material from which minerals were extracted  (pum = pumice; mat = matrix). 
     §Min. - mineral used in laser fusion analyses (bio = biotite; san = sanidine). 
   #MSWD - mean square of weighted deviations. 
     **Ages were calculated relative to 28.34 Taylor Creek sanidine (Renne et al., 1998); italicized biotite data are discordant and not used in weighted mean 
calculations.  
   ††Indicates sample with multiple crystal fusion analyses, all others analyzed by single crystal laser fusions (SCLF). 
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Table 2.2 New biotite 40Ar/39Ar ages versus biotite K-Ar age of de Silva (1989b) 
Sample # Lat 

(S) 
Long 
(W) 

40Ar/39Ar ± 2σ 
(Ma) 

K-Ar ± 2σ 
(Ma) 

Ignimbrite 

83078 23.59 67.88 2.51 ± 0.08 2.34 ± 0.22 Talabre 
83077 23.18 67.98 3.96 ± 0.08 4.18 ± 0.28 Atana 
83034 22.77 68.02 4.00 ± 0.10 4.29 ± 0.14 Chaxas 
83015 22.70 68.24 4.05 ± 0.11 4.02 ± 0.22 Puripicar 
83016 22.70 68.24 5.82 ± 0.08 5.71 ± 0.73 Pelon 
83065 22.25 68.14 6.33 ± 0.12 5.65 ± 0.34 Linzor 
83001 22.66 68.47 8.23 ± 0.15 8.29 ± 0.25 Sifon 
83022B 22.66 68.23 8.30 ± 0.04 8.48 ± 0.56 Yerbas Buenas 
83005 22.75 68.44 8.34 ± 0.07 7.76 ± 0.57 Sifon 
83028 22.72 68.22 9.35 ± 0.03 9.39 ± 0.28 Artola 
83002 22.66 68.47 9.45 ± 0.03 9.53 ± 0.36 Artola 
83050 22.28 68.29     10.18 ± 0.15   10.60 ± 0.62 Divisoco 
83088 22.02 68.62     10.71 ± 0.14 9.66 ± 0.49 Lower Rio San Pedro 
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Table 2.3 Previous unit and age designations of correlated APVC ignimbrites 
Ignimbrite and 
correlated tuffs 

K/Ar 
(Ma) 

Age Reference Map* 

Tatio ignimbrite    
 Tatio Ig. (Chile) 0.71±0.14† Barquero-Molina, 2003 57 
 Tocopuri Tuffs 1.3±0.4 Choque et al., 1996 58 
 Huayllajara Tuffs    
 Michina 1 Tuffs    
 Michina 2 Tuffs    
 Río Pabellon 2 Tuffs    
     
Puripica Chico ignimbrite   
 Puripica Chico Tuffs    
     
Laguna Colorada ignimbrite   
 Aguadita 4 Tuffs 1.9±0.2 

1.7±0.5 
Baker and Francis, 1978 
Baker and Francis, 1978 

4 
59 

 Aguadita 3 Tuffs    
 Aguadita Brava Tuffs§   
     
Pastos Grandes ignimbrite   
 Pastos Grandes Tuffs 3.2±0.3 Lema and Ramos, 1996 60 
  3.2±0.4 Baker and Francis, 1978 61 
  3.5±0.3 Pacheco and Ramírez, 

1997a 
62 

 Chatola Tuffs 3.2±0.2 Baker and Francis, 1978 63 
  3.6±0.5 Pacheco and Ramírez, 

1997a 
64 

 Huayllar Tuffs    
     
Tara ignimbrite    
 Upper Tara (Chile) 3.42±0.15 

3.77±0.15 
3.65±0.12 
3.82±0.13 
3.81±0.12 
3.83±0.21 

Lindsay et al., 2001a 
Lindsay et al., 2001a 
Lindsay et al., 2001a 
Lindsay et al., 2001a 
Lindsay et al., 2001a 
Lindsay et al., 2001a 

65 
66 
67 
65 
68 
66 

 Aguadita Brava Tuffs§   
 Atana Tuffs    
 Chajnantor Tuffs§    
 Pampa Totoral Tuffs    
 Pampas Guayaques 1 

Tuffs§ 
   

 Pampas Guayaques 2 
Tuffs§ 

   

     
Alota ignimbrite    
 Juvina Tuffs    
     
Guacha ignimbrite    
 Aguadita 2 Tuffs 4.5±0.5 Pacheco and Ramírez, 

1997b 
69 

 Lower Tara (Chile) 5.47±0.33 
5.62±0.98 
5.68±0.14 

Lindsay et al., 2001a 
Lindsay et al., 2001a 
Lindsay et al., 2001a 

70 
66 
71 
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 Inca Tuffs 5.6±0.5 Almendras et al., 1996 72 
 Table 2.3 (Continued) 

 
Pampa Guayaques 1 
Tuffs§ 

 
 

5.9±0.4 

 
 
Almendras et al., 1996 

 
 

73 

 Tullitayoj Tuffs 5.8±0.4 
6.2±0.4 

Pacheco and Ramírez, 
1997c 
Pacheco and Ramírez, 
1997b 

24 
74 

 Aguadita 1 Tuffs 6.2±0.5 
6.3±0.4 

Almendras et al., 1996 
Pacheco and Ramírez, 
1997b 

75 
69  

 Qutetna Tuffs 6.5±0.4 Pacheco and Ramírez, 
1997b 

76 

 Chajnantor Tuffs§ 6.6±0.5 Almendras et al., 1996 77 
 Kalina Tuffs 6.6±0.4 Almendras et al., 1996 78 
 Delgada Tuffs 6.9±0.7 Choque et al., 1996 79 
 Pampa Guayaques 2 

Tuffs§ 
   

     
Chuhuilla ignimbrite    
 Chuhuilla ignimbrite 5.9±0.3 Baker and Francis, 1978 80 
 Tomasamil Tuffs 6.0±0.5 Almendras and Baldellón, 

1997 
22 

  6.2±0.7 Almendras and Baldellón, 
1997 

81 

  6.3±0.8 Pacheco and Ramírez, 
1997a 

82 

  6.7±0.6 Almendras and Baldellón, 
1997 

83 

 Thiumayu Tuffs 7.4±0.8 Pacheco and Ramírez, 
1997a 

84 

   Note: Ignimbrite units of this study in bold, correlated units in plain text. Geologic map references with  
correlated tuffs not listed above: Fernández et al. (1996), García (1996), Pacheco and Ramirez (1996).       
   *Map refers to locations in Figure 2.6. 
   †40Ar/39Ar age. 
   §Denotes units with outcrops that have been correlated with more than one ignimbrite unit in this study. 
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Table 2.4 Volume calculations for newly described ignimbrites 
 Intracaldera*   Outflow†    
 Area Thickness Volume  Area Thickness Volume  Total DRE§ 
Ignimbrite (km2) km (km3)  (km2) km (km3)  (km3) 
Pastos 
Grandes 1100 1.3 1430  2900 0.05 145  1500 
Guacha 1150 1 1150  4650 0.05 233  1300 
Chuhuilla 1100 1 1100  3170 0.05 159  1200 
Tara 620 1.1 682  3480 0.05 174  800 
          
Laguna 
Colorada 63 0.2 12.6  1100 0.05 56  60 
Tatio 54 0.2 10.8  830 0.05 42  40 
Alota 15 0.2 3  520 0.05 26  20 
Puripica Chico    150 0.05 8  10 
   *Thickness of intracaldera deposit estimated as maximum relief between resurgent dome and caldera 
moat. 
   †Area of outflow does not include intracaldera area. 
   §Total DRE = [0.75 x (outflow volume) + (intracaldera volume)] and rounded to nearest 10 or 100 km3; 
0.75 factor based on average densities of ~1.8 g/cm3 calculated for outflow bulk matrix of APVC 
ignimbrites. 
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Table 2.5 Summary of all major APVC ignimbrite preferred ages and volumes  
Ignimbrite Age 

(Ma ± 2σ) 
Min.

*  
Volume† 

(km3) 
Caldera/Shield 

Source 
Age reference 

Filo Delgado < 1 Ma§ N.A.
# 

101 La Pacana Gardeweg and Ramírez, 1987 

Tuyajto 0.53 ± 0.17 bio N.D.** N.D. Barquero-Molina, 2003 
Tatio 0.70 ± 0.01 bio 40 Tatio This study 
Purico 0.98 ± 0.03 bio 1002 Purico Barquero-Molina, 2003 
Puripica Chico 1.70 ± 0.02 bio 10 Guacha This study 
Laguna Colorada 1.98 ± 0.03 bio 60 Lagnuna Colorada This study 
Talabre 2.42 ± 0.06 plag N.D. N.D. Barquero-Molina, 2003 
Patao 2.52 ± 0.06 plag N.D. La Pacana Barquero-Molina, 2003 
Pastos Grandes 2.89 ± 0.01 san 1500 Pastos Grandes This study 
Tara 3.49 ± 0.01 san 800 Guacha This study 
Atana 3.96 ± 0.02 san 16003 La Pacana Barquero-Molina, 2003 
Chaxas II 4.00 ± 0.10 bio N.D. N.D. This study 
Puripicar 4.09 ± 0.02 bio 15001 N.D. This study 
Toconao 4.0 - 4.5§ N.A. >1003 La Pacana Lindsay et al., 2002 
Alota 5.23 ± 0.01 san 20 Alota This study 
Carcote   5.4 ± 0.3§§ bio n.d. Unknown Baker and Francis, 1978 
Chuhuilla 5.45 ± 0.02 san 1200 Pastos Grandes This study 
Pujsa 5.6 ± 0.2§§ bio >5001 La Pacana de Silva, 1989b 
Guacha 5.65 ± 0.01 san 1300 Guacha This study 
Pelon 5.82 ± 0.08 bio >1001 N.D. This study 
Linzor 6.33 ± 0.12 bio N.D. N.D. This study 
Toconce 6.52 ± 0.19 bio N.D. N.D. This study 
Coranzulí 6.60 ± 0.15§§ bio 6504 Coranzulí Seggiaro, 1994 
Panizos 6.79 ± 0.02 bio 6505 Panizos This study 
Yerbas Buenas 8.30 ± 0.04 bio N.D. N.D. This study 
Sifon 8.33 ± 0.06 bio 10001 N.D. This study 
Chaxas I 8.35 ± 0.03 bio N.D. N.D. This study 
Vilama 8.41 ± 0.02 bio 14006 Vilama This study 
Artola 9.40 ± 0.03 bio >100 N.D. This study 
Granada ~9.8 bio 607 Abra Granada Caffe et al., 2008 
Divisoco 10.18 ± 0.15 bio N.D. N.D. This study 
Lower Rio San 
Pedro 

10.71 ± 0.14 bio >100 Carcanal This study 

Pairique 
complex 

11 - 10 bio <107 N.D. Caffe et al., 2008 

Note: As shown in this study, K-Ar ages and unconstrained volume calculations should be approached with 
caution. All ages 40Ar/39Ar  except for those marked with § (relative age), and §§ (K-Ar age). 
*Mineral used to calculate age (bio = biotite, san = sanidine, plag = plagioclase).  
†Volumes (D.R.E) calculated in this study except where noted (1de Silva, 1989b; 2Schmitt et al., 2001; 
3Lindsay et al., 2001a; 4Seggiaro, 1994; 5Ort, 1993; 6Maximum estimate of Soler et al., 2007; 7Caffe et al., 
2008).  
#N.A. = not applicable.  
**N.D. = not determined 
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Table 2.6 Eruption rates of APVC ignimbrite volcanism 

 Age Volume Duration 
Eruption 

rate Ignimbrites used in calculations 
 (Ma) (km3) (kyr) (km3/kyr)  
A 11.0 - 9.0 280 2000 0.14 Pairique, Cortadera, LRSP, Granada, Artola 
B 9.0 - 7.5 2400 1500 1.60 Vilama, Sifon 
C 7.5 - 6.0 1300 1500 0.87 Panizos, Coranzulí 
D 6.0 - 4.5 3120 1500 2.08 Pelon, Pujsa, Guacha, Chuhuilla, Alota 
E 4.5 - 3.0 4000 1500 2.67 Tocanao, Puripicar, Atana, Tara 

F 3.0 - 1.5 1570 1500 1.05 
Pastos Grandes, Laguna Colorada, Puripica 
Chico 

G 1.5 - 0 150 1500 0.10 Purico, Tatio, Filo Delgado 
H 11.0 - 0 12820 11000 1.17 All listed above 
      
Ignimbrite Pulses     

Pulse 1 8.41 - 8.33 2400 80 30 Sifon, Vilama 
Pulse 2 5.60 - 5.45 3000 150 20 Pujsa, Guacha, Chuhuilla 
Pulse 3 4.06 - 3.96 3100 100 31 Puripicar, Atana 
      
Pulse 3a 4.06 - 3.49 3900 570 6.84 Puripicar, Atana, Tara 
Pusle 3b 4.06 - 2.89 5400 1170 4.62 Puripicar, Atana, Tara, Pastos Grandes 

    Note: Letters A-H matches ignimbrite distribution diagrams of Figure 2.9. 
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CHAPTER 3 

 

Deep-sea ash layers reveal evidence for large explosive Late Pleistocene and Holocene eruptions from 

Sumatra, Indonesia 
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3.1 Abstract 

 Marine tephra deposits in deep sea sediment cores from the Sunda trench near Sumatra reveal evidence 

for seven large (minimum volume 0.6 – 6.3 km3), previously undocumented, explosive eruptions in this 

region over the last ~110,000 years, presumably sourced from mainland Sumatra. Sediment cores were 

collected within and adjacent to the Sunda trench from 3.3ºN to 4.6ºS at water depths between 1.8 and 5.5 

km and distances of ~200 to 310 km from the active Sumatran volcanic arc. Glass shards within the tephra 

horizons were analyzed via the electron microprobe and laser ablation ICP-MS and define three 

compositional groups. Group 1 is the most mafic (SiO2 wt. % = 61-65), Group 2 glasses are intermediate 

(SiO2 wt.% = 65-76) and show the widest compositional range, and Group 3 Glasses are high silica 

rhyolites (SiO2 wt.% = 76-79). Trace element analyses show that Group 1 is comprised of a single volcanic 

unit, whereas Group 2 and Group 3 each comprise three individual units and each unit is interpreted to 

represent a single eruptive phase and deposition. Minimum volume estimates for the seven unique units are 

consistent with volcanic explosivity index (VEI; Newhall and Self, 1982) values of 4 - 5. Composition 

varies with age with the rhyolitic Group 3 tephras comprising the oldest ages (~30 – 110 ka), whereas 

Group 1 and 2 andesites to rhyodacites erupted within the last 14 ka. No positive correlations were made 

between the tephras analyzed in this study with the known marine or terrestrial record from the limited data 

available in the published literature. The most frequent, widespread, and youngest deposits were found in 

the central region of the study area suggesting the central Sumatran arc as at the highest risk for large 

explosive eruptions. 

 

3.1 Introduction  

 The island of Sumatra, Indonesia comprises most of the western Sunda Arc, one of the most 

volcanically active regions on Earth. The Global Volcanism Program lists 35 active volcanoes on the island 

(average spacing of 50 km) with reported eruptive activity occurring at 13 centers during the past 100 years 

in addition to fumarolic and other signs of activity at many others (Smithsonian Institution, 2011). 

Consequently much of the island’s large human population (~50 million) and infrastructure is at risk from 

volcanic activity. Despite this the known Quaternary eruption history of Sumatra is almost entirely limited 

to historic eye-witness accounts of small-to-moderate explosive activity from the past few hundred years. 

This lack of information is partly attributable to difficulties in accessibility, coupled with extremely high 

erosion rates and dense vegetation in this equatorial region. However, many of Sumatra’s stratovolcanoes 

are steeply-sloped with only minor vegetation suggesting a youthful and frequent eruption history (e.g. 

Gasparon, 2005), and the overall large number of volcanoes suggests that increased knowledge of 

Sumatran volcanism would be valuable for volcanic hazard assessments. In this study, we take advantage 

of the recent availability of a set of tephra-bearing deep sea sediment cores to document a number of large, 

explosive, Late Pleistocene to Holocene volcanic eruptions from the Sumatran mainland. 

 The great Sumatra-Andaman subduction zone earthquakes and accompanying tsunamis of 2004 and 

2005 demonstrate the profound impact of geologic hazards in this region and underline the lack of 
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knowledge concerning the geologic history of the island. With the goal of establishing the Holocene 

paleoseismic record for megathrust earthquakes at the Sumatra-Andaman plate boundary, a research cruise 

(Paleoquakes07) led by researchers from Oregon State University in collaboration with the Agency for 

Assessment and Application of Technology, Indonesia, was undertaken in 2007. During the cruise 144 

deep-sea sediment cores were collected from within the trench and the adjacent continental slope at ocean 

depths ranging from 1.8 to 5.5 km (Fig. 3.1, Table 3.1). Correlation of turbidite units between the cores 

reveals at least nineteen and as many as twenty-four subduction zone earthquakes over the past 7.5 ka 

between ~5ºN to ~2ºN (Patton et al., 2010). Within the intercalated hemipelagic sediment and turbidites, at 

least 14 primary tephra layers were identified at distances of 200 – 300 km from the modern Sumatran arc 

front.  

 In this study we examine the volcanic record preserved in the deep-sea tephra layers to provide 

constraints on Late Pleistocene to Holocene eruptions capable of transporting and depositing volcanic ash 

several hundreds of kilometers from the Sumatran arc. We take advantage of recent advances in microbeam 

analysis of tephra via electron microprobe and laser ablation ICP-MS (LA-ICP-MS) (e.g. Pearce et al., 

2007) that allow measurement of major and trace element chemistry of individual tephra particles to 

facilitate tephra correlation of distal volcanic deposits (e.g. Adams, 1990; Ukstins Peate et al., 2003; 2005; 

Pearce et al., 2008). In addition to establishing correlations between the marine cores, we also use these 

data to characterize the geochemistry of the eruptive products and to search for possible correlations with 

terrestrial deposits. Furthermore we estimate the timing of eruption and deposition through 14C age 

determinations of foraminifera and calculated sedimentation rates. We then use these data and the physical 

characteristics of the tephra beds to estimate minimum eruption volumes and eruption rates.  

 

3.2 Regional setting 

 The Sunda arc is divided into western and eastern portions with respect to the Sunda Strait (Fig. 3.1). 

West of the strait, the Indo-Australian plate subducts obliquely beneath the pre-Cenozoic continental crust 

of Sumatra, whereas orthogonal subduction beneath younger, oceanic lithosphere occurs at the eastern plate 

boundary near Java and the Lesser Sunda Islands. The oblique convergence is partly accommodated by the 

Great Sumatran fault zone: a major strike-slip fault that follows the trace of the volcanic arc across the 

approximately 1,700 km-long island and contributes to complex magmatic-tectonic relationships in the 

development of pull-apart basins and related caldera activity (e.g. van Bemmelen, 1949; Bellier and 

Sébrier, 1994). Forearc basins are bound to the west by an accretionary complex partly emerged as the 

Mentawai islands et al., roughly 200 miles from the active arc. The continental shelf drops off sharply near 

the Sunda trench and reaches depths up to 6.5 km. 

 Magmatic activity on Sumatra has been ongoing throughout the Cenozoic (Bellon et al., 2004). 

Quaternary volcanism is dominantly characterized by large acidic tuffs from caldera systems and by 

intermediate-composition volcanism from stratovolcanoes of the frontal arc (Gasparon, 2005). Mafic 

volcanism is rare, due in part to assimilation of Paleozoic continental crust and extensive crystal 
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fractionation (e.g. Gasparon and Varne, 1995). Four major Pliocene to Quaternary pyroclastic deposits are 

recognized in Sumatra: the ~73.5 ka, 2700 km3 Younger Toba tuffs (YTT; Rose and Chesner, 1987; 

Chesner et al., 1991) in the north, the Padang tuffs in the central region, and the Lampung and ~0.55 Ma 

Ranau tuffs (Bellier et al., 1999) in the south (Fig. 3.1). No radiometric ages are available for the Padang 

and Lampung tuffs. The southern silicic tuffs may further be related to extension caused by the clockwise 

rotation of Sumatra relative to Java since the Late Miocene (e.g. Ninkovich, 1976).  

 Accounts of the Quaternary eruption history are provided by van Bemmelen (1949), Westerveld 

(1952), Whitford (1975), Rock et al. (1982), and Gasparon and Varne (1994), among others, although few 

of the eruptions are well dated. Explosive activity in these reports is generally limited to short descriptions 

of large tuffaceous outcrops from the major caldera systems. Very few studies have attempted to 

understand the eruptive characteristics of the stratovolcanoes on the Sumatran mainland despite the high 

frequency of observed historic activity; since the beginning of the 21st century at least seven volcanoes have 

experienced small-to-moderate explosive eruptions (Smithsonian Institution, 2011). In the Sunda strait, 

Krakatau is among the most active volcanoes in the region with intermittent activity following the 

1883eruption (volcanic explosivity index [VEI] = 6; Newhall and Self, 1982) that expelled 12.5 km3 of 

dominantly rhyodacitic magma (Mandeville et al., 1996). Tephra dispersal studies from the marine 

environment have been more successful in revealing the larger-scale explosive activity (hundreds of km3) 

from Sumatra and western Java. The YTT is found throughout the Northern Indian Ocean (e.g. Ninkovich 

and Donn, 1976; Ninkovich et al., 1978), the Central Indian Basin (Ninkovich, 1979; Pattan et al., 1999) 

and the South China Sea (Bühring and Sarnthein, 2000; Song et al., 2000). Dehn et al. (1991) identified 

several hundred tephra layers from Ocean Drilling Program site 758 (5º23.05’N, 90º21.67’E) in the 

northeast Indian Ocean, approximately halfway between northern Sumatra and the Indian mainland. Of 

these, 17 were greater than 1 cm and the youngest, a 34 cm thick deposit, was correlated with the YTT. 

Ninkovich and Donn (1976) and Ninkovich (1979) identified Late Miocene to Recent deep-sea tephra 

deposits from the Indian Ocean and describe three compositional regions with respect to the Indonesian 

archipelago: andesitic tephras offshore eastern Java and the Lesser Sunda Islands, dacitic tephras near the 

Sunda strait with a presumed source of Krakatau, and widespread rhyolitic tephras throughout the northern 

Indian Ocean. The eastern Indonesian andesitic tephras were attributed to volcanoes situated above thin, 

Cenozoic crust whereas the rhyolitic tephras were assumed to originate from sources on the older 

continental crust of Sumatra and Western Java (Ninkovich, 1979).  

 The marine and terrestrial records described above provide only minimal estimates of the frequency 

and potential of Sumatran volcanism during the Late Pleistocene and Holocene, particularly for relatively 

smaller eruptions that do not provide tephra records over such extensive distances as observed for the YTT. 

High rates of erosion and extensive vegetative cover, coupled with limited volcanic research on the 

Sumatran mainland has resulted in limited documentation of the terrestrial, moderate-to-large explosive 

eruptions in the 0.1- 9 km3 range (VEI = 4-5). In the present study, we take advantage of access to new 

sediment cores in an attempt to bridge the gap in the explosive volcanic record between the older (> 74 ka) 
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and larger (VEI > 6) deposits, such as the YTT, found in cores at distances greater than 500 km from the 

arc (Ninkovich et al., 1978; Ninkovich, 1979; Dehn et al. 1991) and the small-to-moderate eruptions (VEI 

< 3) that have been frequently witnessed in historical time (Smithsonian Institution, 2011).  

 

3.3 Methods 
3.3.1 Tephra collection 

 Of the 144 PaleoQuakes07 sediment cores collected along an ~1,600 km transect following the Sunda 

trench, coherent and visually distinguishable tephra layers were found in 13 cores from 8 geographic 

localities (Fig. 3.1, Table 3.1). The tephra horizons were identified by their white to pink color and further 

distinguished by relatively high magnetic susceptibility and coarser grain sizes compared to hemipelagic 

sediment (Fig. 3.2). Tephra thicknesses range from a few mm to at least 8 cm and display varying amounts 

of bioturbation recognized in Computed Tomography (CT) scans (Fig. 3.2). Small (<1 cm3) samples were 

collected from the tephra horizons and rinsed in deionizied water to remove fine-grained hemipelagic 

sediment. The samples were dried, mounted in epoxy, and polished with grit paper and 1 µm alumina 

powder prior to microanalysis.  

  

3.3.2. Geochronology 

 Age estimates for the deposition of tephra deposits in this study are constrained through radiocarbon 

age determinations of planktic foraminifera and extrapolated sedimentation rates. Planktic foraminifera are 

assumed to represent the age of the youngest seawater that is most closely in 14C equilibrium with the 

atmosphere. The trench core sites are deeper and below the Carbonate Compensation Depth (CCD), below 

which foraminiferid CaCO3 tests dissolve faster than they are deposited. Foraminiferid abundance was 

therefore nil in trench core sediments, and direct 14C age control applies only to the slope cores. Where 

available, the planktic foraminifera were sampled from hemipelagic sediment immediately underlying 

tephras, providing closely limiting maximum ages. Indirect age control for tephras that do not have 

underlying hemipelagic material, and tephras from the trench cores are estimated using ages derived from 

sedimentation rates, constrained by 14C data from the nearest available cores from the slope. Sediment 

above the tephra was not considered as the boundary between the top of the tephra and the hemipelagic 

sediment is often difficult to reliably identify due to physical factors including bioturbation. For 14C dating 

hemipelagic sediment samples were removed from the cores while avoiding the ~5 mm of material nearest 

the core walls to avoid visible or undetected deformation and friction drag along the core walls. Samples 

were freeze-dried to separate clay particles, rinsed through a sieve, and then washed in a dilute Calgon 

(sodium hexametaphosphate) solution to keep fine particles in suspension. The samples were then sieved at 

125 µm and oven dried. Typically 25-50 individual planktic foraminifera (depending on size/weight) were 

identified (as planktonic, not benthic) then removed from the dried, > 125 µm size fraction using a fine 

sable brush moistened with distilled water.  
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 Foraminiferid sample ages were determined using Accelerator Mass Spectrometry (AMS) methods at 

the Keck AMS facility at University of California, Irvine and calibrated using OxCal v4.1.5 (Bronk 

Ramsey, 2009; Reimer et al., 2009) and a marine reservoir correction of 16 ± 11 years was made using the 

Marine Reservoir Correction Database (Stuiver and Braziunas, 1993). Only two delta R values are 

available for the Sumatra area, and while constraints are sparse in this correction, in this study we correlate 

marine sites to other nearby marine sites wherever possible, thus we assume the local correlations are valid, 

although absolute ages may contain additional uncertainty. The calculations include lab uncertainties and 

no lab multipliers were applied to the data (Taylor et al., 1996). The radiocarbon ages are reported in years 

before present (BP, measured from 1950) within 95% probability (Bronk Ramsey, 2009).  

 Sedimentation rates were calculated for all cores in which 14C ages were obtained and the rates were 

then used to estimate ages for tephra strata that do not have absolute ages taken from directly below the 

tephras (Table 3.2). Based on core descriptions, MST data, CT imagery, and RGB imagery, non-tephra 

sediment type is interpreted as hemipelagic or turbiditic. Turbidites are assumed to represent instant 

deposition and only hemipelagic sediment is used to calculate sedimentation rates. Hemipelagic thicknesses 

are summed and divided by the underlying radiocarbon age to estimate the hemipelagic sedimentation rate. 

Age control for volcanic strata where there are no direct ages were estimated by calculating the overlying 

hemipelagic thickness and dividing by the average sedimentation rate for that core, or the core with the 

closest location where sedimentation rates were known. Sedimentation rate derived age error includes 

propagated root mean square error from thickness estimates in addition to error from 14C age 

determinations used in their construction.  

 

3.3.3 Glass morphology 

 Material from each tephra layer is generally fine-grained (<200 µm) and consists primarily of volcanic 

glass with lesser amounts of mineral fragments and organic material. Glass shards (Fig. 3.3) are typically 

colorless and clear, and either contain numerous vesicles (micropumiceous) or are elongate with 

curvaceous edges and lacking in internal vesicles (platy). The latter texture likely represents fractured 

vesicles with considerably larger diameters those from the micropumiceous shards. Micropumiceous glass 

shards dominate most tephra layers (Table 3.1). No discoloration or visual chemical alteration was 

identified on the glass shards during inspection with the petrographic microscope. 

 

3.3.4 Electron Microprobe analysis  

 Major and minor oxide compositions of ~528 glass shards from 20 tephra samples (avg. = 26 

shards/sample) were determined by electron microprobe analysis (EMPA) using a Cameca SX-100 electron 

microprobe at Oregon State University with an accelerating voltage of 15 kV and an electron beam of 15 

nA, defocused to 10 µm to prevent volatile loss. Accuracy and precision were monitored for the majority of 

the samples through periodic analysis of rhyolite glass standard RHYO from the United States Museum of 

Natural History. The relative standard deviation of major elements (>1.0 wt.%) of all standard analyses was 
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< 1% for SiO2 and Al2O3, <3% for K2O and Na2O, and < 12% for FeO* and MgO. For minor elements (0.1 

– 1.0 wt.%) relative standard deviation was < 9% for CaO, TiO2, and Cl. Throughout the rest of the paper 

we refer to both minor and major elements analyzed by EMPA as major elements. Analytical totals are 

consistent within each tephra sample and only those greater than 95% are considered in this study. 

Analyses were re-normalized to 100 wt. %. Analyzed glass shards typically varied in size from ~30 µm to 

200 µm in diameter. Most shards were measured twice and are typically homogenous with internal SiO2 

variations < 1 wt.%.  

 

3.3.5 LA-ICP-MS analysis 

 Trace elements of a subset (324 analyses) of the same glass shards as measured by EMPA were 

measured by LA-ICP-MS in the W.M. Keck Collaboratory for Plasma Spectrometry at Oregon State 

University using a NewWave DUV 193 µm ArF Excimer laser and VG PQ ExCell Quadrupole ICP-MS. 

Laser ablation spot size varied from 30 to 70 µm with the lower value necessary for smaller shard sizes of 

some of the samples (Table 3.1). Ablation was performed using He as the carrier gas, and He plus ablated 

particulates were mixed with the Ar nebulizer gas flow immediately prior to the plasma torch. Background 

count rates were measured for 30 s prior to ablation and subtracted directly from count rates measured 

during ablation. Plasma torch conditions were optimized so that oxide production (estimated from 

measured ThO/Th ratios) were <1–2%. Abundances of individual trace elements were calculated relative to 

USGS glass standard BCR-2G. 29Si was used as an internal standard in conjunction with SiO2 contents 

measured by the electron microprobe. BHVO-2G and NIST-612 glass was also analyzed to monitor 

accuracy and precision. Repeat analyses of NIST-612 showed differences from the accepted composition of 

< 10% for Rb, Sr, Ba, Nb, Ta, Pb, U, Sc, La, Ce, Pr, Nd, and Sm and 10 - 25% for Y, Zr, Hf, Th, Eu, Gd, 

Dy, Er, and Yb. Relative standard deviation for the repeat analyses of the NIST-612 varied by < 15% for 

Rb, Sr, Ba, Nb, Pb, U, and Ce and < 25% for all other trace elements.  

 

3.3.6. Tephra correlation 

 We primarily use the geochemistry of individual glass shards to test correlations of the deep-sea Sunda 

tephras described in this study. Glass shards have been shown to be well-suited for correlative study as they 

typically undergo only minor hydration or ion-exchange with respect to both major (e.g. Ninkovich, 1979) 

and trace elements (e.g. Ukstins Peate et al., 2003) even when subjected to long residence times in 

seawater. However, we also consider the depositional chronology, morphology of shards, and the 

stratigraphic relations of sedimentological features within each core to support our correlations. We stress 

that geochemical data should be considered within the context of other data when establishing correlations 

of distal tephra as positive geochemical correlations have been observed for tephra samples of known 

stratigraphic discordance (e.g. Placzek et al., 2009). To aid in the correlative scheme we use the statistical 

distance function as described by Perkins et al. (1995, 1998). Perkins et al. (1995) define the statistical 

distance between two samples as 
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     D2
calculated = (xk1 − xk2)2 /(σk1

2 +σk2
2 )

k=1

n

∑     

 (1) 

where n is the number of elements used in the comparison, xk1 and xk2 are the average concentrations of the 

kth element of the two samples, and σk1 and σk2 are the standard deviations of the kth element in each 

sample. The lower the value of D2
calculated the greater the probability that the two samples are from the same 

population with zero as the ideal value for a chemically identical pair. Because of the different methods 

used in data collection, we calculate D2 values separately for a suite of 9 major (and minor) elements and a 

suite of 22 trace elements. The distribution of D2 follows the chi2 distribution and from this a critical value 

(D2
critical) can be established to form a theoretical cutoff where samples can be said to be sufficiently similar 

to be considered correlatives. At the 95% confidence level, D2
critical is 16.9 for 9 variables and 33.9 for 22 

variables. 

 Because standard deviation data are rarely published in older literature, and because these older data 

sets are often smaller, we also test possible geochemical correlations with available data using the 

similarity coefficient, as described by Borchardt et al., 1972 and Sarna-Wojcicki (1976), which is defined 

as: 

    d(A ,B ) = Ri /n
i=1

n

∑       

 (2) 

where d(A.B) is the comparison of average concentrations from sample A and sample B of a suite of 

elements, n is the number of elements, and Ri is the ratio of the lower concentration of element i divided by 

the higher concentration of i of the two samples. An ideal value of 1 signals a chemically identical pair. 

Correlations are generally considered positive for values of 0.93 or greater (e.g. Borchardt et al., 1972; 

Froggatt, 1992).  

 

3.3.7 Volume estimates 

 Five of the seven eruptive units identified in this study are limited to a single geographical location (in 

some cases sampled by multiple sediment cores), thereby inhibiting isopach construction and accurate 

estimates of distribution and eruptive volumes. However, we have calculated minimum eruptive volumes by 

establishing a distribution ellipse defined by a minor axis ¼ the length of the distance to the nearest 

Sumatran volcano of the arc front. Such an ellipse is considered conservative in comparison to the majority 

of areal distributions of tephra described elsewhere (e.g. Fisher and Schmincke, 1984). We apply the 

empirical equation of Legros (2000) for calculating eruptive volumes where only a single isopach is 

available: 

    Minimum volume (Vmin ) = 3.69 * thickness* ellipse area  

 (3) 
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Although this method results in large uncertainties, it is important to note that it provides a robust estimate 

of the minimum volume and thus can still provide useful information concerning eruption volumes. Also 

note that we do not imply a correlation with the nearest volcano used to establish the minimum volume (too 

few terrestrial data exist to do this). If the actual source is a different volcano the ellipse and associated 

eruption will be larger. 

 

3.4 Results and interpretations 
3.4.1 Petrologic summary 

 Glass shards from the tephra beds reveal a compositional spectrum of calc-alkaline, medium-K to 

high-K, andesites to rhyolites. Silica ranges from 61 to 79 wt.%, recalculated to 100% on a volatile-free 

basis. Samples with both micropumiceous and platy shards show no significant compositional differences 

between the two shard types.  

 Major oxides of glass shards are separated into three distinct compositional groups (Fig. 3.4). Group 

1glass shards (SiO2 wt.% = 61-65) range from andesite to dacite, Group 2 shards (SiO2 wt.% = 65-76) are 

rhyodacitic and show the widest compositional heterogeneity, and group three shards (SiO2 wt.% = 76-79) 

are high silica rhyolites. With increasing SiO2 (and K2O) the glass shards decrease in Al2O3, CaO, MgO, 

FeO*, and TiO2 from Group 1 to 3. Group 2 shards preserve coherent linear trends in all major elements, 

with the exception of Na2O (Fig. 3.4f) suggesting that Na-loss occurred via secondary shard hydration 

and/or during EMPA analysis. Group 1 shards comprise two tephra beds from cores taken from a single 

geographic location (only meters apart) on the continental slope of central Sumatra. Group 2 shards, also of 

the central region, comprise 9 tephra beds. Group 3 shards comprise four tephra beds from locations near 

the trench off the cost of northern and southern Sumatra (Fig. 3.1).  

 Trace element concentrations further distinguish the tephra samples and reveal greater detail than 

provided by the major element data alone (Figs. 3.5, 3.6, 3.7). This is consistent with the typically larger 

variation evident in trace elements in igneous rocks, as their concentrations are less likely to be buffered by 

phase equilibria. Most trace elements show only poorly-defined trends against SiO2 with the exception of 

increasing Rb and Ba and decreasing Sr in Group 2 shards (Fig. 3.5a-b), consistent with plagioclase as an 

important fractionating phase. Most high field strength elements (HFSE), such as Y, Zr, Hf, Th, and La, 

exhibit stronger positive correlations with each other (Fig. 3.5c-d) than the large ion lithophile elements 

(LILE), although both HFSE and LILE show similar compositional ranges. We use the entire suite of 22 

trace elements in the correlative scheme, as described below.  

 The tephras described in this study are typical of arc magmas that have experienced variable amounts 

of crystal fractionation, with enrichment of large ion lithophile elements and depletion of high field 

strength elements (Fig. 3.7), slight to moderate enrichment of light REE relative to heavy REE, and 

negative Eu anomalies (Eu/Eu* = (EuN) / √[(SmN)/(GdN)]) varying between 0.24 and 0.67. Due to spatial 

proximity, geochemical characteristics, and the observation that individual tephra units only occur within 

limited numbers of cores (the reverse to what we would expect for tephras from very large eruptions that 
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have been widely dispersed from more distal locations) we assume the western Sunda arc of Sumatra as the 

most likely source for the tephra units described in this study.   

 

3.4.2 Core-to-core correlations and establishment of eruptive units 

 Seven distinct volcanic units are identified in this study based on shard geochemistry, with additional 

considerations of age data, shard morphology, and core stratigraphy. We name these eruptive units V-1 

through V-7, with increasing average SiO2 concentrations, and interpret each unit to be related to a single 

volcanic eruption or eruptive phase followed by immediate deposition. Statistical distance values for all 

pair combinations of average glass compositions are reported for both major and trace elements in Table 

3.3. Average unit compositions are shown in Table 3.4. In some cases, D2
calculated values are within the 

limits of D2
crtiical in major elements but not trace elements, and vice versa. These cases are discussed further 

below.  

 Group 1 glass shards were sampled from a piston core (PC) and gravity core (GC) collected only a few 

meters apart (Table 3.1) and the tephras in each core show strong similarities in glass geochemistry, 

exemplified by D2
calculated values of 0.97 for major elements and 2.4 for trace elements, both well below the 

D2
crtiical values of 16.9 and 33.9, respectively. Despite the difference in stratigraphic depths between the two 

cores, a strong match in sedimentary features above and below each tephra layer is observed (images and 

geophysical data of all cores available in Figs. 3.A.1 – 3.A.14 in the supplementary appendix). These two 

tephra beds are interpreted to represent a single volcanic unit, V-1 with an age of 13.6 ± 0.5 ka based on 14C 

age determinations and sedimentation rates within core 83PC (Table 3.2).  

 Nine tephra layers (from eight spatially adjacent cores within the central study area: cores 77PC, 78PC, 

79PC, 31 GC, 32GC, 35GC, 38GC, and 36KC) comprising Group 2 glass shards all show broadly similar 

major element composition ranges (Fig. 3.4), however, trace element data suggest that the group can be 

divided into multiple individual units (Figs. 3.5, 3.6, 3.7). Samples SUM137 and SUM008 are separated by 

138 cm within core 79PC and the upper unit (SUM137) is characterized by major element D2
calculated values 

that are below critical when calculated against SUM131 and SUM138. With respect to trace elements 

SUM137 is above critical (and not suggestive of a correlation) with all other group 2 tephras. Trace 

element compositions from SUM137 are below D2
critical with the samples of V-1, despite the significant 

difference in major element composition and depositional ages. The tephra layer of sample SUM137 is 

denoted as unit V-2 with an eruption age of 1.93 ± 0.19 ka.  

 Of the remaining tephra layers in Group 2, six samples (SUM008, SUM009, SUM010, SUM011, 

SUM012, and SUM106) are interpreted as a single unit based primarily by geochemistry; major and trace 

element D2
calculated values are well below critical for all combinations of these six samples (Table 3.3). A 

few of these samples also have major and trace element D2
calculated values below critical with the remaining 

Group 2 samples of SUM131 and SUM138, however these samples correlate much better with each other 

(D2
calculated = 0.14 and 7.9 for major and trace elements) and we interpret these tephras as a unique unit 

(Figs. 3.5 and 3.6). We refer to the correlated tephras of SUM131 and SUM138 as V-3 and the six 
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correlated samples from SUM008, SUM009, SUM010, SUM011, SUM012, and SUM106 as V-4. 

Stratigraphic and age data are also consistent with V-3 and V-4 as separate units. SUM131 of V-3 gives an 

older age of 5.71 ± 0.20 ka compared to 4.91 ± 0.16 ka for SUM008 of V-4, although the former age was 

calculated using estimated sedimentation rates from a trench core without direct 14C age control. Caution 

must be applied to the sedimentation-rate based ages and thus these data alone cannot preclude a 

correlation. Shard morphologies and sizes are all similar (micropumiceous, 110-90 µm) within Group 2 

tephras with the notable exception of SUM138, which is characterized by a predominance of smaller (~30 

µm), platy shards. Because of their similarity, the unique units of V-3 and V-4 are potentially derived from 

a single magmatic system separated by a relatively short (< 1 ka) eruption interval.  

 The four tephra layers of Group 3 (cores 65PC, 18GC, 16GC) are readily separated into three units 

based on both major and trace element geochemistry (Figs. 3.4, 3.5, 3.6, 3.7, Table 3.3). Core 16GC, 

collected offshore of north Sumatra, contains two tephra layers separated by a ~12 cm sequence of silt to 

very fine sand turbidites (Fig. 3.A.1). Glass shards from the two tephra layers (samples SUM132 and 

SUM134) are geochemically indistinguishable (D2
calculated values of 0.53 for major elements and 2.5 for 

trace elements). A lack of hemipelagic sediment between the tephras suggests that the turbidites were 

deposited rapidly between the depositions of the two tephra layers. The turbidites contain Bouma c and d 

beds (Bouma, 1962) and are consistent with deposition following tectonic seismicity. The timing between 

deposition of the upper and lower tephras cannot be directly determined with radiometric techniques and 

lithostratigraphic relations do not rule out the possibility that the two tephra layers are from the same 

eruptive episode. Because of similar chemistry and lack of evidence for significant time interval between 

the depositions of these two tephra layers, we hypothesize a single eruptive phase for this unit, which we 

denote as V-5. This scenario is consistent with an eruption coinciding with turbidite-producing seismicity 

and may imply a relationship between the two events (e.g. Linde and Sacks, 2005). We estimate a 

sedimentation-rate derived age of 30.94 ± 0.28 ka for the deposition of both V-5 layers. 

 A single tephra layer sampled from core 18GC, taken only a few km away from V-5 in the northern 

study area, is interpreted as a unique eruptive deposit named V-6. Despite the proximity, neither eruptive 

unit (V-5 nor V-6) was found in its neighboring core. Glass shards from V-6 are the smallest (< 30 µm) 

analyzed in this study, necessitating a smaller laser ablation spot size (30 µm) and less-precise trace 

element LA-ICP-MS analyses from fewer (6) shard measurements. However, EMPA using a 10 µm spot 

size clearly distinguish this unit from V-5 and V-7  (Fig. 3.4). The oldest sedimentation-rate derived age of 

this study, 109,750 ± 320 ka, was determined for V-6. 

 V-7 is identified within a single core (65PC) that was sampled near the Sunda trench off the coast of 

southern Sumatra and is characterized by the highest silica concentrations (77-79 wt.%) measured in this 

study. Low concentrations of Sr and Eu suggest significant plagioclase fractionation. Unit V-7 shows 

evidence for a complex depositional history with the lower half-meter of core 65PC containing a sequence 

of both primary and reworked tephras (Fig. 3.A.2). Based on stratigraphy, foraminifera abundance, and 

degree of bioturbation, we interpret four primary tuffs in this sequence, each followed by a volcaniclastic 
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turbidite that was likely triggered by upslope sediment loading shortly (days to years) following primary 

deposition. Six samples (two primary and four reworked) were analyzed within the sequence (Table 3.1) 

and all consist of glass shards with near-identical major element compositions (D2
calculated values < 2.4). 

Based on the sedimentological and geochemical data, we interpret the entire sequence as belonging to a 

single eruptive event that deposited four primary tephra deposits, which were interrupted by upslope 

volcaniclastic turbidite deposition. The sequence is capped by ~35 cm of volcaniclastic turbidites which 

were deposited following deposition of the primary tephras and interbedded turbidites. We estimate an age 

of 27.53 ± 0.31 ka for the entire depositional sequence, based on the overlying hemipelagic thickness and a 

regional sedimentation rate calibrated to 14C ages of foraminifera from the continental slope. 

 

3.4.3 Correlations with published data 

 Correlations of tephra from this study with volcanic units from the Sumatra mainland and with tephra 

reported from deep-sea cores from the northern Indian Ocean were attempted with little success. On the 

basis of similarity coefficients we found little to no geochemical correlation with published datasets, 

although the amount of published data is limited. Ninkovich (1979) describe three groups of marine 

tephras: Toba-related rhyolites throughout the northern Indian Ocean west of the Sunda Strait, dacites 

southwest of the Sunda Strait and assumed to derive from Krakatau, and andesitic ash found adjacent to the 

Lesser Sunda Islands of eastern Indonesia. The andesitic to rhyodacitic tephras found offshore from central 

Sumatra in this study (V-1, V-2, V-3, V-4) expand the geographical ranges of Ninkovich (1979) for non-

high silica rhyolite volcanism and suggest that explosive andesitic tephras are also produced from 

volcanoes overlying the old, thick continental crust of Sumatra in addition to those from the younger, 

thinner crust of Java and the Lesser Sunda Islands (Ninkovich, 1979). The highly active volcanoes of the 

Padang Highlands of central Sumatra are the most likely source of the central rhyodacitic units (V-2, V-3, 

V-4). Marapi is the most historically active Sumatran volcano with more than 50 small-to-moderate 

explosive eruptions recorded since the end of the 18th century (Smithsonian Institution, 2011), although a 

comparison with preliminary geochemical data from the more mafic (SiO2 as low as 54 wt.%) deposits of 

Marapi did not produce a correlation with the tephras of this study (M. del Marmol, personal 

communication). The Group 2 glass shards (V-2, V-3, and V-4) show broadly similar SiO2 contents to the 

dacitic Krakatau group of Ninkovich (1979), but the overall geochemical signatures do not correlate with 

the 1883 tephra (Mandeville et al., 1996) or with material from pre-1883 eruptions of Krakatau preserved 

in the marine stratigraphy of the Sunda Strait (Beauregard, 2001). The ~1000 km distance from the deposits 

to Krakatau further inhibits a possible correlation.  

 Age constraints largely preclude a correlation of the Group 3 rhyolites (V-5, V-6, and V-7) of this 

study with most of the marine tephra record from the northeast Indian Ocean reported by Ninkovich and 

Donn (1976), Ninkovich (1979), and Dehn et al. (1991) as the youngest rhyolitic tephras reported in these 

studies correlate with the ~75 ka YTT. Despite the age discordance, glass shards from V-6 do show some 

geochemical similarity with published glass compositions of the YTT (Ninkovich et al., 1978; Ninkovich, 
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1979; Dehn et al., 1991; Shane et al., 1995; Chesner, 1998; Pattan et al., 1999; Bühring and Sarnthein, 

2000; Chesner and Luhr, 2010) with similarity coefficients (note the differences in this method compared 

to the statistical distance) ranging from 0.70 to 0.94 for 8 major elements and 0.69-0.76 for 11-22 trace 

elements. Similarity coefficient values determined between YTT tephra deposits from the 8 studies listed 

above range between 0.68 and 0.95. The lower values may be due to a combination of the heterogeneity of 

the YTT magma (Chesner, 1998), errors in measurement between different analytical measurements, and 

variable post-depositional alteration, but also draw attention to the potential difficulty of making 

correlations using geochemical data from multiple literature sources. These low values of the similarity 

coefficient for otherwise correlated tephra deposits, also demonstrate the importance of considering other 

lines of evidence (especially age) when attempting correlations. Apart from the YTT there are very little 

trace element data for Indian Ocean marine tephras in which to test geochemical correlations.     

 

3.4.4 Minimum eruptive volumes 

 Given the scarcity of data concerning the Pleistocene and Holocene eruptive history of Sumatra, it is 

unsurprising that we were unable to correlate the marine tephras of this study with their terrestrial source. 

Our data, however, still provide a valuable opportunity to constrain the Late Pleistocene and Holocene 

eruptive history of the region. Measured tephra layer thicknesses and distances to the nearest arc volcanoes 

(Fig. 3.1) were used to calculate minimum eruptive volumes using the method described in section 3.7, 

results are reported in Table 3.5. The smallest eruptive volume of this study (0.6 km3) was calculated for 

the andesitic V-1 unit and corresponds to a VEI of 4. All other tephras produce minimum volumes from 1.3 

to 6.3 km3 and VEI values of 5. The deposits of V-4 are the most widespread and vary in thickness from 

1.0 to 8.0 cm. Using only the 8.0 cm thickness in 79PC produces a Vmin of 4.9 km3. Adding a second 

isopach with an average tephra thickness of 2.3 cm for the surrounding V-4 cores increases the minimum 

volume to 5.2 km3. The minimum volume for V-5 is calculated using the sum of the two tephras in core 

16GC producing a Vmin of 6.3 km3, the largest volume of this study. Considering the two layers separately 

produces minimum volumes of 2.8 and 3.5 km3. Our estimate for the V-7 volume varies with the 

interpretation of the volcaniclastic-turbidite sequence. The sum thickness of the four primary tephras is 18 

cm and corresponds to a Vmin of 5.8 km3. Considering each of the four primary tephras separately 

corresponds to minimum volumes of 1.9, 1.6, 0.7, and 1.5 km3, respectively.  

 We also note that in order to remain conservative we have been careful to only evaluate the minimum 

eruptive volumes of the tephra units studied, and thus we possibly substantially underestimate actual 

erupted volumes. For example, if we apply our same methodology to a 34 cm YTT deposit sampled ~1000 

km from the Toba caldera (Dehn et al., 1991), we calculate a minimum eruptive volume of ~250 km3, a 

value ~1/10th of the actual estimated eruptive volume (2700 km3; Rose and Chesner, 1987). From this we 

infer that the actual erupted volumes for tephras from this study could be up at an order of magnitude larger 

than suggested from our minimum estimates. 
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3.4.5 Eruption rates and implications for volcanic hazards 

 Based only on the data reported in this study, we calculate six large (~1-6 km3, VEI = 4-5), post-YTT 

explosive eruptions, all presumably from Sumatra. The total volume of 20.8 km3 averaged across the 1665 

km length of the Sumatran Sunda arc produces a large explosive eruption rate of 4x10-4 km3/km/ka since 31 

ka. This rate is approximately an order of magnitude smaller than the Quaternary rates of volcanic output 

for the central volcanic zone of the Andes (Francis and Hawkesworth, 1994) and the Cascades (Hildreth, 

2008) although the latter two examples include both effusive and explosive output. As our estimate is based 

on distal tephra only it is also substantially underestimates arc output. 

 The presented data correspond to a large explosive eruption occurring, on average, every 5.2 ka on the 

island of Sumatra since 31 ka. This interval is considerable shorter than that of Dehn et al. (1991) who 

calculated an eruption interval of ~414 ka from 2.5 Ma to 73.5 ka for eruptions producing > 1cm of tephra 

at a distance of ~1000 km (VEI > 5) northwest of northern Sumatra. Conversely, the interval for large 

eruptions calculated in the present study is considerably longer than the historic small-to-moderate 

eruptions (VEI < 3) that occur on a yearly to decadal scale.  

 Four of the eruptive deposits (V-1, V-2, V-3, V-4) identified in this study were collected in the central 

study region suggesting central Sumatra as the most frequent to produce large explosive volcanic eruptions. 

All four of these eruptions occurred since 13.6 ka and correspond to an average interval of 3.4 ka, with the 

most recent (V-2) erupting 1.9 ka. On the basis of this we suggest that central Sumatra be subject to further 

terrestrial studies to identify the most frequently active volcanoes and their associated hazards. Large 

eruptions are apparently less frequent in the north and south with the most recent eruptions identified in this 

study occurring in these regions at 30.9 ka and 27.5 ka, respectively.  

 

3.5 Conclusions 

 In this study we have identified marine tephra deposits within, and adjacent to, the Sunda trench ~200-

310 km from the western Sunda arc island of Sumatra with primary thicknesses from 1.3 to 18 cm. From 

these deposits, seven individual eruptive units are identified ranging in composition from andesite to dacite 

(Group 1), dacite to rhyolite (Group 2) and high silica rhyolites (Group 3). None of the units identified in 

this study was correlated with a terrestrial source, largely due to the lack of published data on the Late 

Pleistocene-Holocene eruptive record of Sumatra. Unit V-1 (~13.6 ka, > 0.6 km3) from Group 1 is the most 

mafic tephra yet identified offshore of Sumatra and is similar in compositional range to andesitic tephras 

identified from deep-sea cores south of eastern Java by Ninkovich (1979). Group 2 tephras were recovered 

offshore from central Sumatra and are divided into three units: V-2 (1.9 ka, > 2 km3), V-3 (5.7 ka, 1.3 km3) 

and V-4 (4.9 ka, 4.9 km3). Group 3 rhyolites are found offshore from north Sumatra: V-5 (30.9 ka, > 6.3 

km3), V-6 (109.8 ka, > 3.5 km3); as well as south Sumatra: V-7 (27.5 ka, > 5.8 km3). A close relation 

between the primary tephra of V-5 and turbidites in the northern region of the study is suggestive of 

coincident volcanic eruptions from the arc front and seismicity along the plate boundary. Although 

considerably older than Group 1 and 2 deposits, Group 3 tephras represent the youngest rhyolites yet 
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identified in the northeast Indian Ocean (Ninkovich, 1979; Dehn et al., 1991) and extend the record of large 

rhyolitic eruptions to at least 27.5 ka, after which compositions range from andesite to rhyodacite.    

 Since 30.9 ka we calculate a large (VEI 4-5) explosive eruption rate of 0.67 km3/ka and an average 

eruption interval of 5.2 ka across the entire study region and an interval of 3.4 ka from central Sumatra 

since 13.6 ka. Although focused volcanological research is recommended for much of western Sunda arc of 

Sumatra, we highlight the central Sumatran region as particularly at risk of large explosive eruptions.  
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3.8 Figures and Tables  

 

 
Figure 3.1. Location of deep-sea marine cores analyzed in this study. Larger circles (white, black and grey) 
represent cores in which tephra was identified and analyzed geochemically. Smaller, light grey circles 
represent examined cores without identified tephra deposits. The split circle of core 79PC indicates two 
distinct tephra layers were identified in this core. Individual volcanic units are labeled as V-1 through V-7 
and dotted lines indicate ellipse used in volume calculations. Ellipses only demonstrate minimum possible 
tephra distributions and do not imply a correlation with a terrestrial source, see section 4.4 for further 
details. Triangles represent active volcanoes of the west Sunda arc as identified by the Global Volcanism 
Program (Smithsonian Institution, 2011). Also shown are locations of deep-sea cores with tephra horizons 
analyzed by Ninkovich (1979) (open stars) and Beauregard (2001) (solid star). No correlations were made 
between the marine tephras of the current study with the rhyolites of the Indian Ocean offshore north 
Sumatra nor with the dacites of the Sunda Strait. Bathymetry and topography from Smith and Sandwell 
(1997). 
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Figure 3.2. Stratigraphic correlations are made between cores with volcanic Unit V-4 using lithology, CT, 
geophysics, and 14C data. A. Multi Sensor Core Log data (gamma density in light blue and magnetic 
susceptibility in red-brown) are plotted and CT imagery displays lower density material in darker grey and 
higher density material in lighter grey. Tephra samples are designated by green triangles. 14C samples are 
designated by red triangles. Slope cores are labeled light blue; trench cores are labeled dark blue. Trench 
core sites were deeper than the approximately 4km Carbonate Compensation Depth (CCD), the depth 
below which foraminiferid CaCO3 tests dissolve faster than they are deposited. Foraminiferid abundance 
was nil in trench core sediments, so 14C age control directly applies only to the slope cores. Correlation of 
Unit V-3 is designated by the thicker grey tie-line, while other correlations are in thin grey lines. B. 
Location map shows core locations as related to bathymetry (Ladage et al., 2006) with 1-km depth contours 
shown in green. Inset shows core locations relative to the island of Sumatra. 
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Figure 3.2. Stratigraphic correlations
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Figure 3.3. Electron microprobe backscatter images of a typical micropumiceous glass shards (SUM008, 
upper image) and platy glass shards (SUM016, lower image). No compositional differences were observed 
in samples with both micropumiceous and platy shards where these occurred in the same tephra unit. Scale 
bar in both images in 100 µm.  
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Figure 3.4. Electron microprobe major element analyses of glass shards showing three compositional 
groups. Group 1 (V-1) glass shards are near-Holocene in age and dominantly andesitic, Group 2 (V-2, V-3, 
V-4) shards are rhyodacitic and Holocene, and Group 3 (V-5, V-6, V-7) glass shards are rhyolitic and Late 
Pleistocene in age.  
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Figure 3.5. Select trace element compositions vs. SiO2 and Y. Rb and Sr show the strongest correlations 
with silica. High field strength elements such as La and Zr and Y show strong correlation with each other 
and are particularly useful in distinguishing the seven individual units of this study. Symbols are the same 
as in Fig. 3.4.    
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Figure 3.6. Zr/Y vs. La/Th showing the clear compositional distinction of the seven units identified in this 
study. Symbols are the same as in Figs. 3.4 and 3.5. Note some outliers are omitted fromgroups.     
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Figure 3.7. Normal mid-ocean-ridge basalt (NMORB)-normalized (Sun and McDonough, 1989) trace-
element diagram showing average glass compositions of seven volcanic units identified in this study. Also 
shown for comparison are average matrix glass compositions from 1883 Krakatau (Mandeville et al., 1996) 
and the Youngest Toba Tuff (YTT; Chesner and Luhr, 2010).



 

Table 3.1 Physical characteristics of sampled deep-sea cores and tephra layers.  
Cruise 

 
Core# 

 
Core 
Typea 

Lat. 
 

Long. 
 

Ocean 
depth 
(m) 

Teph
ra 

Dept
h 

(cm) 

Tephra 
Thickness 

(cm) 

Tephra 
Sample 

# 

Dominant 
Shard 
Typeb 

Avg. 
Shard 
Size 
(µm) 

EMP 
# 

Analyses 

LA-ICMPS Unit 
 # 

Analyses Spot 
Size 
(µm) 
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RR0705 16 GC 3.29 94.04 1911 146 4.0 SUM132 1 and 2 50 28 22 40 V-5 
RR0705 16 GC 3.29 94.04 1911 130 5.0 SUM134 1 and 2 50 37 21 40 V-5 
RR0705 18 GC 3.28 94.02 1820 222 5.0 SUM136 2 < 30 34 6 30 V-6 
RR0705 83 PC 0.13 97.36 3337 151 0.5 SUM049 1 90 32 27 70 V-1 
RR0705 83 TC 0.13 97.36 3337 203 1.3 SUM048 1 90 18 18 70 V-1 
RR0705 79 PC -0.85 97.79 3833 165 3.5 SUM137 1 50 28 17 30 V-2 
RR0705 79 PC -0.85 97.79 3833 303 8.0 SUM008 1 90 28 15 70 V-4 
RR0705 31 GC -0.86 97.43 5420 84 2.7 SUM106 1 90 31 31 70 V-4 
RR0705 32 GC -0.86 97.44 5435 43 2.3 SUM011 1 90 31 27 70 V-4 
RR0705 35 GC -1.28 97.65 5455 110 3.4 SUM010 1 90 34 19 70 V-4 
RR0705 78 PC -1.28 97.65 5455 243 3.9 SUM009 1 90 34 33 70 V-4 
RR0705 38 GC -1.70 97.94 5511 144 1.0 SUM012 1 90 34 14 70 V-4 
RR0705 77 PC -1.48 98.15 3778 120 1.5 SUM131 1 110 36 27 70 V-3 
RR0705 36 KC -1.28 97.65 5455 15 1.5 SUM138 2 30 31 14 30 V-3 
RR0705 65 PC -4.58 100.9 2751 436 n.d SUM013 1 and 2 100 13 0 n.a. V-7 
RR0705 65 PC -4.58 100.9 2751 440.5 n.d SUM014 1 and 2 100 12 0 n.a. V-7 
RR0705 65 PC -4.58 100.9 2751 441.7 n.d SUM015 1 and 2 100 6 0 n.a. V-7 
RR0705 65 PC -4.58 100.9 2751 465.5 n.d SUM016 1 and 2 100 43 33 70 V-7 
RR0705 65 PC -4.58 100.9 2751 481.3 5.1 SUM017 1 and 2 100 7 0 n.a. V-7 
RR0705 65 PC -4.58 100.9 2751 486.3 6.1 SUM018 1 and 2 100 11 0 n.a. V-7 
aCore type: GC = gravity core; PC = piston core; TC = trigger core; KC = kasten core 
bShard type 1 = micropumiceous, type 2 = platy 
cn.d = not determined, reworked sediment           

 



 

Table 3.2 Estimated depositional ages for volcanic units based on radiocarbon ages and calculated sedimentation rates. 

Tephra Sample Name - Core depth (cm) 
Tephra 

Unit 
Core 

Number 
Sedimentation 
Rate (cm/ka) 

Sed. Rate Error 
(cm/ka) Age Type a 

Calendar Age  b, c 

(years BP) 

Age 
Error 
(years 
95%) 

RR0705-83PC-SUM-049 (151-151.5) V-1 83PC 1.59 1.05 sed-rate 13,610 630 
RR0705-79PC-SUM-137 (65-66) V-2 79PC 12.53 1.00 direct 1,930 190 
RR0705-77PC-SUM-131 (120-121) V-3 77PC 7.22 1.00 sed-rate 5,470 140 
RR0705-79PC-SUM-008 (303-304) V-4 79PC 17.53 1.00 direct 4,860 60 
RR0705-16GC-SUM-132 (148-148.5) V-5 16GC 1.80 1.02 sed-rate 30,940 280 
RR0705-16GC-SUM-134 (132-132.5) V-5 16GC 1.80 1.02 sed-rate 30,940 280 
RR0705-18GC-SUM-136 (222-223) V-6 18GC 1.80 1.02 sed-rate 109,750 320 
RR0705-65PC-SUM-016 (476-476.5) V-7 65PC 4.55 1.00 sed-rate 27,530 480 

a "direct" ages are tephras with ages directly underlying the deposit; "sed-rate" ages are determined using hemipelagic thickness and sedimentation 
rates (explained further in section 3.2) 

b Radiocarbon samples were analyzed at the Keck Carbon Cycle Accelerator Mass Spectroscopy Facility at Earth System Science Dept., UC Irvine 
(John Southon). 

c Calibrated age ranges before A. D. 1950 according to Stuiver and Reimer (1998) calculated using marine reservoir correction (ΔR = 16); errors 
reported to 95%. 

Radiocarbon concentrations are given as fractions of the  Modern standard, D14C, and conventional radiocarbon age, following the conventions of 
Stuiver and Polach (1977). 

Size-dependent sample preparation backgrounds have been subtracted, based on measurements of 14C-free calcite. 
All results have been corrected for isotopic fractionation according to the conventions of Stuiver and Polach (1977), with d13C values measured on 

prepared graphite using the AMS spectrometer. These can differ from d13C of the original material, if fractionation occurred during sample graphitization 
or the AMS measurement, and are not shown. 

 

79

 



 

Table 3.3 Statistical distance (SD) values for Sunda trench and adjacent slope. 
SD for 9 oxides analyzed by EMP. D-critical = 16.9.  
  sum008 sum009 sum010 sum011 sum012 sum016 sum048 sum049 sum106 sum131 sum132 sum134 sum136 sum137 

sum009 3.45              
sum010 0.84 2.50             
sum011 0.60 1.00 0.36            
sum012 1.66 2.06 0.17 0.45           
sum016 143 93 84 59 104          
sum048 248 105 159 117 169 865         
sum049 208 96 141 107 144 598 0.97        
sum106 0.5 2.2 1.1 0.6 1.6 117 205 173       
sum131 7.0 3.0 7.4 6.0 8.5 81 95 84 4.8      
sum132 137 110 94 72 113 94 710 526 117 99     
sum134 131 93 85 62 106 230 831 569 111 93 0.53    
sum136 164 90 94 64 118 69 853 597 125 89 142 152   
sum137 36 15 25 20 26 165 64 55 28 9.5 174 182 224  
sum138 5.8 2.8 6.9 5.8 8.1 58 90 77 4 0.14 73 72 71 10 
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Table 3.3 (Continued) 
SD values for 22 trace elements analyzed by ICP-MS. D-critical = 33.9 
  sum008 sum009 sum010 sum011 sum012 sum016 sum048 sum049 sum106 sum131 sum132 sum134 sum136 sum137 
sum009 13.3              
sum010 2.5 11.6             
sum011 3.5 8.5 3.5            
sum012 2.5 6.8 2.1 2.7           
sum016 252 128 225 133 127          
sum048 133 56 93 77 71 399         
sum049 116 51 78 68 59 375 2.41        
sum106 5.1 15.3 4.6 4.2 7.4 166 95 83       
sum131 35.0 42.1 28.3 31.3 31.4 185 57 49 22.3      
sum132 116 121 117 110 95 140 332 333 102 117     
sum134 91 97 98 88 83 113 237 233 85 83 2.5    
sum136 140 102 133 102 100 73 162 143 103 91 64 57   
sum137 85 55 71 64 58 196 19 14 81 42 211 180 124  
sum138 43.3 57.6 39.7 41.9 42.0 148 78 71 33.0 7.9 85 75 66 70 
Note: shaded values below D-critical.  
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Table 3.4 Average major-oxide (pre-normalized) and trace element compositions of  
individual tephra units. 
Unit: V-1  V-2 V-3 V-4 V-5 V-6 V-7 
EMP (wt. %)              
n 50 28 67 192 65 34 36 
SiO2 62.5 69.3 71.4 71.8 73.7 73.9 75.2 
Al2O3 17.3 15.4 14.9 14.5 12.4 12.5 12.4 
CaO 5.01 3.11 2.65 2.36 1.19 0.77 0.70 
MgO 2.02 0.88 0.61 0.52 0.19 0.06 0.12 
FeO* 5.8 2.9 2.2 2.1 1.0 0.9 0.8 
TiO2 0.82 0.56 0.37 0.35 0.16 0.06 0.12 
MnO 0.15 0.09 0.07 0.06 0.05 0.06 0.08 
K2O 2.4 2.6 3.1 3.2 4.4 5.0 4.2 
Na2O 3.6 3.5 3.2 2.3 2.2 2.4 2.4 
Cl 0.11 0.17 0.13 0.13 0.23 0.14 0.18 
SO2 0.02 0.03 0.01 0.01 0.01 0.00 0.00 
F 0.04 0.03 0.03 0.01 0.02 0.04 0.01 
Total 99.79 98.48 98.64 97.33 95.61 95.81 96.14 
        
LA-ICPMS (ppm)             
n 49 17 41 139 43 6 33 
Rb 74 79 129 135 171 269 186 
Sr 352 291 263 200 206 52 56 
Ba 429 455 580 526 969 475 432 
Y 39 63 44 25 19 64 20 
Zr 219 270 419 278 177 144 101 
Nb 7.4 6.2 9.0 7.5 12.5 21.4 5.6 
Hf 5.6 7.7 10.6 7.0 5.7 4.3 3.4 
Ta 0.5 0.5 0.9 0.6 1.6 2.3 0.6 
Pb 24.5 18.6 22.6 22.5 34.3 39.7 28.2 
Th 7.8 14.2 20.8 13.6 44.5 59.5 29.1 
U 1.7 2.0 1.9 2.2 4.0 5.9 5.5 
Sc 16.5 16.5 12.0 6.5 6.6 8.7 5.6 
La 22.3 21.4 40.4 30.1 51.1 46.6 28.8 
Ce 44.6 36.5 60.6 58.3 60.3 62.7 48.8 
Pr 5.7 5.5 8.0 6.6 6.2 7.9 5.1 
Nd 25.8 26.8 35.0 24.7 20.7 37.8 17.1 
Sm 6.3 7.1 6.6 4.6 3.1 6.7 2.8 
Eu 1.4 1.5 1.3 0.9 0.6 0.5 0.3 
Gd 6.4 9.9 6.9 4.0 3.1 6.6 2.8 
Dy 6.4 9.1 6.5 3.9 2.6 6.3 3.2 
Er 4.2 6.5 4.5 2.5 1.8 6.8 1.9 
Yb 4.1 7.3 4.4 2.8 2.1 5.4 2.2 
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Table 3.5 Minimum volume estimates of individual tephra units 
Tephra 
Unit Distancea Ellipse Ellipse Area Unit Thickness Vmin

b VEI 
  (km) short:long (km2) (cm) (km3)   

V-1 250 0.25 12272 1.3 0.6 4 
V-2 280 0.25 15394 3.5 2.0 5 
V-3 310 0.32 24153 1.5 1.3 5 
V-4 290 0.25 16513 8.0  5.2c 5 
V-5 310 0.25 18869 9.0 6.3 5 
V-6 310 0.25 18869 5.0 3.5 5 
V-7 210 0.25 8659 18.0 5.8 5 

a Distance is core location to nearest arc volcano.   
b Vmin = 3.79 * thickness * ellipse area  
c Calculated using two isopachs as described in text. Distance is from core 79PC.   
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CHAPTER 4 

 

Ages and chemistry of lavas from Tunupa volcano, Bolivia: implications for behind arc volcanism in the 

central Andes 
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4.1 Introduction 

 Widespread volcanism in the South American central Andes since the late Oligocene-Early Miocene 

appears to be correlated with Cenozoic construction of the Altiplano-Puna plateau, although the cause-

effect relationship remains unclear. Much of the uncertainty is due to unanswered questions regarding the 

timing of the intense crustal shortening and surface uplift that, perhaps uncoupled, have resulted in the 

second largest plateau on Earth, and the largest to form at a continental margin (see review by Barnes and 

Ehlers, 2009). On the other hand, the volcanic record of the central Andes is also poorly constrained, 

despite the potential to reveal clues concerning plateau construction. As volcanism is often a first-order 

response to lithospheric dynamics, the timing, location, and composition of lavas can be useful in 

constraining paleo-lithospheric characteristics including subduction plate geometry and crustal thickness 

(e.g. Coira et al., 1993). This is particularly important in the central Andes where variations in the dip angle 

of the subducting slab are commonly evoked to explain both crustal shortening (e.g. James and Sacks, 

1999) and volcanism behind the modern arc front (e.g. Coira et al., 1993; Kay and Coira, 2009). Despite 

the potential, the timing and chemistry of many volcanic centers in the central Andes, and in some cases 

entire volcanic fields, have yet to be documented in detail.  

 Although preliminary in nature, this study provides the first detailed temporal and petrologic 

evaluation of a composite volcanic center in the central Altiplano basin behind the arc front in Bolivia. The 

age and chemical data from Tunupa volcano and nearby lavas provide an important first step in 

characterization of the little-studied Intersalar Volcanic Field (IVF), which is enigmatically situated in the 

central Altiplano basin behind the modern arc front. The IVF comprises at least nine composite centers and 

covers ~2000 km2 between two of the world’s largest salt flats, the Salar de Uyuni and the Salar de Coipasa 

(Fig. 4.1, 4.2, 4.3). The spatiotemporal and geochemical characteristics of this volcanic field are considered 

particularly significant with respect to the construction of the Altiplano-Puna plateau due to a) the location 

of the IVF behind the modern arc front, b) its longevity as a behind arc center extending into the Miocene, 

and c) geophysical data that suggest locally heterogeneous crustal and lithospheric depths beneath the 

Altiplano and adjacent cordilleras (Myers et al., 1998; Beck and Zandt, 2002; McGlashan et al., 2008). 

These features suggest that the IVF might deviate from “typical” arc behavior and may be consistent with a 

dynamic and foundering continental lithosphere as argued elsewhere in the central Andes (e.g. Kay and 

Kay, 1993; Kay et al., 1994; Myers et al., 1998; Beck and Zandt, 2002; Yuan et al., 2002; Drew et al., 

2009; Gioncada et al., 2010; Salisbury et al., 2011).  

 

4.2 Geologic setting  

 Available isotopic age data for the IVF range from Pliocene to Pleistocene (Fig. 4.3), although less 

well-preserved and undated centers have an inferred lower Miocene age based on their geomorphology 

(Leytón and Jurado, 1995). There is no distinct geomorphologic boundary between the western IVF and the 

Western Cordillera. The eastern boundary is marked by the transition from composite centers of the IVF to 

the generally more mafic, monogenetic Pliocene to Recent cones of the eastern Altiplano (e.g. Davidson 



 

86

and de Silva, 1992; 1995; Hoke and Lamb, 2007). The two bounding salt flats are remnants of the ancient 

Lake Tauca, which filled much of the southern Altiplano during a glacial highstand at ~17-15 ka (Blard et 

al., 2009). Tunupa volcano is among the best preserved composite centers within the IVF and is located 

near the eastern boundary of the field at 19.8ºS and 67.6ºW (Figs. 4.2, 4.3). Tunupa was strongly glaciated 

and deeply incised on the eastern flank where moraines are present. There is no evidence for Holocene 

volcanic activity. An ~15 km diameter apron of poorly sorted, glacially deposited volcaniclastic sediment 

surrounds much of the edifice. The summit region of Tunupa is extensively hydrothermally altered and 

native sulfur is present. The relative stratigraphic relationships of flows on the northern, western, and 

southern flanks of Tunupa, respectively, were mapped in the field, although the lateral distributions of 

individual flows were not mapped. Thus, stratigraphic relations among flows across the edifice remain 

unconstrained at this time. An east-west trending series of steep-sided domes erupted along the 

northwestern flank and are stratigraphically above the lavas of the main edifice and a sequence of 

ignimbrites overlay lavas on the northern flank of the volcano (Figs. 4.4, 4.5). Generally fresh, unaltered 

samples were collected for representative samples of edifice flows, domes, and the ignimbrites from 

Tunupa volcano. Additionally, lava samples were collected from Cerro Huayrana, located less than 2 km 

east of the dome complex (Figs. 4.3, 4.4, 4.5), as were lava flows less than 2 km west of Tunupa near the 

village of Tahua (Figs. 4.3, 4.4). Baker and Francis (1978) reported a whole-rock K-Ar age of 11.1±0.4 Ma 

for Huayrana, whereas the lavas west of Tahua were mapped as Pleistocene to Holocene by Leytón and 

Jurado (1995). Prior to this study, geochronology for Tunupa was limited to K-Ar ages reported by Baker 

and Francis (1978) of 1.8 ± 0.2 Ma for biotite from lavas on the northern base of the edifice and 2.5 ± 0.5 

Ma for plagioclase from lavas on the southwestern flank (Fig. 4.4).  

  

4.2.1 Endmember melting models 

 Tunupa and Huayrana lavas are situated approximately midway between the modern arc front of the 

Western Cordillera and Huarina belt (Jiménez and López-Velásquez, 2008) volcanism of the Eastern 

Cordillera (Fig. 4.2). The linear trend of composite cones along the modern arc front is currently situated 

110 - 150 km above the subducting Nazca plate whereas Tunupa, ~100 km behind the arc front, is located 

~175 km above the slab, as identified by Wadati-Benioff epicenters (Cahill and Isacks, 1992). Huarina belt 

volcanism is ~300 km behind the arc front and greater than 250 km above the subducting slab. Myers et al. 

(1998) developed a lithospheric cross section across the Bolivian Andes at ~ 20ºS, the latitude of Tunupa 

and the IVF, using P and S wave velocities and attenuation and propose a ~100-150 km lithospheric “lid” 

beneath the central Altiplano that is essentially absent beneath the Eastern and Western Cordilleras. Myers 

et al. (1998) and Beck and Zandt (2002) suggest that Huarina belt volcanism at the 20 Ma to Recent Los 

Frailes volcanic complex was initiated in response to localized lithospheric foundering beneath a thin N-S 

belt near the Eastern Cordillera/Altiplano boundary. Despite the presence of intact mantle lithosphere, 

silicic volcanism has persisted in the central Altiplano since the Miocene in the IVF.   
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 The new data presented in this study are evaluated within the context of the two endmember melting 

models presented above for the Western and Eastern Cordilleras. In the first model, magmatism results 

from typical subduction-related processes where dehydration of the subducting slab triggers melting in the 

asthenospheric mantle wedge (e.g. Gill, 1981). In the second endmember model, magmatism is related to 

foundering of a dense continental lithospheric root and is not influenced by subduction, although previous 

fertilization of the lithospheric mantle by subduction-related fluids during a previous period of flat-slab 

subduction may still be important. Lithospheric foundering, either by brittle delamination or ductile 

dripping, is thought to occur in compressional orogenic settings such as the central Andes following crustal 

thickening, metamorphism of the lower crust to dense eclogite, and gravitational instability and detachment 

of the lower crust and lithosphere mantle (e.g. Bird, 1979; Houseman et al., 1981; Kay and Kay, 1993). 

Volcanism in this second endmember model is caused by decompression melting of upwelling 

asthenospheric mantle and/or dehydration-induced melting as the foundered material sinks to greater 

pressures (e.g. Elkins-Tanton, 2005).  

 A complicating factor in determining the origin of most mid to late Cenozoic central Andean mantle-

derived magmas is contamination of the thick continental crust. Substantial isotopic evidence for crustal 

assimilation of nearly all central Andean lavas of the arc front (Davidson et al., 1991; Mamani et al., 2010) 

and from behind the arc (Davidson and de Silva, 1992) strongly implies that IVF lavas are similarly 

contaminated. Because of the lack of unmodified mafic lavas in the Tunupa region, we place particular 

emphasis on the spatiotemporal setting of Tunupa volcano and nearby lavas and their relation to 

concomitant regional volcanism. Elemental concentrations, particularly those of the high field strength 

elements, which are commonly thought to derive from the mantle wedge and not the subducting slab (e.g. 

Davidson, 1996), are also considered as revealing of the mantle source.          

 

4.3 Analytical methods  
4.3.1 40Ar/39Ar methodology 

 Samples of six Tunupa edifice flows, two domes, one ignimbrite pumice, and one lava from Huayrana 

were crushed in a rock chipper and sieved to a fraction of 0.25 – 0.425 mm. A hand magnet was used to 

separate groundmass from phenocrysts and the magnetic fraction was subject to a Frantz magnetic 

separator to remove groundmass with abundant mafic phenocrysts. Heavy liquid separation using Na-

polytungstate further purified the groundmass separate. Hand picking to improve purity of the groundmass 

was performed with a binocular microscope at various stages throughout the separation process. All 

samples were repeatedly rinsed in acetone and deionized water in sonic baths prior to irradiation.   

 Purified groundmass separates were weighed and then wrapped in 99.99% copper foil packets placed 

into Al disks together with the 28.201 Ma Fish Canyon sanidine (Kuiper et al., 2008), as a monitor of 

neutron fluence. The Al disks were irradiated for four hours at the Oregon State University TRIGA reactor 

in the Cadmium-Lined In-Core Irradiation Tube (CLICIT). Measured J values, which reflect neutron flux, 
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were uniform within analytical error across individual Al disks, and the precision of the J values averaged ± 

0.20 % (2σ).  

 At the University of Wisconsin Rare Gas Geochronology Laboratory, ~ 200 mg groundmass packets 

were incrementally heated in a double-vacuum resistance furnace attached to a 350 cm3 gas clean-up line 

following the procedures of Singer et al. (2008). Prior to each incremental heating experiment, samples 

were degassed at 550 °C to remove potentially large amounts of atmospheric argon. Fully automated 

experiments consisted of 7-10 steps from 675-1300 °C; each step included a two-minute increase to the 

desired temperature that was maintained for 15 minutes, followed by an additional 15 minutes for gas 

cleanup. The gas was cleaned during and after the heating period with three SAES C50 getters. Argon 

isotope analyses used a MAP 215-50 mass spectrometer, and the isotopic data were reduced using 

ArArCalc software version 2.4 (Koppers, 2002). The age uncertainty reported for new analyses in this 

study is the 2σ analytical error.  

 

4.3.2 Whole-rock and mineral chemistry  

 Major- and trace-element analysis of whole-rock samples was performed by X-ray fluorescence (XRF) 

and inductively coupled plasma– mass spectrometry (ICP-MS) in February and April 2011 at 

GeoAnalytical Laboratories, Washington State University, Pullman, Washington (see Johnson et al., 1999). 

Results are reported here on an anhydrous basis with all Fe as FeO (FeO*). 

 Plagioclase and amphibole compositions within thin sections of four representative samples (2 flows: 

T-18, T-25; 1 dome: T-09, and Huayrana: T-19) were determined by electron microprobe analysis (EMPA) 

using a Cameca SX-100 electron microprobe at Oregon State University with an accelerating voltage of 15 

kV and an electron beam of 15 nA, defocused to 10 µm to prevent volatile loss. LABR and KHOR were 

used as calibration standards, respectively. Relative standard deviation for five repeat analysis of both 

standards interspersed during sample analysis were 1-3% for all major element oxides (> 1 wt.%) 

considered in this study. Cores and rims of each crystal were typically analyzed twice and then averaged; 

with SiO2 variations between duplicate analyses <1 wt.%.       

 

4.4 Results 
4.4.1 40Ar/39Ar age determinations 

 Four of the analyzed samples (two flows, T-31 and T-15c; pumice sample T-14; and one dome, T-08) 

yielded concordant age spectra plateaus (Fig. 4.6a-d, Table 4.1) during step heating experiments, and 
40Ar/36Ar intercepts within error of the atmospheric value (40Ar/36Ar =295.5). The plateaus are considered 

concordant as they are within the 95 % confidence level in at least three contiguous steps containing more 

than 50% of the total 39Ar released (Renne, 2000). The weighted mean plateau ages of these four samples 

range between 1.55 ± 0.01 Ma for a flow exposed on the eastern base of the volcano and 1.40 ± 0.04 Ma for 

the stratigraphically younger dome sample. These ages are discordant and younger relative to the K-Ar 

ages (2.5 ± 0.5 and 1.8 ± 0.2 Ma) reported by Baker and Francis (1978).  
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 The remaining four analyses gave discordant and downward trending age spectra (Fig. 4.6e-h), which 

may indicate 39Ar recoil or heterogeneous alteration of K and Ar (Renne, 2000). 39Ar recoil may be 

apparent considering the older age for sample T-30, compared to the stratigraphically lower sample T-31. 

As the four ages with concordant age spectra are stratigraphically consistent and include samples collected 

from the base of the edifice (T-15c), at higher elevations near the summit region (T-31), and a 

stratigraphically younger dome (T-08), these ages are considered to span the duration of edifice 

construction at Tunupa. We ascribe much less confidence in the three ages from Tunupa samples that 

returned discordant age spectra, although we note that the total fusion ages are generally similar to the 

concordant plateau ages. Sample T-19 from Huayrana gave a downward trending age spectra and a total 

fusion age of 10.95 ± 0.02 Ma, within error of the 11.1 ± 0.4 Ma K-Ar age of Baker and Francis (1978). 

Despite the discordant spectra, we consider the newly determined total fusion age as representative of 

Huayrana volcanism. This assumption is supported by the near-concordant plateau at ~11 Ma (Fig. 4.6h).      

 

4.4.2 Petrological data  
4.4.2.1 Petrography  

 All lavas at Tunupa are porphyritic with phenocrysts commonly ranging from 15 to 30 modal %, 

similar to many stratovolcanoes of the CVZ (e.g. de Silva et al., 1993). The mineralogy throughout the 

Tunupa and Huayrana lavas is very similar with a characteristic assemblage of plagioclase, clinopyroxene, 

amphibole, biotite, and oxides set in a groundmass that varies from glassy to partly crystalline with 

microlites of plagioclase the most common matrix mineral. Accessory apatite is abundant. Olivine and 

orthopyroxene are very rare. Quartz and alkali feldspar were not identified in hand sample or thin section.   

 All Tunupa (flows and domes) and Huayrana lavas contain plagioclase phenocrysts as the most 

abundant mineral phase (5-20 vol. %); dome samples contain larger (generally up to 4-5 mm compared to 

2-3 mm), more euhedral plagioclase with less variation to the lower crystal sizes compared to the flows. 

Mafic minerals in all samples range from a few to ~10 volume % of the total rock composition. 

Clinopyroxene and biotite are present in nearly all samples ranging up to ~5 volume % and amphibole is 

typically present at 3-5 volume %, although rare or absent in some samples. Dome sample (T-15a) contains 

smaller (up to 2 mm) and more rounded plagioclase compared to the other domes, and abundant biotite (~6 

vol. %) with lesser amounts of clinopyroxene and rare or no amphibole. Huayrana is similar to the Tunupa 

lavas with dominant plagioclase phenocrysts (8 vol. %), amphibole as the dominant mafic phase (3 vol. %) 

with subordinate clinopyroxene (1 vol. %) and biotite (1 vol. %). Sample T-21 from flows west of Tunupa 

contain large (1-4 mm), euhedral phenocrysts of plagioclase, biotite, and amphibole with smaller and lesser 

amounts of clinopyroxene.     

 

4.4.2.2 Mineral chemistry 

 Electron microprobe analyses were performed on four samples (two flows, T-18 and T-25; one dome, 

T-09; and Huayrana, T-19) to test for open system processes and to estimate pressures and temperatures. 
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Plagioclase appears as euhedral phenocrysts and microphenocrysts, as well as microlites in the matrix. 

Plagioclase rims are consistently richer in both An and FeO* (Fig. 4.7) in flow sample T-25, although core-

to-rim An-FeO* correlations were less correlative in the other three samples. In flow sample T-25 and in 

Huayrana, plagioclase microphenocryst (< 0.25 mm) cores are considerably richer in An and FeO* relative 

to their larger counterparts. Plagioclase core concentrations for the more mafic flow (T-25; SiO2 = 61.1%, 

FeO* = 5.8%) range from An23 to An56 with an average core content of An38, whereas plagioclase from the 

more silicic flow (T-18; SiO2 = 63.6%, FeO* = 4.9%) range from An34 to An52 with an average core 

content of An51. Typical plagioclase textures from these samples are shown in Figure 4.8.   

 Amphiboles from the four samples are magnesiohastingsite in composition and vary systematically 

among the flows, dome and Huayrana samples. Dome amphiboles are characterized by the lowest Mg# 

(avg. 62 ± 6.2 (2 σ)) compared to flows (avg. = 65 ± 2.8, 70 ± 4.8) and Huayrana (avg. = 71 ± 8.2). The 

empirically-derived P-T-ƒO2 formulations of Ridolfi et al. (2010) were used to estimate of the intensive 

parameters of the Tunupa magmas. Pressure estimates vary widely within and among the four samples (Fig. 

4.9). Amphibole in flow sample T-25 and Huayrana suggest equilibration pressures corresponding to 

continental depths of 12 to 17 km and temperatures from 954 to 1011ºC. Amphiboles in T-25 extend to 

lower pressures (9 km) and temperatures (909ºC) than the more silicic flows and Huayrana. The widest 

range is seen in the dome sample (T-09) with depths ranging from 7 to 17 km and temperatures from 881 to 

983ºC.  Uncertainties reported by Ridolfi and others (2010) are on the order of  ~30% for porphyritic 

and/or “lower-T” magmas.     

 

4.4.2.3. Whole-rock major and trace element data 

 Complete geochemical analyses are reported in Table 2. The abundance of phenocrysts within the 

Tunupa and Huayrana samples indicates that whole-rock analyses cannot be considered representative of 

true liquid compositions. The lava flows of the Tunupa complex define a limited, normalized silica range 

between 60.6 and 63.6 wt. % SiO2 whereas the overlying domes and nearby Huayrana are more silicic and 

compositionally restricted to ~66 wt.% SiO2 (Fig. 4.10). Dome sample T-15a has unique geochemical and 

mineralogical characteristics compared to the three other dome samples; it is characterized by lower silica 

concentrations, smaller and more rounded plagioclase, significantly more biotite (~6 vol. %) and lesser 

amounts of clinopyroxene and amphibole compared to the other domes. For the purpose of discussion, this 

sample is not included when referring to the chemical composition of the domes.   

 The Tunupa flows and domes are andesitic to dacitic and define a high-K, calc-alkaline series (Le 

Maitre et al., 1989) whereas the dacitic Huayrana is slightly more enriched in K2O and is transitionally 

shoshonitic (Fig. 4.10d). The Tunupa flows follow major element trends of decreasing TiO2, FeO*, MgO, 

and CaO with increasing SiO2, and K2O, whereas Al2O3 and Na2O show considerable scatter (Fig. 4.10). 

Huayrana generally plots similar to the Tunupa domes with respect to major elements, although it is richer 

in K2O, and poorer in TiO2 and Na2O. The western flow (T-21) is rhyolitic (72% SiO2) and significantly 
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depleted in all major elements compared to Tunupa with the exception of K2O, which is similar to the 

domes (Fig. 4.10).   

 Trace element concentrations typically show little variation between the Tunupa lava flows and domes 

(Figs. 4.11, 4.12, 4.13) although domes are moderately enriched in Rb, Th, and U and moderately depleted 

in Sr, Ni, Cr, Sc, and V. As with most major elements, the nearby rhyolitic flow is significantly depleted in 

most transition metals, Ba, Sr, and the light rare earth elements (LREEs). The rhyolite is enriched in Rb, Y, 

Th, U, and the heavy REEs compared to the flows and domes. Despite the range in silica content, the flows, 

domes, and rhyolite show remarkably similar concentrations in most other elements, particularly the high 

field strength elements (HFSEs) of Nb, Ta, Zr, and Hf. The Miocene Huayrana lavas show considerable 

enrichments in Rb, the HFSEs, and the REEs compared to the Tunupa lavas (Fig 4.13).  

 

4.5. Discussion 
4.5.1 Volume estimates and extrusion rates for Tunupa  
 Although the data presented here represent a reconnaissance study of Tunupa volcano, our new data 

provide some insight into the processes of magmatic evolution and edifice construction. 40Ar/39Ar age 

determinations of weighted plateau ages are consistent with edifice construction between 1.55 ± 0.01 and 

1.40 ± 0.04 Ma over a period of 90 – 194 k.y. The youngest age is reported for the dome sample T-08 and 

is stratigraphically consistent with the older ages of the underlying edifice flows. T-15c was sampled 

beneath the domes at the eastern base of Tunupa (Fig. 4.4) and is also stratigraphically consistent with the 

younger age from flow sample T-31, taken from the upper flanks of the southwestern edifice. Pumice from 

the northern flank gave an age (1.51 ± 0.01 Ma) between that of the basal flows and domes. T-31 overlaps 

within 2 σ error of the dome T-08, indicating that the domes were extruded shortly following edifice 

construction.  

 A general estimate of overall volume for the Tunupa edifice and domes is calculated assuming a 

simple cone with the dimensions of Tunupa (height = 1.64 km, diameter = 14 km) and produces a volume 

of 84 km3. Using this same technique with the dimensions of nearby arc volcano Parinacota (h = 1.79 km, d 

= 10 km) produces a volume of 47 km3, nearly identical to that calculated by Hora et al. (2007) using more 

complex methodology. Using the durations of Tunupa volcanism calculated above produces extrusion rates 

between 0.43 and 0.93 km3/k.y., similar to that calculated for Parinacota (0.75 – 1.0 km3/k.y.) by Hora et al. 

(2007) and within the range of eruption rates for arc stratovolcanoes worldwide (0.2 – 5 km3/k.y.; Crisp, 

1984; White et al., 2006).  

 

4.5.2 Magmatic evolution of Tunupa lavas  

 Tunupa lavas are compositionally restricted and, as with most other volcanoes in this region, there is 

no evidence for eruption of primitive basaltic magmas (all Tunupa lavas and Huayrana contain > 60 wt. % 

SiO2, and < 3% wt.% MgO, suggesting that crustal processing and homogenization of erupted magmas has 

occurred. In some samples the importance of open system processes is supported by mineral chemistry and 
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textures. In flow sample T-25, higher plagioclase Fe and An contents within crystal rims compared to the 

cores, is consistent with late-stage mixing with a more mafic magma (e.g. Ginibre et al., 2002; Ruprecht 

and Wörner, 2007; Kent et al., 2010). This interpretation is supported by more calcic and iron-rich 

plagioclase in the smaller (< 0.5 mm) crystals in this sample. Textural evidence of magma mixing is 

observed in common sieve textures and clear overgrowth rims (e.g. Tsuchiyama and Takahashi, 1983) 

within sample T-25 (Fig 4.8a). Plagioclase microphenocrysts in the Huayrana sample are also more calcic 

and iron-rich compared to the phenocrysts, which are also characterized by mixing textures (Fig. 4.8d).  

 Amphibole geothermobarometry using the approach of Ridolfi et al. (2010) suggests that storage of the 

Tunupa flow lavas occurred at moderate crustal depths between 12 and 17 km (Fig. 4.9). This depth 

coincides with a low-velocity zone identified seismically beneath the central Altiplano between 12 and 20 

km by Beck and Zandt (2002) and that may indicate a zone of magma storage. The younger domes are 

more silicic, contain plagioclase with lower average An contents and larger crystal sizes, and yield lower 

temperatures (< 900 ºC) and pressures indicating shallower depths (< 8 km) using the Ridolfi et al. (2010) 

calculations. These observations suggest a general trend of increasing felsic compositions and shallowing 

magma residence depth with time between the flows and domes.  

 With increasing SiO2 wt. %, decreases in CaO, MgO, FeO*, and TiO2 are consistent with fractional 

crystallization of observed mafic phases such as amphibole, clinopyroxene, and oxides. Similar decreases 

are observed in the transitional elements (Ni, V, Cr, Sc), which are also compatible in these mafic phases 

(distribution coefficients from Rollinson, 1993). Concentrations of middle and heavy REEs are not 

significantly fractionated, suggesting garnet did not play a significant role in magma compositions. A 

thorough treatment of the petrologic evolution of Tunupa and Huayrana lavas is beyond the scope of this 

manuscript. 

  

4.5.3 Mantle melting at the Intersalar Volcanic Field and its relationship to regional volcanism 

 In this section the new temporal and geochemical data from Tunupa and Huayrana are evaluated 

within the context of the Salar de Uyuni region as well as the central Andes as a whole. The Salar de Uyuni 

region is defined here as from the Nevados de Payachata volcanic region in the north to the Aucanquilcha 

Volcanic Cluster in the south; and from the coastal region to the Los Frailes ignimbrite plateau in the 

Eastern Cordillera (Figs. 4.2, 4.14). Tunupa and Huayrana are located ~110 km east of the modern arc 

front, defined here as the linear trend between the late Pleistocene composite cones of Parinacota and 

Aucanquilcha (the youngest cones of Nevados de Payachata and the Aucanquilcha Volcanic Cluster, 

respectively) and includes the < 1 Ma composite cones of Isluga and Irruputuncu (Fig. 4.2).  

 

4.5.3.1 Spatiotemporal considerations  

 Although data are relatively sparse, a compilation of available isotopic ages for the Salar de Uyuni 

region (Fig. 4.14) is evaluated to reveal regional volcanic trends in time and space. Isotopic ages from the 

early Cenozoic to ~33 Ma suggest that volcanism during this time was restricted to the Western Cordillera 
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just west of the modern arc front (Fig. 4.14A). No ages are recorded in the region between 33 and 26 Ma, 

consistent with a period of virtual volcanic quiescence across much of the central Andes between ~35 and 

25 Ma that is argued to represent a period of flat-slab subduction and crustal shortening (e.g. James and 

Sacks, 1999). At ~25 Ma widespread volcanism in the Salar de Uyuni region is indicated by isotopic ages 

in the Western Cordillera as well as the central Altiplano and Eastern Cordillera (Fig 4.14B). The shift to a 

wide distribution of volcanism at this time to include both the Western and Eastern Cordilleras as well as 

the Altiplano and Puna basins is apparent throughout much of the central Andes between ~25 and 20 Ma 

(e.g. Allmendinger et al., 1997) and may correspond with steepening of the slab dip (James and Sacks, 

1999), and/or detachment of the lower lithosphere (Hoke and Lamb, 2007). Nearly concurrent ~25 Ma 

isotopic ages for volcanism in the Western Cordillera, Altiplano, and Eastern Cordillera are consistent with 

a relatively rapid and transition to a steeper slab and return of Western Cordilleran arc volcanism (Hoke 

and Lamb, 2007). The modern width of the Altiplano-Puna plateau was also likely established by this time 

(e.g. Barnes and Ehlers, 2009).      

 The timeframe between 22 and 11.5 Ma includes the onset of Los Frailes volcanism and continued 

volcanism within the Western Cordillera. The timeframe between 11.5 and 10.5 Ma is highlighted to 

demonstrate Huayrana as a behind arc center, concurrent with Western Cordillera volcanism (Fig. 4.14C). 

Isotopic ages between 10.5 and 2 Ma demonstrate continued volcanism in the Western and Eastern 

Cordilleras, as well as the IVF. Isotopic ages between 2 and 1 Ma demonstrate that eruption of the Tunupa 

edifice also occurred contemporaneously with Western Cordilleran volcanism, establishing Tunupa as a 

behind arc center (Fig. 414E) during its eruptive interval. Although only one concordant isotopic age is 

available for the Western Cordillera at the time of Tunupa volcanism, erosional characteristics further 

demonstrate Tunupa as a behind arc center. In a morphological study of the volcanoes of the central Andes, 

de Silva and Francis (1991) assigned 33 volcanic centers between Parinacota and Aucanquilcha with the 

same relative age designation (2) as Tunupa. < 1 Ma volcanism is restricted to the modern arc front and to 

the dominantly monogenetic centers of the eastern Altiplano.  

 

4.5.3.2 Geochemical considerations 

 Tunupa and Huayrana lavas are further considered within the context of geochemical characteristics of 

volcanism the Salar de Uyuni region and the Altiplano Puna volcanic complex a few hundred km to the 

south. The new data are examined as part of an east-west transect (Fig. 2) from the Western and Eastern 

Cordilleras and include data from: late Pleistocene to recent composite centers from the Western Cordillera 

[Parinacota (Hora et al., 2007) and Aucanquilcha (Grunder et al., 2008; Walker et al., 2010)]; late 

Pleistocene to recent composite transitional centers between the western Cordillera and Altiplano [Tata 

Sabaya (de Silva et al., 1993), Ollagüe (Feeley et al., 1993), and Titivilla (Jiménez, personal 

communication)]; Pliocene to recent monogenetic volcanism of the eastern Altiplano (Davidson and de 

Silva, 1992, 1995; Hoke and Lamb, 2007); and available data from Los Frailes volcanism of the eastern 

Cordillera (compiled in Jiménez and López-Velásquez, 2008). In order to minimize the effects of 
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contamination and fractionation, comparison to lavas are restricted to the silica range of Tunupa and 

Huayrana (SiO2 wt.% = 60-66) and expanded to 67 wt. % SiO2 to allow comparison with the limited data 

set of the Eastern Cordillera.   

 The most striking observation is an eastward increase from the arc front towards the central Altiplano 

and the Eastern Cordillera in the high field strength elements (HFSEs) but not the large ion lithophile 

elements (LILEs) (Figs. 4.11, 4.12). Due to the enrichment of HFSEs, LILE/HFSE ratios such as Ba/Nb 

decrease from the arc front towards the Eastern Cordillera, as does La/Ta, which illustrates the degree of 

fractionation of the larger and more mobile LREE (La) from Ta (Fig. 4.15). Higher Ba/Nb and La/Ta are 

commonly considered indicative of an arc source. The implications for the spatiotemporal and geochemical 

compilations are considered below.     

 

4.5.3.3 Petrogenetic considerations 

 The new chronologic data presented in this study demonstrate that Huayrana and Tunupa erupted at 

least 100 km east of concurrent volcanism in the Western Cordillera, suggesting either a) diffuse arc 

volcanism or behind arc volcanism (endmember model 1) or b) lithospheric foundering and related 

volcanism in the central Altiplano (endmember model 2).  As volcanism in the Eastern Cordillera was also 

concurrent with Huayrana and Tunupa, arc volcanism would have to be particularly diffuse to satisfy 

endmember 1 throughout the Salar de Uyuni region. Long-lived volcanism in the Eastern Cordillera-

Eastern Altiplano boundary since the early Miocene, coupled with geophysical data interpreted to represent 

absent lithospheric mantle (Myers et al., 1998; Beck and Zandt, 2002), is consistent with lithospheric 

foundering as a cause of Los Frailes volcanism as suggested elsewhere (Myers et al., 1998; Jiménez and 

López-Velásquez, 2008; Kay and Coira, 2009). The presence of lithospheric mantle beneath the central 

Altiplano and its closer proximity to the arc front of the Western Cordillera, however, complicates the 

interpretation for melting mechanisms beneath Tunupa and the IVF.   

 Based on an observed eastward decrease in both Ba/Nb and Zr/Nb among the mostly < 1 Ma 

monogenetic centers of the Altiplano basin, Davidson and de Silva (1995) argued for a decreased arc 

influence and decreased amounts of partial melting for the eastern centers, and allowed for the possibility 

of lithospheric foundering. Hoke and Lamb (2007) expanded the geochemical and chronological data set of 

the monogenetic centers and provided a model with a single, large-scale foundering event at ~25 Ma, which 

they argue established the current lithospheric thicknesses observed by Myers et al. (1998) and Beck and 

Zandt (2002). In this model, subduction-driven corner flow from 25 Ma to recent results in decompression 

melting beneath Los Frailes as the asthenosphere rises towards the shallow lithosphere. Hoke and Lamb 

(2007) further speculate that Altiplano volcanism is the result of melting beneath Los Frailes and 

subsequent migration (up to 100 km) through the lithosphere. In this model, depletions in incompatible 

HFSEs beneath the arc front are due to previous melting beneath Los Frailes, which depleted the 

asthenosphere during its corner flow towards the western Cordillera.     
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  Geochemical data presented in the current study highlight potential problems within the model of 

Hoke and Lamb (2007). If the HFSE depletion towards the arc front is due to previous melt generation 

beneath Los Frailes as their model suggests, Huayrana, Tunupa, and Titivilla lavas would be similarly 

depleted, as opposed to the observed enrichment. Hoke and Lamb (2007) may avoid this problem with their 

idea of lateral melt migration, however, such a mechanism is physically improbable and unsupported by 

structural or geophysical evidence. Furthermore, Hoke and Lamb (2007) do not provide an explanation for 

the reestablishment of lithospheric mantle beneath the central Altiplano but not for the Eastern Cordillera as 

required by their model. Alternatively, the enriched character of Tunupa and Huayrana lavas may be 

explained by melting of non-depleted mantle similar to that of ocean island basalt (OIB) which is relatively 

enriched in Nb, Ta, and other HFSEs (e.g. Sun and McDonough, 1989), in response to small scale 

foundering of the central Andean lithospheric mantle and lower crust as suggested for other regions in the 

central Andes (e.g. Kay et al., 1994; Drew et al., 2009; Gioncada et al., 2010). 

 As the spatial and geochemical differences of Tunupa and Huayrana lavas with respect to the arc front, 

suggest a possible non-arc influence for these magmas, the geophysical evidence for lithospheric 

foundering beneath the IVF is considered below. Although a lithospheric mantle lid beneath Tunupa is 

apparent from geophysical data, lithospheric thickness beneath the central Altiplano (100-150 km) is 

considerably shallower than the Brazilian craton, which is in excess of 200 km (Myers et al., 1998) 

suggesting that the lithosphere has been thinned in some manner beneath the entire plateau (e.g. Isacks, 

1988). Combined data from Yuan et al. (2002) and McGlashan et al. (2008) identify significantly shallower 

crustal depths (difference greater than 10 km) locally beneath the central Altiplano and the IVF compared 

to the Altiplano to the north and south as well as the adjacent Cordilleras. These shallower depths could be 

interpreted as either the crust-mantle boundary (petrologic Moho) or the boundary between the upper crust 

and eclogitized lower crust boundary (seismic Moho) as eclogite has similar seismic properties to 

lithospheric mantle (e.g. Beck and Zandt, 2002). The former interpretation is consistent with localized 

foundering beneath the IVF that has removed the lower crust. The latter interpretation suggests a possible 

density inversion and does not rule out the possibility of small-scale foundering in the past or future. Under 

the assumption of endmember 2, the arc-like trace element patterns of the Tunupa and Huayrana lavas may 

be explained by a) contamination of crust previously generated by arc-related mantle melting (e.g. Drew et 

al., 2009), b) melting or assimilation of lithospheric mantle metasomatized during Paleogene flat-slab 

subduction, or c) metasomatism induced by lithospheric foundering of a hydrous lower lithosphere (e.g. 

Elkins-Tanton, 2005). More research in the IVF will be necessary to unravel the influence of the two 

endmember petrogenetic models.   

  

4.6 Conclusions 

 The first detailed chronological and geochemical data are presented for Tunupa volcano and nearby 

lavas. New 40Ar/39Ar age determinations reveal a edifice construction at ~1.5 Ma, a duration of ~90-240 

k.y., and extrusion rates of 0.43 to 0.93 km3/k.y. Mineralogical compositional and textural data are 
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consistent with shallow crustal storage (~9-17 km) and magma mixing. Volcano morphology, extrusion 

rates, mineralogy and textures are all similar to the Pleistocene to recent composite cones of the arc front, 

although spatiotemporal and geochemical considerations suggest the possibility of the a non-arc related 

melting mechanism for the 1.5 Ma Tunupa and 11 Ma Huayrana lavas. Available age data from the 

literature indicate that western Cordilleran volcanism was concurrent with extrusion of both Huayrana and 

Tunupa lavas. The geochemical data presented here for Tunupa and Huayrana lavas show considerable 

compositional differences form lavas of the arc front including lower Ba/Nb ratios and elevated HFSE 

concentrations for the central Andean centers. Two endmember models are proposed to explain Huayrana 

and Tunupa volcanism: a) a diffuse arc, or b) lithospheric foundering. Further research into the 

spatiotemporal and petrological evolution of the Intersalar Volcanic Field combined with other geophysical 

and geological data will be necessary to determine the relative influence of the two endmembers.   
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4.8 Figures and tables 

 
 
Figure 4.1 The Altiplano-Puna plateau and select features. Yellow regions indicate silicic volcanic fields 
Red triangles are Quaternary composite volcanoes; note apparent gap between ~19º and ~21ºS. Box 
indicates location of figure 4.2. Digital elevation data for all figures is SRTM 90 meter resolution.   



 

101

 
 
Figure 4.2 Salar de Uyuni region. Plate depths from Cahill and Isacks (1992). IVF = Intersalar Volcanic 
Field; EA = Eastern Altiplano. Red triangles show composite cones used in geochemical comparison. 
Colored circles represent lavas or ignimbrite with wt. % SiO2 between 60 and 67. Blue = eastern Altiplano 
monogenetic centers; Pink = Los Frailes and Kari Kari ignimbrites; Yellow = Late Pleistocene domes. 
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Figure 4.3 The Intersalar Volcanic Field. All previously published K-Ar age data are shown. See 
supplementary data for references. Colors refer to periods assigned by Leytón and Jurado (1995): White = 
Upper Oligocene; Blue = Lower Miocene; Green = Miocene to Pliocene; Pink = Pliocene to Holocene.  
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Figure 4.4 Topography and sample localities of analyzed rocks at Tunupa and surrounding volcanics. Blue 
circles denote sample locations with whole-rock geochemical data; red circles denote sample locations with 
40Ar/39Ar age determinations. PH = Pliocene to Holocene as mapped by Leytón and Jurado (1995). 
Previous K-Ar age sample localities of Baker and Francis (1978) shown as black squares.  



 

104

 

 
 
Figure 4.5 Photograph of Tunupa and Huayrana from the northeast.  
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Figure 4.6 40Ar/39Ar age spectra from incremental heating experiments. a-d show concordant age spectra 
and weighted mean plateau ages. e-h are discordant and total fusion ages are shown. Y-axis is the same for 
right and left columns except where otherwise noted.  
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Figure 4.7  Plagioclase sizes plotted against a) FeO*; b) An content. Data for flow sample T-25 and 
Huayrana (T-19) are consistent with magma mixing as indicated by higher concentrations of both An and 
FeO* in rims compared to cores and higher An and FeO* concentrations in smaller cores. Textures as 
demonstrated in fig. 4.8 further support this interpretation.  
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Figure 4.8 Images of representative plagioclase and groundmass textures. All images in cross-polarized 
light. Note sieve textures and overgrowth rims in a (flow T-25) and d (Huayrana).  
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Figure 4.9 Temperature and pressure (shown as continental depth) data calculated from amphibole 
compositions following the method of Ridolfi et al. (2010). Data from < 1 Ma Aucanquilcha lavas (Walker 
et al., in prep) also shown. Amphibole from dome (T-09) show the widest range in both temperature and 
pressure and the lowest values.  
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Figure 4.10 Major element compositional data of Tunupa and Huayrana samples. Rhyolitic sample T-21 
(SiO2 = 71.8 wt. %) also shown. Fields of Le Maitre et al. (1989) shown in D.  



 

 

 
 
Figure 4.11 Large ion lithophile element concentrations of the Uyuni transect.  110
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Figure 4.12 Figure 4.12 High field strength element concentrations of the Uyuni transect. Symbols as in Fig. 4.11.   
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Figure 4.13 Trace element distributions of Uyuni region lavas. Data normalized against normal mid ocean 
ridge basalt (NMORB, Sun and McDonough, 1989). Tunupa and Huayrana are enriched in most high field 
strength elements compared to regional lavas. Note that Nb and Ta concentrations of Huayrana lavas are 
similar to that of ocean island basalt (OIB).  
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Figure 4.14 Compiled Cenozoic isotopic age data for the Salar de Uyuni region. Timeframes sequences are 
divided to illustrate shift to widespread volcanism at ~25 Ma and to establish Huayrana and Tunupa 
volcanism as occurring concurrently with Western and Eastern Cordilleran volcanism. See supplementary 
data for data and references. 



 

 
 

 
 
 
Figure 4.15 Trace element ratios showing relative influence form the subducting slab. Ba/Nb and La/Ta both increases in lavas towards the arc front. Symbols 
as for figure 4.11.
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Table 4.1 Summary of Laser incremental heating 40Ar/39Ar experiments of groundmass 
                 
  K/Ca Total fusion    Isochron      Plateau 

Sample # total Age (Ma) ± 2s 40Ar/36Ari ± 2s MSWD Age (Ma) ± 2s N 
39Ar 
% 

MSW
D Age (Ma) ± 2s 

                 
T-08 dome 3.63 1.20 ± 0.06 294.8 ± 0.8 0.46 1.48 ± 0.11 8 of 10 72.8 0.74 1.40 ± 0.04 
T-31 flow 1.04 1.50 ± 0.01 295.7 ± 3.7 0.54 1.45 ± 0.03 5 of 9 66.3 0.40 1.45 ± 0.01 
T-14 pumice 8.26 1.51 ± 0.01 295.8 ± 1.1 0.12 1.51 ± 0.01 7 of 7 100.0 0.15 1.51 ± 0.01 
T-15c flow 0.93 1.56 ± 0.01 293.4 ± 3.8 0.34 1.55 ± 0.02 6 of 9 74.6 0.52 1.55 ± 0.01 
                 
T-05 dome  1.52 ± 0.01           no plateau 
T-16 flow  1.52 ± 0.01           no plateau 
T-30 flow  1.59 ± 0.01           no plateau 
T-19 Huayrana  10.95 ± 0.02           no plateau 
Ages calculated relative to 28.201 Ma for the Fish Canyon sanidine standard         
Age in bold is preferred               
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Table 4.2  Whole rock major and trace element data    
 T-02 T-04 T-05 T-10 T-11 T-12 T-13 T-15c T-18 
  flow flow flow flow flow flow flow flow flow 

XRF (wt.%)         
 SiO2   63.2  63.0  63.2  62.4  61.8  62.0  62.0  61.3  63.6  
 TiO2   1.10  1.07  1.10  1.16  1.19  1.20  1.18  1.20  1.07  
 
Al2O3  15.9  15.9  15.9  15.7  15.9  15.9  16.1  15.8  16.0  
 FeO* 5.2  5.0  4.9  5.6  5.7  5.6  5.4  5.7  4.9  
 MnO   0.09  0.08  0.08  0.09  0.09  0.09  0.09  0.09  0.06  
 MgO   1.87  2.19  2.03  2.56  2.46  2.47  2.60  2.95  1.86  
 CaO    4.08  4.13  4.06  4.38  4.68  4.58  4.39  5.08  3.94  
 Na2O   4.49  4.55  4.62  4.29  4.29  4.31  4.34  4.16  4.58  
 K2O    3.7  3.6  3.6  3.5  3.4  3.4  3.5  3.3  3.7  
 P2O5   0.38  0.37  0.39  0.38  0.41  0.39  0.39  0.38  0.38  
sum a 99.04  99.45  99.08  100.11 99.10  98.95  98.90  98.26  98.82  
          
ICP-MS (ppm)         

Cs 1.2 1.2 1.1 1.8 1.0 1.1 0.9 1.4 1.1 
Rb 84 83 81 83 77 78 65 82 82 
Ba 1188 1204 1252 1087 1069 1066 1130 1051 1262 
Th 10.7 10.6 10.4 11.1 10.5 10.1 11.4 9.3 10.4 
U 2.5 2.4 2.4 2.6 2.5 2.5 2.5 2.3 2.5 
Nb 21.2 20.7 20.9 21.9 21.5 21.2 22.9 19.9 21.1 
Ta 1.6 1.5 1.5 1.6 1.5 1.5 1.6 1.4 1.5 
La 54.5 53.0 54.9 51.6 50.0 48.5 51.8 55.0 67.0 
Ce 97.7 99.2 102.6 97.8 95.2 95.8 98.9 91.1 102.4 
Pb 12.3 11.2 13.8 15.5 13.1 13.5 12.8 12.6 14.1 
Pr 11.4 11.2 11.8 11.3 11.0 11.0 11.3 11.7 14.0 
Sr 814 852 881 763 790 770 777 771 879 
Nd 41.9 40.7 42.7 41.6 40.9 41.0 41.8 44.5 50.6 
Sm 7.3 7.0 7.2 7.1 7.3 7.4 7.2 7.9 8.2 
Zr 267 268 276 267 259 257 272 217 283 
Hf 6.8 6.7 6.8 6.8 6.6 6.5 6.8 5.6 6.9 
Eu 1.9 1.9 1.9 1.9 1.9 2.0 1.9 2.1 2.1 
Gd 5.3 4.8 4.9 5.2 5.4 5.5 5.3 6.1 5.7 
Dy 3.4 3.1 3.1 3.5 3.6 3.7 3.4 4.0 3.5 
Y 16 13 13 15 16 16 15 17 15 
Er 1.4 1.2 1.2 1.4 1.4 1.5 1.4 1.6 1.4 
Yb 1.1 1.0 0.9 1.1 1.2 1.2 1.1 1.2 1.1 
SC 8.0 7.9 7.6 9.5 9.5 10.6 9.9 11.9 7.8 
Lu 0.2 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 
Tm 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Ho 0.6 0.5 0.5 0.6 0.6 0.6 0.6 0.7 0.6 
Tb 0.7 0.6 0.6 0.7 0.7 0.7 0.7 0.8 0.7 

          
Lat. 
(ºS) 19.841 19.836 19.833 19.818 19.814 19.809 19.799 19.812 19.846 

Long. 
(ºW) 67.602 67.618 67.620 67.649 67.646 67.643 67.643 67.591 67.574 

a Analyses normalized to 100%. Sum is pre-normalized total.    
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Table 4.2 (continued) 
 T-14 T-15a T-08 T-09 T-16 T-21 T-19 
 pumice dome dome dome dome lava Huayrana 

        
SiO2 61.3  63.5  65.8  65.7  65.7  71.8  65.8  
TiO2 1.2  0.9  0.8  0.9  0.9  0.5  0.7  
Al2O3 16.7  17.1  15.6  15.6  15.8  13.8  15.7  
FeO* 5.3  4.4  4.0  4.2  4.1  3.3  4.2  
MnO 0.1  0.1  0.1  0.1  0.1  0.1  0.1  
MgO 2.6  1.8  1.7  1.5  1.3  0.8  1.2  
CaO 4.4  3.7  3.4  3.3  3.2  2.3  3.3  
Na2O 4.4  4.1  4.4  4.4  4.4  3.3  4.2  
K2O 3.5  4.1  4.0  4.1  4.1  4.0  4.5  
P2O5 0.4  0.3  0.3  0.3  0.3  0.2  0.3  
sum 97.47  97.15  99.55  98.74  98.61  97.55  98.47  

        
        

Cs 1.4 1.8 1.8 1.4 1.2 1.4 2.4 
Rb 71 82 99 104 98 121 174 
Ba 1155 1313 1134 1207 1209 893 1128 
Th 11.9 13.2 12.2 12.1 11.9 14.0 32.5 
U 2.6 2.8 3.0 3.0 2.9 3.7 8.0 

Nb 23.1 21.5 19.8 20.5 20.5 22.0 39.8 
Ta 1.7 1.7 1.6 1.6 1.6 1.7 3.0 
La 55.5 74.0 51.7 53.0 53.3 46.8 94.8 
Ce 101.3 114.1 95.0 97.0 96.9 81.9 152.4 
Pb 16.6 19.6 18.3 16.3 13.7 15.3 13.7 
Pr 12.1 15.3 10.7 11.0 11.0 10.0 18.3 
Sr 827 817 747 733 736 305 777 
Nd 44.7 54.3 38.3 39.3 39.9 35.8 63.0 
Sm 7.8 8.6 6.5 6.8 6.8 6.5 10.1 
Zr 286 257 233 239 240 244 332 
Hf 7.2 6.9 6.2 6.2 6.3 6.3 8.8 
Eu 2.0 2.0 1.7 1.7 1.7 1.4 2.1 
Gd 5.7 5.7 4.3 4.6 4.7 5.2 7.0 
Dy 3.6 3.4 2.7 2.9 2.9 4.6 4.8 
Y 16 13 11 13 13 25 23 
Er 1.5 1.1 1.0 1.1 1.1 2.5 2.2 
Yb 1.2 0.9 0.8 0.9 0.9 2.5 1.9 
SC 9.4 7.2 6.0 6.3 6.4 6.9 7.9 
Lu 0.2 0.1 0.1 0.1 0.1 0.4 0.3 
Tm 0.2 0.2 0.1 0.1 0.2 0.4 0.3 
Ho 0.6 0.5 0.4 0.5 0.5 0.9 0.9 
Tb 0.7 0.7 0.6 0.6 0.6 0.8 0.9 

        
Lat. (ºS) 19.787 19.814 19.827 19.822 19.812 19.879 19.825 
Long. 
(ºW) 67.648 67.591 67.614 67.603 67.591 67.717 67.553 
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Table 4.2 (continued) 
 T-25 T-29 T-30 T-31 T-32 T-35 T-36 
 flow flow flow flow flow flow flow 

        
 SiO2   61.1  61.8  62.5  62.8  63.4  60.6  63.2  
 TiO2   1.30  1.20  1.15  1.17  1.17  1.39  1.09  
 Al2O3  15.7  16.0  15.7  15.6  15.6  16.7  15.7  
 FeO* 5.8  5.6  5.3  5.1  5.0  6.2  4.9  
 MnO    0.09  0.08  0.07  0.08  0.07  0.06  0.07  
 MgO    3.03  2.80  2.56  2.49  2.12  1.96  2.46  
 CaO    4.91  4.73  4.63  4.35  4.24  5.16  4.39  
 Na2O   4.32  4.03  4.25  4.34  4.37  4.52  4.12  
 K2O    3.3  3.3  3.4  3.6  3.6  2.9  3.6  
 P2O5   0.46  0.45  0.41  0.40  0.41  0.52  0.37  
sum 98.89  96.91  98.87  99.10  99.10  98.35  97.06  

        
        

Cs 1.8 1.6 0.9 2.0 1.2 0.5 1.8 
Rb 74 73 80 88 86 56 86 
Ba 1015 1075 1156 1074 1076 1208 1079 
Th 10.3 8.3 8.7 11.5 11.6 5.3 9.9 
U 2.5 2.1 2.1 2.7 2.8 1.2 2.3 

Nb 22.0 20.8 21.2 21.4 21.0 22.1 20.1 
Ta 1.6 1.5 1.5 1.6 1.6 1.4 1.5 
La 49.7 48.2 51.7 49.8 52.0 45.8 48.9 
Ce 95.4 91.7 97.0 94.1 98.0 94.4 91.2 
Pb 13.8 13.9 14.2 14.7 13.1 9.3 16.4 
Pr 11.3 11.2 11.3 10.8 11.4 12.1 10.5 
Sr 881 872 865 817 860 980 809 
Nd 43.0 42.7 42.7 40.2 42.9 50.5 38.8 
Sm 7.7 7.8 7.5 7.1 7.4 10.8 6.8 
Zr 242 205 224 247 251 263 215 
Hf 6.3 5.4 5.8 6.4 6.5 6.4 5.7 
Eu 2.1 2.1 2.0 1.9 1.9 3.1 1.8 
Gd 5.5 5.8 5.2 5.0 5.2 9.1 4.7 
Dy 3.5 3.7 3.1 3.2 3.3 6.2 2.9 
Y 15 16 14 14 14 25 12 
Er 1.4 1.5 1.2 1.3 1.2 2.2 1.1 
Yb 1.1 1.2 0.9 1.0 1.0 1.5 0.8 
SC 10.6 9.4 9.0 9.0 8.4 10.2 8.0 
Lu 0.2 0.2 0.1 0.2 0.2 0.2 0.1 
Tm 0.2 0.2 0.2 0.2 0.2 0.3 0.1 
Ho 0.6 0.6 0.5 0.5 0.5 1.0 0.5 
Tb 0.7 0.7 0.7 0.7 0.7 1.2 0.6 

        
Lat. (ºS) 19.859 19.842 19.838 19.848 19.873 19.841 19.848 
Long. 
(ºW) 67.641 67.661 67.661 67.670 67.620 67.629 67.627 
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CHAPTER 5 

 
General Conclusions  

 
 This dissertation examines the timing, distribution, volumes, and geochemistry of volcanic products 

form the central Andes and offshore Sumatra.  In Chapter 2, high-precision 40Ar/39Ar geochronology, 

combined with new field, geochemical, and geophysical data provide the first comprehensive 

characterization of four newly described super eruptions from the Pastos Grandes and Guacha caldera 

complexes of the Altiplano Puna volcanic complex of the Central Andes. These data are combined with 

previous Altiplano-Puna volcanic complex studies and the smaller eruptions described in this study to 

provide a comprehensive characterization of the volcanic complex. Overall, the eruption rate of the 

Altiplano-Puna volcanic complex averages 1.11 km3/k.y., and is punctuated by three distinct eruptive 

pulses at ca. 8.4, ca. 5.5, and ca. 4.0 Ma, during which eruption rates increased dramatically to between 20 

and 31 km3/k.y. over durations from 80 to 150 k.y. The cyclic nature of individual caldera complexes 

implied by our geochronologic data support the hypothesis that individual plutons are also constructed 

incrementally. Lithospheric foundering provides a valid explanation for the high power rates implied by 

Altiplano-Puna complex volcanism as well as the high surface elevations and spatiotemporal trends of 

ignimbrite eruptions. Despite the apparent waning of Altiplano-Puna volcanic complex ignimbrite activity, 

the tendency for ignimbrite eruptions to occur in pulses, together with evidence for a still molten portion of 

melt beneath the complex, suggests that the Altiplano- Puna volcanic complex remains capable of 

producing large ignimbrites like those characterized in this study. Our findings provide a foundation for 

more focused field and petrologic research on the large silicic systems within the Bolivian Altiplano-Puna 

volcanic complex. 

 In Chapter 3, deep-sea marine tephra deposits are identified within, and adjacent to, the Sunda 

trench ~200-310 km from the western Sunda arc island of Sumatra. Seven individual eruptive units are 

identified ranging in composition from andesite to dacite (Group 1), dacite to rhyolite (Group 2) and high 

silica rhyolites (Group 3). None of the units identified in this study was correlated with a terrestrial source, 

largely due to the lack of published data on the Late Pleistocene-Holocene eruptive record of Sumatra. 

Individual unit minimum volumes range from 0.6 to 6.3 km3 and span ~110 ka to 1.9 ka. A close relation 

between the primary tephra of V-5 and turbidites in the northern region of the study is suggestive of a 

coincident volcanic eruption from the arc front and seismicity along the plate boundary. Although 

considerably older than Group 1 and 2 deposits, Group 3 tephras represent the youngest rhyolites yet 

identified in the northeast Indian Ocean (Ninkovich, 1979; Dehn et al., 1991) and extend the record of large 

rhyolitic eruptions to at least 27.5 ka, after which compositions range from andesite to rhyodacite.    

 Since 30.9 ka we calculate a large (VEI 4-5) explosive eruption rate of 0.67 km3/ka and an average 

eruption interval of 5.2 ka across the entire study region and an interval of 3.4 ka from central Sumatra 
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since 13.6 ka. Although focused volcanological research is recommended for much of western Sunda arc of 

Sumatra, we highlight the central Sumatran region as particularly at risk of large explosive eruptions.  

 In Chapter 4, the first detailed chronological and geochemical data are presented for Tunupa volcano, 

Bolivia, and nearby lavas. New 40Ar/39Ar age determinations reveal edifice construction at ~1.5 Ma, a 

duration of ~90-240 k.y., and extrusion rates of 0.43 to 0.93 km3/k.y. Mineralogical compositional and 

textural data are consistent with shallow crustal storage (~9-17 km) and magma mixing. Volcano 

morphology, extrusion rates, mineralogy and textures are all similar to the Pleistocene to recent composite 

cones of the arc front, although spatiotemporal and geochemical considerations suggest the influence of a 

non-arc related melting mechanism for the 1.5 Ma Tunupa and 11 Ma Huayrana lavas. Available age data 

from the literature indicate that western Cordilleran volcanism was concomitant with extrusion of both 

Huayrana and Tunupa lavas. It is also notable that the ignimbrite flare up describe in Chapter 2 began at 

approximately the same time as eruption of the Huayrana lavas. Intense crustal thickening of the Altiplano 

may have resulted in localized lithospheric foundering events prior to this time. Geochemical data 

presented here for Tunupa and Huayrana lavas show considerable departure from lavas of the arc front and 

are consistent with spatiotemporal data that suggest that the central Altiplano lavas may have a non-arc 

influence. Low Ba/Nb ratios and elevated HFSE concentrations at Tunupa and Huayrana that approach 

those of the lavas from the Eastern Cordillera far behind the arc front support similar melting mechanisms, 

potentially related to lithospheric foundering. Foundering beneath the central Altiplano was smaller than 

the large ignimbrite-producing regions to the east and south.  
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	Figure 2.5. Total alkalis versus silica diagram of pumice from Bolivian ignimbrites and lavas analyzed in this study. Also shown is array of Altiplano-Puna volcanic complex (APVC) ignimbrite pumice reported in de Silva (1987), Lindsay et al. (2001b), Ort et al. (1996), and Soler et al. (2007). Altiplano-Puna volcanic complex ignimbrites and lavas are dominantly dacitic with lesser volumes of rhyolite.
	Figure 2.6. Location map showing sample localities and estimated original ignimbrite distributions (thick colored outlines) of newly described ignimbrite units from the Bolivian Altiplano-Puna volcanic complex. Extents of previously described Vilama (Soler et al., 2007) and Panizos (Ort, 1993) ignimbrites are also shown, with minor modification to the Vilama as described in the text. Outcrops from the SERGEOMIN geologic maps (filled polygons) are color-coded to demonstrate correlations to each ignimbrite unit (see Table 2.3 for references and original outcrop names). Distributions of Tara and Guacha ignimbrites in Chile are from Lindsay et al. (2001a). 40Ar/39Ar sample locations from this study are shown as circles; stars are published isotopic age data used to aid in correlating ignimbrites in this study (see Table 2.2 for references). Map numbers correspond with 40Ar/39Ar and K-Ar dates listed in Tables 2.1 and 2.2 (previously published age data for Vilama and Panizos ignimbrites are not shown). Dashed lines show approximate or inferred locations of caldera collapse scarps. Locations of characteristic remanent magnetism (ChRM) sample sites discussed in Appendix 1 are shown as squares. Base map is a digital elevation model (DEM) made from 90 m Shuttle Radar Topography Mission (SRTM) data.
	Figure 2.7. (A) View looking south from drainage of Río Chaira Waykho between the Pastos Grandes caldera and the Alota ignimbrite shield. ~100 m of total exposed ignimbrite shown in image. (B) View looking northeast from rim of Pampa Totoral towards the Quetena Valley and Uturuncu volcano. Erosion along the Quetena River has exposed the confluence of the 5.65 Ma Guacha ignimbrite and the 1.98 Ma Laguna Colorada ignimbrite. The 8.41 Vilama ignimbrite is exposed in limited outcrops below the Guacha ignimbrite within the canyon in the northern valley. Distance from road (elevation 4300 m) in bottom right of image to the summit of Uturuncu volcano (elevation 6008 m) is ~25 km.
	Figure 2.8. Volume-time relations of Altiplano-Puna volcanic complex ignimbrites. Horizontal width of each unit is ±2σ of the preferred age of each unit listed in Table 2.5.
	Figure 2.9. Spatiotemporal patterns of volcanism in the Altiplano-Puna volcanic complex showing approximate locations of calderas (stippled lines) and estimated distributions of ignimbrites (outlines). Early ignimbrite volcanism (11.0–9.0 Ma) and the onset of major-caldera–forming volcanism (9.0–7.5 Ma) occurred in both the western and eastern reaches of the Altiplano-Puna volcanic complex. A second major ignimbrite pulse was initiated ca. 5.6 Ma with eruptions from Pastos Grandes, Guacha, and La Pacana caldera complexes. The most voluminous phase of volcanism (4.5–3.0 Ma) was focused near ~23°S. Note that the minor Talabre and Tuyajto ignimbrites plot south of the extent shown and that the majority of the Coranzulí ignimbrites plot east of the figure. The apparent gap in the composite record along the Bolivia-Chile border represents cover from the modern volcanic arc. See Table 2.6 for ignimbrite eruption rates corresponding to each time interval.
	Figure 2.10. Cumulative volume versus time for ignimbrite eruptions in the Altiplano-Puna volcanic complex (APVC; thick line). Shown for comparison are the Southern Rocky Mountain (SRMVF; Lipman and McIntosh, 2008); Southwest Nevada (SWNVF; Sawyer et al., 1994); Yellowstone (Christiansen, 2001); and Taupo (Houghton et al., 1995) volcanic fields. Altiplano-Puna volcanic complex ignimbrite volcanism shows a distinct beginning at ca. 11 Ma, followed by waxing volcanism that is punctuated by three discrete pulses, and apparent waning during the last 3 m.y.
	Table 2.1 Summary of 40Ar/39Ar laser fusion analyses
	Table 2.2 New biotite 40Ar/39Ar ages versus biotite K-Ar age of de Silva (1989b)
	Table 2.3 Previous unit and age designations of correlated APVC ignimbrites
	Table 2.4 Volume calculations for newly described ignimbrites
	Table 2.5 Summary of all major APVC ignimbrite preferred ages and volumes 
	Table 2.6 Eruption rates of APVC ignimbrite volcanism


	Deep-sea ash layers reveal evidence for large explosive Late Pleistocene and Holocene eruptions from Sumatra, Indonesia
	3.1 Abstract
	3.1 Introduction 
	3.2 Regional setting
	3.3 Methods
	3.3.1 Tephra collection
	3.3.2. Geochronology
	3.3.3 Glass morphology
	3.3.4 Electron Microprobe analysis 
	3.3.5 LA-ICP-MS analysis
	3.3.6. Tephra correlation
	3.3.7 Volume estimates

	3.4 Results and interpretations
	3.4.1 Petrologic summary
	3.4.2 Core-to-core correlations and establishment of eruptive units
	3.4.3 Correlations with published data
	3.4.4 Minimum eruptive volumes
	3.4.5 Eruption rates and implications for volcanic hazards

	3.5 Conclusions
	3.6 Acknowledgments
	3.7 References
	3.8 Figures and Tables 
	Figure 3.1. Location of deep-sea marine cores analyzed in this study. Larger circles (white, black and grey) represent cores in which tephra was identified and analyzed geochemically. Smaller, light grey circles represent examined cores without identified tephra deposits. The split circle of core 79PC indicates two distinct tephra layers were identified in this core. Individual volcanic units are labeled as V-1 through V-7 and dotted lines indicate ellipse used in volume calculations. Ellipses only demonstrate minimum possible tephra distributions and do not imply a correlation with a terrestrial source, see section 4.4 for further details. Triangles represent active volcanoes of the west Sunda arc as identified by the Global Volcanism Program (Smithsonian Institution, 2011). Also shown are locations of deep-sea cores with tephra horizons analyzed by Ninkovich (1979) (open stars) and Beauregard (2001) (solid star). No correlations were made between the marine tephras of the current study with the rhyolites of the Indian Ocean offshore north Sumatra nor with the dacites of the Sunda Strait. Bathymetry and topography from Smith and Sandwell (1997).
	Figure 3.2. Stratigraphic correlations are made between cores with volcanic Unit V-4 using lithology, CT, geophysics, and 14C data. A. Multi Sensor Core Log data (gamma density in light blue and magnetic susceptibility in red-brown) are plotted and CT imagery displays lower density material in darker grey and higher density material in lighter grey. Tephra samples are designated by green triangles. 14C samples are designated by red triangles. Slope cores are labeled light blue; trench cores are labeled dark blue. Trench core sites were deeper than the approximately 4km Carbonate Compensation Depth (CCD), the depth below which foraminiferid CaCO3 tests dissolve faster than they are deposited. Foraminiferid abundance was nil in trench core sediments, so 14C age control directly applies only to the slope cores. Correlation of Unit V-3 is designated by the thicker grey tie-line, while other correlations are in thin grey lines. B. Location map shows core locations as related to bathymetry (Ladage et al., 2006) with 1-km depth contours shown in green. Inset shows core locations relative to the island of Sumatra.
	Figure 3.3. Electron microprobe backscatter images of a typical micropumiceous glass shards (SUM008, upper image) and platy glass shards (SUM016, lower image). No compositional differences were observed in samples with both micropumiceous and platy shards where these occurred in the same tephra unit. Scale bar in both images in 100 µm. 
	Figure 3.4. Electron microprobe major element analyses of glass shards showing three compositional groups. Group 1 (V-1) glass shards are near-Holocene in age and dominantly andesitic, Group 2 (V-2, V-3, V-4) shards are rhyodacitic and Holocene, and Group 3 (V-5, V-6, V-7) glass shards are rhyolitic and Late Pleistocene in age. 
	Figure 3.5. Select trace element compositions vs. SiO2 and Y. Rb and Sr show the strongest correlations with silica. High field strength elements such as La and Zr and Y show strong correlation with each other and are particularly useful in distinguishing the seven individual units of this study. Symbols are the same as in Fig. 3.4.   
	Figure 3.6. Zr/Y vs. La/Th showing the clear compositional distinction of the seven units identified in this study. Symbols are the same as in Figs. 3.4 and 3.5. Note some outliers are omitted fromgroups.    
	Figure 3.7. Normal mid-ocean-ridge basalt (NMORB)-normalized (Sun and McDonough, 1989) trace-element diagram showing average glass compositions of seven volcanic units identified in this study. Also shown for comparison are average matrix glass compositions from 1883 Krakatau (Mandeville et al., 1996) and the Youngest Toba Tuff (YTT; Chesner and Luhr, 2010).
	Table 3.1 Physical characteristics of sampled deep-sea cores and tephra layers. 
	Table 3.2 Estimated depositional ages for volcanic units based on radiocarbon ages and calculated sedimentation rates.
	Table 3.3 Statistical distance (SD) values for Sunda trench and adjacent slope.
	Table 3.4 Average major-oxide (pre-normalized) and trace element compositions of 
	individual tephra units.
	Table 3.5 Minimum volume estimates of individual tephra units


	Ages and chemistry of lavas from Tunupa volcano, Bolivia: implications for behind arc volcanism in the central Andes
	4.1 Introduction
	4.3 Analytical methods 
	4.3.1 40Ar/39Ar methodology
	4.3.2 Whole-rock and mineral chemistry 

	4.4 Results
	4.4.1 40Ar/39Ar age determinations
	4.4.2 Petrological data 
	4.4.2.1 Petrography 
	4.4.2.2 Mineral chemistry
	4.4.2.3. Whole-rock major and trace element data


	4.5. Discussion
	4.5.1 Volume estimates and extrusion rates for Tunupa 
	4.5.2 Magmatic evolution of Tunupa lavas 
	4.5.3 Mantle melting at the Intersalar Volcanic Field and its relationship to regional volcanism
	4.5.3.1 Spatiotemporal considerations 
	4.5.3.2 Geochemical considerations
	4.5.3.3 Petrogenetic considerations


	4.6 Conclusions
	4.7 References
	4.8 Figures and tables
	Figure 4.1 The Altiplano-Puna plateau and select features. Yellow regions indicate silicic volcanic fields Red triangles are Quaternary composite volcanoes; note apparent gap between ~19º and ~21ºS. Box indicates location of figure 4.2. Digital elevation data for all figures is SRTM 90 meter resolution.  
	Figure 4.2 Salar de Uyuni region. Plate depths from Cahill and Isacks (1992). IVF = Intersalar Volcanic Field; EA = Eastern Altiplano. Red triangles show composite cones used in geochemical comparison. Colored circles represent lavas or ignimbrite with wt. % SiO2 between 60 and 67. Blue = eastern Altiplano monogenetic centers; Pink = Los Frailes and Kari Kari ignimbrites; Yellow = Late Pleistocene domes.
	Figure 4.3 The Intersalar Volcanic Field. All previously published K-Ar age data are shown. See supplementary data for references. Colors refer to periods assigned by Leytón and Jurado (1995): White = Upper Oligocene; Blue = Lower Miocene; Green = Miocene to Pliocene; Pink = Pliocene to Holocene. 
	Figure 4.4 Topography and sample localities of analyzed rocks at Tunupa and surrounding volcanics. Blue circles denote sample locations with whole-rock geochemical data; red circles denote sample locations with 40Ar/39Ar age determinations. PH = Pliocene to Holocene as mapped by Leytón and Jurado (1995). Previous K-Ar age sample localities of Baker and Francis (1978) shown as black squares. 
	Figure 4.5 Photograph of Tunupa and Huayrana from the northeast. 
	Figure 4.6 40Ar/39Ar age spectra from incremental heating experiments. a-d show concordant age spectra and weighted mean plateau ages. e-h are discordant and total fusion ages are shown. Y-axis is the same for right and left columns except where otherwise noted. 
	Figure 4.7  Plagioclase sizes plotted against a) FeO*; b) An content. Data for flow sample T-25 and Huayrana (T-19) are consistent with magma mixing as indicated by higher concentrations of both An and FeO* in rims compared to cores and higher An and FeO* concentrations in smaller cores. Textures as demonstrated in fig. 4.8 further support this interpretation. 
	Figure 4.8 Images of representative plagioclase and groundmass textures. All images in cross-polarized light. Note sieve textures and overgrowth rims in a (flow T-25) and d (Huayrana). 
	Figure 4.9 Temperature and pressure (shown as continental depth) data calculated from amphibole compositions following the method of Ridolfi et al. (2010). Data from < 1 Ma Aucanquilcha lavas (Walker et al., in prep) also shown. Amphibole from dome (T-09) show the widest range in both temperature and pressure and the lowest values. 
	Figure 4.10 Major element compositional data of Tunupa and Huayrana samples. Rhyolitic sample T-21 (SiO2 = 71.8 wt. %) also shown. Fields of Le Maitre et al. (1989) shown in D. 
	Figure 4.11 Large ion lithophile element concentrations of the Uyuni transect. 
	Figure 4.12 Figure 4.12 High field strength element concentrations of the Uyuni transect. Symbols as in Fig. 4.11.  
	Table 4.1 Summary of Laser incremental heating 40Ar/39Ar experiments of groundmass
	Table 4.2  Whole rock major and trace element data


	General Conclusions 
	References



