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Four multicyclic complex calderas and smaller ignimbrite shields located within the 

Altiplano Puna Volcanic Complex of the Central Andes (APVC) erupted 13000 km
3 

of 

magma within the last 11 Ma. One of the largest and most complex of these is the Cerro 

Guacha Caldera. Ar-Ar age determinations and paleomagnetic directions suggest that the 

Cerro Guacha Caldera was formed by two major eruptions, caldera collapse, resurgence 

cycles and several smaller eruptions. Two major ignimbrites (> 600 km
3
) are found with 

40
Ar-

39
Ar from biotites and sanidines of 5.65 ± 0.01Ma for the 1300 km

3
 (magma 

volume) Guacha ignimbrite and 3.49 ± 0.01Ma for the 800 km
3
 Tara Ignimbrite. The last 

major eruption occurred on the western flank producing the 1.72 ± 0.02 Ma Puripica 

Chico Ignimbrite with a volume of approximately 10 km
3
. Characteristic remanent 

magnetization data (ChRM) for these ignimbrites show that the Guacha has reverse 

polarity, while the Tara is normally polarized and the magnetic fingerprints have allowed 

their current full extents to be identified. A conspicuous lineament of volcanic structures 



in the eastern part of the caldera, bordering a caldera moat, filled out welded ignimbrites 

and sedimentary lacustrine sequences suggest an earlier 60x40 km outer collapse 

associated with the Guacha explosive episode. A central graben formed on the Guacha 

welded ignimbrite is related to a first episode of resurgence. Evidence of a second 30 x15 

km inner collapse includes offset of welded Guacha ignimbrites and alignment of lava 

domes associated with the Tara ignimbrite. A second resurgence episode is suggested by 

the presence of an uplifted central block consisting primarily of welded Tara ignimbrite.  

As a whole the three ignimbrites (Guacha, Tara and Puripica Chico) share the same 

petrological and geochemical characteristics: high-K series, compositional ranges from 

dacite to rhyolite, with andesitic members present as lavas (for the Guacha and Puripica 

Chico Ignimbrites) and as pumices (for the Tara Ignimbrite). Highest silica content is 

found in the Chajnantor dome. Rayleigh modeling for Ba, Rb and Sr suggests at least 

60% of crystal fractionation to account for the compositional variation between the 

Guacha andesite and the Chajnantor dome. Dy/Hb ratio increases with time from the 

Guacha andesite to the Negreal andesite suggesting stabilization of garnet owing to 

crustal thickening.  Fe-Ti exchange geothermometry for the Tara Ignimbrite yielded log 

fO2 values ranging from -13.06 to -13.38 and temperatures of 714˚ to 801˚C. Amphibole 

geobarometry yielded pressures ranging from 150 to 180 MPa equivalent to 5.3 and 6.4 

km depth respectively for the Tara Ignimbrite; the pressures range between 133 to 242 

MPa, equivalent to 5.0 to 9.2 km depth for the Guacha Ignimbrite. The zircon saturation 

method yielded saturation temperatures of 716˚ and 705˚C for the Guacha and Chajnantor 

dome respectively and 784˚C for the Tara Ignimbrite.  

The zircon crystallization range for the magmas of the Cerro Guacha Caldera is 1.25 Ma 

for the Guacha Ignimbrite; 1.09 Ma for the Puripica Chico Ignimbrite and 0.95 Ma for 

the Tara Ignimbrite.  Recycling of antecrystic zircons within the caldera magmas is 

continuos through time.
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1.0 Introduction 

Calderas are large volcanic depressions produced by roof collapse into magma chambers from 

which large volumes of magma are explosively evacuated (William, 1941; Smith and Bailey, 

1968). The most common product are large ignimbrites and associated deposits that are the 

surface output of magmatic system that is thought to extend to a deeper major intrusive complex 

(Lipman, 1984; de Silva et al., 2006). The largest calderas, such as La Garita from the San Juan 

volcanic field, Colorado (Lipman, 1984), Yellowstone, Wyoming (Christiansen, 2001), Toba, 

Indonesia (Chesner, 2012), and La Pacana from the Altiplano Puna Volcanic Complex (Lindsay 

et al., 2001), are multicyclic and long-lived and are often the focus of activity for several millions 

of years and several eruption cycles. Volumes of several thousands of cubic kilometers of magma 

are erupted during their lifetimes that are thought to record the growth of a composite batholith 

underneath (e.g. de Silva and Gosnold, 2007; Lipman, 2007). Understanding these systems is 

therefore essential for the study of the development of large continental magmatic system and the 

magma fluxes associated with them. Their association with economically and strategically 

significant mineral resources (Smith & Bailey, 1964; Lipman, 1984; Bethke, 1988) and 

geothermal energy (Cole et al., 2004) also makes them important to study. 

Each eruption leaves a volcanic and structural record that can be deciphered to rebuild the history 

of the system, such as the Valles (Smith and Bailey, 1968; Self et al., 1986), Yellowstone 

(Hamilton, 1959; Christiansen, 2001), Galan (Francis et al., 1978; Lindsay et al., 2001), La Garita 

(Steven and Lipman, 1976; Lipman 2007), and Toba (van Bemmelen, 1939; Chesner, 2011). 

These efforts involve application of the methods of stratigraphy, volcanology, petrology, and 

geochemistry coupled with structural geology and geochronology to establish the history of these 

systems.  

One of the best-preserved records of caldera volcanism on Earth, is the Altiplano Puna Volcanic 

Complex (APVC; de Silva et al., 1989b) located at the shared border between Argentina, Bolivia, 

and Chile (Fig 1). The Altiplano is one of highest plateaus in the world (following Tibet) 

averaging 4000 m height (13,100 ft). In this region about ~15,000 km
3 
of magma was erupted 

from four, multicyclic calderas and smaller ignimbrite shields from ~11 Ma to present. Detailed 

volcanology and petrology studies of individual centers in the APVC have been made in the 

smaller centers of Panizos (Ort, 1993; Ort et al., 1995) and Purico (Schmitt et al., 2001). Only the 
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large calderas of La Pacana (Gardeweg and Ramirez, 1987; Lindsay, 2001) and Vilama Caldera 

(Soler et al., 2007) have been studied in detail. These two large calderas have a different 

structural expression than the other two major complexes in the APVC, the Cerro Guacha and 

Pastos Grandes. Reconnaissance work on the Guacha Caldera describe it as a polycyclic caldera 

formed by the eruption of three explosive units, trapdoor-like caldera collapse and later structural 

resurgence (Salisbury et al., 2010), but no detailed analysis about the nature of collapse, 

resurgence, and evolution of the magmatic system has been completed. The purpose of this thesis 

is to advance our understanding of one of the largest resurgent calderas yet discovered, the Cerro 

Guacha caldera complex located in southwestern Bolivia.  
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Figure 1 (next page) Location map showing the Altiplano Puna Volcanic Complex (APVC) in 

the context of the Central Volcanic Zone (CVZ). Black lines and circles within the APVC 

represent caldera scarps, ignimbrite shields and Pleistocene lava domes and volcanoes. 1 Vilama 

Caldera, 2 Cerro Panizos, 3 Cerro Guacha Caldera, 4 Pastos Grandes Caldera, 5 La Pacana 

Caldera, 6 Laguna Colorada Ignimbrite shield, 7 Purico complex, 8 Pleistocene lava domes and 9 

Uturuncu Volcano. Northern Volcanic Zone NVZ extends from 5˚ N to 2˚ S, and Southern 

Volcanic Zone  SVZ from 30˚ S to 42˚ S. 
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1.1 Purpose and scope of this thesis 

This study,was funded by the NSF  to investigate the Guacha system. The goal is to establish the 

timing and development of the caldera and its magmatic system and understand its context within 

the APVC and relationship with new ongoing activity at the Uturuncu volcano on its north flank 

(Pritchard and Simmons, 2002; 2004). The following hypothesis is tested: 

The Cerro Guacha Caldera is a polycyclic caldera with at least two large super-eruptions that 

triggered successive confocal collapse and resurgence resulting in the current nested volcano-

tectonic depression 

Three objectives address this hypothesis and form the science in this thesis (Table 2): 

1) Revise and update the geochronology and stratigraphy of all components of the 

Guacha caldera:  

The various spatially-temporally and genetically related components of the system will be 

identified through field mapping and correlations supplemented by new 
40

Ar-
39

Ar new ages, 

206
U-

238
Pb zircon ages and paleomagnetic determinations. All data will be compiled in a 

Geographic Information System. 

 

2) Relate the volcanic stratigraphy to the structural elements to constrain the 

structural development of the caldera:  

No prior work has focused on the structural development of the caldera, both regionally and 

locally. Remote sensing, field mapping and unit correlations are combined with new age 

determinations to link the structural elements to the volcanic stratigraphy. Particular focus is 

placed on understanding the stratigraphy and structure of the intra-caldera elements 

(resurgent blocks and graben) and the two major collapse scarps.  

3) Link the volcanological evolution to the magmatic evolution of the system 

Zircon U-Pb ages are used to link the eruptive to the magmatic chronology, yielding zircon 

crystallization ranges for the three different magmatic suites along with constraints about the 

magmatic input. Petrology and geochemistry will characterize the system in pressure, 

temperature and geochemical composition. 
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1.2 Geologic Background  

1.2.1 Overview of the Andes  

Evolution of the Central Andes can be distinguished in two stages: stage one is constrained to 

early Paleozoic and characterized by transfer of sedimentary mass in the upper crust; and stage 

two beginning during the late Cretaceous is associated with recycling of crustal mass (Jimenez et 

al., 2009). In the Early Paleozoic, an intra-cratonic marine basin was formed and interacted with 

restricted episodes of deformation including: Ocloyic phase (Ordovician-Silurian); Eohercinic 

phase (Devonian-Carboniferous); and Hercinian phase (Late Carboniferous). However early 

subduction related magmatism observed in Chile (26°15’N and 69° 30’W), yielded Permian-

Triassic ages (Halpern, 1978). In the Mesozoic, an overall extentional regime along with brief 

marine incursions occurred before major compressional Andean Orogeny. and Early subduction-

related uplifting initiated approximately 70 Ma. It was followed by episodic eastward fold-thrust, 

that resulted in shortening and thickening of the lithosphere (McQuarry et al., 2005; Isacks, 

1988). At about 26 Ma shallowing of the subducting slab due to initiation of fast, nearly 

orthogonal convergence resulted in readjustment of the overall setting, including eastward 

migration of the arc (de Silva and Gosnold, 2007).This process along with tectonic erosion, 

hydration and mechanical instability, probably triggered lithospheric delamination, (Isacks 1988; 

Ruetter 2001 in de Silva et al., 2006).  

1.2.2 Central Volcanic Zone evolution 

Located between 14˚-28˚S, the Central Volcanic Zone is one of four volcanic zones along the 

Andean margin (Fig. 1). It lies above an exceptionally thick crust (~70 km) resulted from tectonic 

shortening beginning about 12 Ma (James, 1971; Isacks, 1988; in de Silva, 1991)_). Backarc 

volcanic activity is almost continuous from Paleozoic to present (Jimenez et al., 2009), 

meanwhile arc-related volcanism initiated during Late Oligocene.  

From 25 Ma to nearly 10 Ma the region between 21˚-24˚S lay above a lithosphere that was “pre-

heated” by subduction and delamination driven basaltic fluxes, which hybridized the upper crust 

base, favoring the formation of a batholithic proportions magmatic body (Altiplano Puna Magma 

Body, de Silva et al., 2006) from which approximately 15,000km
3
 of imagma was erupted.  

Caldera collapse is associated with these eruptions.  
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1.2.3 The Altiplano Puna Volcanic Complex   

High resolution geochronology, volume, and spatial estimations done by Salisbury et al., 2010 

allowed them to define the onset and timing of magmatic activity within the APVC. 

Approximately at 11 Ma, earliest activity is recorded through small volume (280 km
3
) and 

widespread volcanism located in Northern Chile and Argentina. Major ignimbrite volcanism 

began 2 million year later (9-7.5 Ma) with the eruptions of the Sifon and Vilama Ignimbrites 

(2400 km
3
). Between 7.5-6.0 Ma a smaller pulse (1900 km

3
) is represented by the Panizos, 

Toconce and Coranzuli Ignimbrites. The period between 6.0-4.5 Ma is characterized by the 

eruption of the Pelon, Pujsa, Guacha, Chuhuilla and Alota ignimbrites, recording an estimated 

volume of 3120 km
3
. This period corresponds to the first and major eruption of the Cerro Guacha 

Caldera, CGC (the homonymous Guacha Ignimbrite) at 5.6 Ma with an estimated volume of 1300 

km
3
. The period of 4.5-3.0 Ma is characterized by the eruption of the Toconao, Puripicar, Atana 

and Tara ignimbrites with a volume of 4000 km
3
. Belonging to this period, the second major 

eruption of the CGC is recorded by the eruption of the Tara Ignimbrite at about 3.49 Ma and with 

an estimated volume of 900 km
3
. From 3.0 to 1.5 Ma the Pastos Grandes, Laguna Colorada and 

Puripica Chico Ignimbrites were erupted from distinctive sources to produce a volume of about 

1570 km
3
. Belonging to this period the Puripica Chico Ignimbrite marks the last eruption related 

to the CGC at 1.7 Ma and with a volume of 10 km
3
. Finally, the last period of volcanism at the 

APVC (dated at 1.5 Ma to present) is characterized by the eruption of the Purico, Tatio and Filo 

Delgado ignimbrites with an estimated volume of 150 km
3
. Overall the APVC shows an 

estimated volume of > 12,800 km
3 
of magma erupted through 11 Ma to present, with an average 

output rate of of 1.11 km
3
/k.y.  

 1.2.4. Introduction to Cerro Guacha Caldera (CGC)
 

Early remote sensing and reconnaissance done by Francis and Baker (1978) first identified the 

Cerro Guacha Caldera as a complex collapse caldera with two overlapping uplifted blocks with 

an apical graben. They suggested that the caldera was the source of the Guatiquina ignimbrite 

(now known to be a combination of the Guacha, Tara and Atana ignimbrites, de Silva and Francis 

1989; 1991). They also suggested that the Puripica ignimbrite was erupted from the Guacha 

Caldera, and they identified two periods of resurgence with the westerly being the younger. Field 

mapping and K-Ar dating by the Geological Service of Bolivia (Almendras et al, 1996; Pacheco 



7 
 

 

and Ramirez, 1997b,c) at the resurgent dome distinguished three welded tuffs whose ages range 

from 6.6±0.5 to 5.9±0.4 Ma however, no further interpretation about the caldera collapse or 

resurgence was made. While these early studies were important in establishing a base knowledge 

for the Guacha caldera, they were regional reconnaissance and suffered from a lack of the 

detailed chronological framework that was developing to the west and south in Chile (Gardeweg 

and Ramirez, 1987; de Silva, 1989; de Silva and Francis, 1989). 

A key piece of work in unraveling the Guacha stratigraphy was the work of Lindsay et al. (2001) 

who reinterpreted the work of Gardeweg and Ramirez, 1987 and showed that the eastern side of 

the La Pacana caldera had a section with three ignimbrites. The ~4.0 Ma Atana ignimbrite from 

La Pacana was underlain by the 5.6 Ma Lower Tara and overlain by the 4.0 Ma Upper Tara 

ignimbrite, and both were sourced from Cerro Guacha. An earlier interpretation for the Guacha 

caldera tectonic evolution was made by Mobarec C., (1994), that suggested a polycyclic caldera 

with trap door collapse, however no systematic dating supported his interpretation. 

In 2006, an NSF-funded project to establish a coherent geochronological and stratigraphic 

framework (Salisbury et al., 2010) established the current stratigraphy and distribution of the 

outflow, obtaining new 
40

Ar-
39

Ar ages (Table 1) and new volumes of extra- and intra-caldera 

ignimbrites. Lindsay’s Lower Tara was renamed as the Guacha Ignimbrite and their Upper Tara 

was renamed the Tara ignimbrite and the extents of the ignimbrites were mapped from La Pacana 

northward forming mostly the southern and eastern side of the Guacha resurgent dome (Fig. 2). 

Ages for two of the post resurgent domes, Chajnantor and Rio Guacha were also determined.  

Salisbury et al., (2010) established that the Guacha Ignimbrite is a crystal-rich, dacite with an 

intracaldera thickness of at least 700 m. The outflows extend northward almost 60 km towards 

Soniquera in the north of the Quetena Valley. An estimated DRE volume of 1300 km
3
 was 

proposed. 
40

Ar-
39

Ar dating obtained from 26 sanidines of distal outflows yielded the preferred 

weighted mean age of 5.65±0.01Ma. The overlying Tara ignimbrite was shown to range in 

composition from andesite to rhyolite with outflows of more than 200 m thick and an overall 

volume of 800 km
3
. 40 sanidines from outflow pumices yielded a weighted mean age of 

3.49±0.01 Ma. To the northwestern edge of the caldera the Puripica Chico Ignimbrite apparently 

corresponds to the younger caldera event. This ignimbrite is dacitic in composition and new 
40

Ar-

39
Ar dating yielded an age of 1.70±0.02 Ma. 
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Figure 2 (next page) Reconnaissance geologic map of the Cerro Guacha Caldera showing the 

main resurgent block, the three main caldera related ignimbrites, scarps, post collapse lava 

domes, lake deposits (located within the caldera moat) and younger stratovolcanoes. Observed 

collapse scarps are located to the east of the main block; two consecutive scarps (black lines) are 

associated to collapse and resurgence associated to the Tara Ignimbrite. Further to the East the 

outer scarp (dashed line) is associated to the Guacha Ignimbrite. Both scarps were interpreted 

following lava domes alignment, cross cutting relationships, Ar-Ar ages and location of 

sedimentary lake-sequences. A larger format version is provided in the appendix.
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Table 1 
40

Ar/
39

Ar ages for the Cerro Guacha Caldera from Salisbury et al., (2010) and during this study (*); pum = pumice; mat = matrix; 

dis = discordant ages not used in weighted mean ages 
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2.2. Description of methods  

Field work  

Field work and mapping was done during Fall of 2010 providing new data about the Eastern 

scarp of the caldera, the resurgent dome and the outcrops of the Puripica Chico ignimbrite. These 

data where evaluated and compared with paleomagnetism measurements done by Michael Ort (in 

review) and Ar-Ar ages available from Salisbury et al., 2010.Geologic map was done using 

ArcGIS, uploading georeferenced sampling and logging locations,  along with updated 

geochronology of the components of the caldera  

Geochemistry 

20 Rock powders of samples of 2007-2010 field seasons were prepared and analyzed at 

Washington State University to obtain major and trace elements compositions. Fresh chips of the 

samples were grounded in a swing mill with tungsten carbide surfaces for 2 minutes. Three and a 

half grams (3.5 g) of the sample powder were weighted into a plastic mixing jar with 7.0 g of 

spec pure dilithium tetraborate (LiB4O7) and mechanically mixed for two or three minutes. The 

mixed powders were emptied into graphic crucibles, placed on a silica tray and loaded into muffle 

furnace. Fusion takes 5 minutes from the time the preheated furnace returns to its normal 1000° C 

after loading. The silica plate and the graphite crucibles are then removed from the oven and 

allowed to cool. Each bead is reground in the swingmill for 35 seconds, the glass then replaced in 

the graphite crucibles and refused for 5 minutes. Following the second fussion, the cooled beads 

are labeled with an engraver, their lower flat surface is ground on 600 silicon carbide grit, washed 

and cleaned out. The glass beads are then ready to be loaded into the XRF-ICP spectrometer 

(details of method can be found at http://www.sees.wsu.edu/Geolab/note/icpms.html.) 

Ar-Ar age determintaions 

40
Ar

-39
Ar ages were obtained from 100 mg groundmass of lava flows (A-1, 13) from the Eastern 

scarp and resurgent dome respectively. These samples have been handpicked under binocular and 

washed with acetone, DI water and left on the oven to dry off. Then were analyzed at the OSU 

Marine Geology Noble Gas Mass Spectrometry Lab 

Pressure-temperature (intensive parameters) 

Pressure-Temperature (intensive parameters) were determined using published data from Lindsay 

et al., (2001) and Grocke et al., (in prep) both for the Tara and Guacha Ignimbrite, including use 

of Fe-Ti exchange geothermometry following the method of Andersen & Lindsley, (1985) and 

http://www.sees.wsu.edu/Geolab/note/icpms.html
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Ghiorso & Bernard, (2008). Amphibole thermometry was estimated using the method of Ridolfi 

et al., (2010) and zircon saturation thermometry  was estimated following the method of Watson 

& Harrison (1980). 

Zircon U-Pb geochronology 

Zircons from pumices of the main ignimbrites along with associated lava domes were analyzed at 

the Secondary Ion Mass Spectometer (SIMS) at UCLA during summer, 2011 to obtain
 206

U
/238

Pb 

zircon crystallization ages and residence times. All samples used for the U-Pb work were pumice 

or lava samples. Samples of the Guacha Ignimbrite were collected in three locations: at 19 km 

SSW of the Quetena Chico Village (Fig.4c, Chaper 3), from a pumice (sample A-6) of the 

northern outflow; at the NW side of the Totoral dome (pumice sample 07BOL-11, see Fig. 8 

geologic map) and the Kalina lava flow that outcrops at the western margin of the Brajma 

complex (geologic map and reference on map). For the Tara Ignimbrite, samples were taken at 

three locations: at the NW side of the Totoral dome, (pumice sample B06-013), at the inner 

caldera scarp, Rio Guacha (B06-023) and Chajnantor Lavas domes (BOL-21). Samples of the 

Puripica Chico Ignimbrite were collected at the NW side of the Puripica Chico lava dome 

(sample BOLPD-23, see ref on geologic map) and one for the Totoral dome (sample A-019).  

Zircons were difficult to indentify in the vesiculated groundmass glass, but since petrographic 

examination revealed no zircon inclusions in phenocrysts it is assumed they are mainly from the 

matrix.  

At least two samples from each ignimbrite and one lava sample were selected for extraction of 

zircon crystals. Bulk pumice samples were crushed gently to produce rock chips no bigger than 1 

cm in diameter. These were then transferred to a mortar and pestle to create a fine sand-sized 

aggregate. These sand-sized fractions were then placed in glass beakers and repeatedly washed 

with water to remove the ash sized particles. After washing, each sample was placed in an oven 

set at 80°C overnight to dry. When dry, the samples were inspected for their coarseness; if 

significant amounts of large particles remained (>1 mm diameter), the sample was further 

processed in the mortar and pestle again. 

The highly magnetic minerals (e.g. magnetite) in each size fraction were extracted by repeatedly 

passing a hand magnet over the samples. The residue was then run through a Franz Isodynamic 

Magnetic Separator (after Rosenblum, 1958; Flinter 1959) set at 0.8 A, with a 25° forward and 

20° side angle to the chute. This separated the magnetic heavy minerals (ilmenite, titanite, 

file:///E:\AppData\Roaming\Microsoft\Thermometry\holland_blundy_1994.pdf
file:///E:\AppData\Roaming\Microsoft\Thermometry\holland_blundy_1994.pdf
file:///E:\AppData\Roaming\Microsoft\Thermometry\holland_blundy_1994.pdf
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monazite and any remaining biotite) from the non-magnetic heavy minerals (zircon, and minor 

proportions of apatite). Two different heavy liquids were used to separate minerals of varying 

densities. The sample aggregates were first placed in a separating column containing 

Tetrabromoethane (TBE; density - 2.96 g/cm
3
), whereby the lightest minerals floated to the top of 

the separating column (quartz, feldspars, glass, some biotite). The heavy residue was then 

thoroughly cleaned with acetone, left to dry and placed in a second separating column containing 

Diiodomethane (DIM; density - 3.32 g/ cm
3
). This removed apatite and any remaining biotite 

crystals, leaving only the densest minerals at the base of the separating column (>3.32 g/cm
3
). 

The <250 μm fractions were then examined using a binocular microscope and at least twenty 

zircon crystals per sample were selected with preference given to the largest, euhedral 

phenocrysts visibly free of cracks and large inclusions. Selected zircon phenocrysts were cleaned 

with acetone and mounted in epoxy resin, sectioned to expose grain interiors and polished with 1 

μm Al2O3. After ultrasonic cleaning, grains were surveyed for internal compositional zonations 

and/or inclusions via cathodoluminescence (CL) imaging using a Leo 1430VP scanning electron 

microscope at UCLA (e.g., Fig. 5.2).  

238
U/

206
Pb ages were obtained using the UCLA CAMECA SIMS 1270 ion probe. Samples that 

had been coated with ~10 nm of Au were typically probed with a mass-filtered, 10–20 nA 
16

O
- 

beam focused to a ~30–35 μm diameter spot. Secondary ions were extracted at 10 kV with an 

energy band-pass of 50 eV. The mass spectrometer was tuned to a mass resolution of ~5000 to 

resolve molecular interferences in the mass range analysed (
94

Zr2O
+
, 

204
Pb

+
, 

206
Pb

+
, 

207
Pb

+
, 

208
Pb

+
, 

238
Pb

+
, 

232
Th

16
O

+
, 

238
U

16
O

+
). Pb

+
 yields were increased by a factor of ~2 by flooding the analysis 

surface with O2 at a pressure of ~4x10
-3

 Pa. The relative sensitivities for Pb and U were 

determined on reference zircon AS-3 (Paces and Miller, 1993) using a calibration technique 

similar to Compston et al. (1984). Th and U contents were estimated by multiplying measured 

232
Th

16
O

+
/
94

Zr2O
+
 and 

238
U

16
O

+
/
94

Zr2O
+
 ratios on the unknowns with corresponding relative 

sensitivity values determined on reference zircon 91500 (Th = 28.6 ppm; U = 81.2 ppm; 

Wiedenbeck et al. 1995). Analysis surfaces were pre-sputtered for 4 min before analysis to 

minimize surficial Pb contamination. Current results show that the smallest uncertainties (for high 

radiogenic yields) are ~5% (i.e., ±0.01 Ma for the youngest ignimbrites in the Guacha system). 

Spot analyses on low uranium zircons, or those that accidentally overlap with common Pb 

bearing phases such as glass or apatite, have higher uncertainties. Care was taken to avoid such 

situations and analyses eliminated if necessary. Common Pb was corrected using 
207

Pb/
206

Pb 
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proxy instead of traditional 
204

Pb/
206

Pb, which allows also correction for the 
206

Pb/
238

U initial 

desiquilibrium (Schmitt et al., 2003). 
206

Pb/
238

U ages within ± 1 sigma error are shown in Table 9. 



 
 

 

1
5

 

Objective Strategy Methods 

 

1) Revise and update the geochronology 

and stratigraphy of all components of 

the Guacha caldera 

 

 

 Within a GIS, collate and 

synthesize previous data  

 Field logging and correlation of 

new sections 

 Obtain new Ar-Ar ages on 

previously undated units 

 Obtain new U-Pb ages on 

previously undated units 

 

 

 

 Elaboration of a GIS geologic map with 

georeferenced  field data, paleomagnetism and 

geochemistry 

 Data field analysis of pre-existent logged sections 

and correlation with newer descriptions 

 40
Ar-

39
Ar geochronology of the andesites 

associated to the main resurgent centers 

 Sampling and analysis of main ignimbrites and 

post resurgence lava domes 

 

2) Relate the volcanic stratigraphy to 

the structural elements to constrain 

the structural development of the 

caldera 

 

 Constrain and dating of pre-syn 

and post-collapse units 

 

 

 Field mapping and geochronology of suspected 

pre-sync and post collapse units 

 

 

 

3) Link the volcanological evolution to 

the magmatic evolution of the system 

 

 

 Geochemistry of major and 

trace elements all the caldera 

geologic units 

 Determination of intensive 

parameters and zircon saturation 

temperatures  

 U-Pb ages and crystallization 

dates for main caldera 

components  

 

 

 Whole rock XRF-ICP analysis 

 Major and trace elements Glasses will be obtained 

through  published data from Lindsay et al., 2001 

and Grocke et al., (in prep) 

 206
U/

238
Pb dates determined at UCLA using SIMS 

 

 

Table 2 Objectives, strategy, and methods to achieve the goal of this study. 
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3.0 Stratigraphy of the Guacha Caldera and characteristics of the ignimbrites and lavas 

3.1 Previous work  

The Cerro Guacha Caldera was first identified by Francis and Baker (1978) as a complex collapse 

caldera with two overlapping uplifted blocks oriented obliquely to one another forming the 

central complex. Gardeweg and Ramirez (1987) described an ignimbrite outcropping to the 

northeastern side of La Pacana Caldera formerly known as part of the the Atana ignimbrite. 

Mobarec C. (1993) made an early interpretation of the Guacha Caldera, suggesting a polycyclic 

caldera with trap door collapse, however no systematic dating supported his interpretation. Field 

mapping and K-Ar dating of the resurgent dome by the Geological Service of Bolivia (Almendras 

et al, 1996; Pacheco and Ramirez, 1997b,c) led to the distinction of 3 welded tuffs whose ages 

range from 6.6±0.5 to 5.9±0.4 Ma (Table 1). However, no further interpretation about the caldera 

collapse or resurgence was made.  

Based on differences on welding, pumice abundance and geochemistry, Lindsay et al. (2001) 

distinguished between the Atana Ignimbrite from the La Pacana Caldera and suggested a probable 

source toward the Northeast in the Cerro Guacha. Recently, Salisbury et al. (2010) mapped two 

units erupted from the Guacha caldera, the Upper and Lower Tara Ignimbrite, obtaining new 

40
Ar-

39
Ar ages and new volumes. Salisbury et al. (2010) renamed what Lindsay had called the 

Lower Tara Ignimbrite as the Guacha Ignimbrite and mapped the unit from La Pacana northward 

forming most of the southern and eastern side of the Guacha resurgent dome (Fig. 1).  

The Guacha Ignimbrite is a crystal-rich, rhyolite grading to dacite (SiO2 = 64-76 wt.%) with an 

minimum estimated intracaldera thickness of ~700 m. The outflows extend northward almost 60 

km toward the Quetena Valley. Based on these observations and the area of collapse, an 

estimated volume of 1300 km
3
 has been proposed for the Guacha Ignimbrite, Salisbury et al., 

(2010). 
40

Ar-
39

Ar dating of sanidine from distal outflows yielded a weighted mean age of 5.65 ± 

0.01 Ma. What Lindsay called the Upper Tara Ignimbrite, renamed by Salisbury et al. (2010) as 

the Tara Ignimbrite was mapped from La Pacana, northward into the Pampa Totoral plateau. This 

ignimbrite ranges in composition from andesite to rhyolite (SiO2 = 62-77 wt %) with outflows 

>200 m thick and an overall volume of 800 km
3
. Sanidine from outflow pumices yielded a 

weighted age of 3.49±0.01 Ma. Post collapse lava domes of rhyolitic to dacitic composition 

emplaced on the central resurgent dome yielded ages of 3.51±0.02 and 3.67±0.13 Ma.  
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To the northwestern edge of the caldera, the Puripica Chico Ignimbrite (Fig. 1) outcrops and 

corresponds to the youngest caldera event. This ignimbrite is a dacite (SiO2 = 66-69 wt.%) and 

dating by Fernandez and Thompson (1996) of a lava flow overlying the ignimbrite yielded a K-

Ar age of 2.3 0.5 Ma, however more recent 
40

Ar-
39

Ar dating has yielded an age of 1.70±0.02 Ma 

Salibury et al., (2010) (Table 1 and 3). 

3.2 New stratigraphic and field observations 

3.2.1 Guacha Ignimbrite Outflow 

Outcrops of Guacha Ignimbrite outflow can be followed towards the north of the caldera along 

the Quetena Valley. The outflow sequence is “confined” between the Vilama and the Laguna 

Colorada Ignimbrites, although locally it overlays lava flows of porphyrytic dacite (Fig. 4, Photo 

a). A section located 19 km SSW of the Quetena Chico Village was measured, showing the 

following sequence from the base to the top: 

o 6.0-9.0m: Massive ash-rich uniform tuff with 5-8 cm long pumices and coarser lithics at 

the base showing flattened pumice up section. Groundmass and pumice increase upward, 

along with the presence of discoidal pumices.  

o 3.0-6.0m: Matrix supported tuff with flattened pumices (pumice:matrix ratio 4:6). 

Pumices increase in abundance but decrease in size (<3 cm) up section and lithic 

abundance becomes <1%. The top completely lacks pumices and is a 1-5 cm thick 

laminated tuff.  

o 0.1-3.0m: Matrix supported tuff with rounded pumices (pumice:matrix ratio 1:4) and 

accidental clasts of dacitic lava. Pumice abundance increases up section, meanwhile lava 

clasts decrease up section. 2 cm long pumices show some sorting. At 1.5 m from the 

base, pumices are larger (<10 cm; Fig. 4, Photo c) and more abundant. From 1.5-3.0 m, 

grain size and pumice abundance decrease.  

o 0-0.1m: 10 cm thick fine grained laminated ash overlaying a red paleosoil with weathered 

lava clasts from the unit below  
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Figure 3 Stratigraphic column of ash-rich Guacha outflow located 19 km SSW of Quetena Chico 

Village. Vertical scale is in meters; horizontal scale refers to grain size.  

Another outcrop, exposing the top of the Guacha Ignimbrite and the base of the Laguna Colorada 

was observed 22 km NE of the section described above (67°22'36.42"W, 22°19'38.46"S) there 

this contact is transitional. Two kinds of pumices, tubular and vesicular, were observed.  
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Figure 4a Outflow outcrops of the Guacha Ignimbrite South of Quetena Chico Village. Porhyrytic 

lava flows underlying main Guacha outflow. Outcrop shows flow bandig of this unit 

      

Figure 4b Outflow outcrops of the Guacha Ignimbrite South of Quetena Chico Village. Paleosoil 

at base of the Guacha outflow with weathered blocks of lava from below, overlaid by fine grain 

ash 

a) 

b) 
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Figure 4c Outflow outcrops of the Guacha Ignimbrite South of Quetena Chico Village. Pumice 

rich tuff 2.0 m above the base; sample A-07 was taken here for geochemistry and U-Pb zircon 

dating. 

   

Figure 4d Outflow outcrops of the Guacha Ignimbrite South of Quetena Chico Village.  Ash-rich 

tuff lacking large pumices, 4.5 m above the base.    

c) 

d) 
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3.2.2 Tara Ignimbrite Outflow 

Outcropping 25 km SE of the Rio Guacha scarp, a 70 m thick sequence of Tara Ignimbrite 

outflow (Fig. 5) overlays older volcanic flows and is in turn overlain by lavas of the Zapaleri 

volcano (Fig. 6a).     

o 35.0-55.0m: Flattened pumices decrease (2-6% vol) and lithics increase to 15% vol. From 

40.0 to 55.0 m, a lithic-rich, ashy groundmass-supported tuff is comprised of dark grey 

andesite rounded lithics (40%) and pumices 3 to 10 cm long (30%).  

o 20.0-30.0m: Pumice to groundmass ratio is 1:4 (groundmass 70-75%). Andesite and/or 

lithics are less abundant than pumices. We move from East to West of the gulley to 

measure the top of the sequence  

o 1.0-20.0m: Lithic-rich groundmass supported tuff. Within the basal 5.0 m the pumice to 

ash groundmass ratio is 2:5; tubular pumices are abundant and lighter andesite lava clasts 

(1-2 cm long) make up 1%. Up section the lithics (<1 cm) increase to  <40%. From 15.0 

to 20.0 m, pumices progressively increase in size (< 65 cm; mean 15 cm) and are more 

flattened. A defined cooling surface dips approximately 10-15˚ WNW (Fig. 6b). 

o The sequence initiates with a 1.0 m thick layer of ash plinian deposit 

 

 



22 
 

 

 

Figure 5 Stratigraphic column of the Tara Ignimbrite outflow showing plinian, pumice and lithic-

rich facies, located 25 km SE of Rio Guacha scarp. Vertical and horizontal scale as in Figure 4.  

 

From west to east three lava domes located at the inner caldera scarp are correlated with the 

Tara Ignimbrite. Figures on the SERGEOMIN maps refer to these domes as the Chajnantor, 

Rio Guacha, and Chajnantor Lavas domes. 
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Figure 6a Outcrops of Tara Ignimbrite outflow, 25 km from the Cerro Guacha Caldera. Top of 

the lithic-rich sequence overlaying by lavas from the Zapaleri volcano.  

 

Figure 6b Outcrops of Tara Ignimbrite outflow, 25 km from the Cerro Guacha Caldera. 10-15˚ 

WNW dip cooling surface separating upper 65 cm long pumice-rich tuff from 75% ash-rich tuff.  
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Figure 6c  Outcrops of Tara Ignimbrite outflow, 25 km from the Cerro Guacha Caldera.  Ash-

rich layers with dark andesite lithics and at least one pumice rich layer, located below cooling 

surface.  

 

Figure 6d Outcrops of Tara Ignimbrite outflow, 25 km from the Cerro Guacha Caldera. Detail of 

flow showing predominantly rounded dark andesite and fewer (<40%) pumices. 
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3.2.3 Puripica Chico Ignimbrite 

Located at the west edge of the Caldera, a 23m thick section of the Puripica Chico Ignimbrite is 

overlain by lava flows of the Puripica Grande lava dome (Fig. 7b) 

1. 0-2.0m: Crystal rich tuff with 0.5 cm long quartz crystals and fewer 2.0 cm long grey 

pumices, <3% dark lava and lithics. Up section the grey glassy dark lavas increase in 

size (<0.15 m), and there is an increase in groundmass phenocrysts up to 1.0 cm long 

quartz crystals 

2. 2.0-5.5m: Decrease in glassy grey dark lavas toward the top and increase of pumice.  

3. 5.5-13.0m: Pumice-poor layer. Small pumices in coarse grain groundmass. 7.5 m above 

the base, tuff is poor in lithics and dark lavas.  

4. 13.0-23.0m: Groundmass rich flows with at least one pumice rich layer. This sequence is 

overlain by lavas of the Amargo stratovolcano. 
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Figure 7a) 23 m thick stratigraphic column of Puripica Chico Ignimbrite measured at the 

West edge of the Cerro Guacha Caldera 

a) 



27 
 

 

 

 

Figure 7b Top of the Puripica Chico sequence (23 m above the base). The crystal rich tuff is 

poor in pumices or lithics. Top of the ignimbrite is overlayed by lavas of the Amargo lava 

dome.   

b) 
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Figure 7c) Basal part of  Puripica Chico Ignimbrite, showing 15.0 m of crystal rich tuff with 

subordinate to none layers rich in pumices   

 

Figure 7d) Well exposed base of the Puripica Chico Ignimbrite 4.4 km northeast of the outcrop 

shown in figure 7c. Glassy and rounded dacite blocks pumice and lithics forms the base of the 

sequence. 30 cm long hammer used as scale  

c) 

d) 
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Figure 8 Reconnaissance Geologic Map of the Guacha Caldera Complex (GCC) of SW Bolivia. 

Provided as a fold out map at the end of this document. Location of samples, stratigraphic 

columns, paleomagnetism data, ignimbrite distribution, caldera collapse related structures, 

location of the Orsu Mine (sulfur), Quetena Chico Village and Sol de Mañana hot springs are also 

shown  
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3.3. Correlations and distribution 

Regional work aimed to distinguish and correlate the ignimbrites of the APVC was done by de 

Silva (1989), Salisbury et al. (2010), and Ort et al., (in press) and set the basis for this thesis. Two 

major problems in this area are the lack of correlations between ignimbrites and their sources and 

precise age dating. In addition, the Bolivian Geological Service (SERGEOMIN) mapped the area 

and recognized structures associated with the calderas, minor volcanic centers and sedimentary 

sequences. However large error in K-Ar ages and lack of distinction between outflow and 
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intracaldera tuffs makes mapping and unit revision difficult in this area. K-Ar ages displayed in 

Table 3 contrasts with newer Ar-Ar ages.  

Salisbury et al. (2010) sampled and re-evaluated the ignimbrites and their sources, linking them 

spatial and temporally to calderas and minor shield volcanoes. Because of accessibility and 

pumice occurrence, sampling was done mainly in outflows of the Guacha and Tara ignimbrites. 

Finding sanidine, which is more suitable for Ar-Ar dating, is an additional challenge for accurate 

interpretation. Ar-Ar ages obtained from sanidine are preferred over biotite because its lower 

closure temperature (230 ˚C for K-feldspar versus 373 ˚C for biotite; Berger and York, 1981; 

Faure, 2005) and reported erroneously older ages compared to data given by sanidine (Hora et al., 

2010). 

Complementary to Ar-Ar dating, characteristic remanent magnetization data (ChRM) was used to 

correlate ignimbrites. Statistical evaluation of paleomagnetic data done by Michael Ort, 

distinguished two larger ignimbrites associated to the Cerro Guacha Caldera. Declination and 

inclination values are given in Table 4 and represent statistical values below 2-sigma error (α95 

notation). Values are shown on stereograms (Fig. 9).  
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Table 3 Ignimbrites dated by K-Ar method and described in previous studies correlated 

with the Guacha and Tara Ignimbrites (Modified after Salisbury, et al., 2010).
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Table 4 Paleomagnetism data showing weighted means (2σ) for declinations, inclinations, paleo 

flow directions (K’s), number of analyses (n) and sites (N) used for statistical processed data 

(values of K’s and location shown in Fig. 9, Ort et al., in press).    

 

 

 

 

 

 

 

 

Figure 9 Stereonets showing mean declination and inclinations for Tara and Guacha Ignimbrites 

(Data from M. Ort, in press).  

 

Ignimbrite Characteristic Remnant Data 

Ignimbrite Dec Inc α95 K n/N Sites used 

Puripica 

Chico 141.5 41.9 4.9 189.7 1/1 BL-26 

Tara 339.3 25.7 11.6 113.1 3/7 BL-21, BL-22, BL-24 

Guacha 178.9 68.8 9.0 56.6 6/6 

BL-15, BL-16, BL-20,  

BL-25, BL-30, BL-31 

Puripica 

Chico 141.5 41.9 4.9 189.7 1/1 26 
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3.4 Updated stratigraphy 

3.4.1 Guacha Ignimbrite  

Guacha Ignimbrite outflow deposits are well exposed to the north and south of the caldera, and 

are most extensive to the north along the Quetena Valley (Fig. 8). Older volcanism (Loromayu 

lavas ~6 Ma) probably restricted the flows from flowing to the west. To the south, the Tara and 

Atana ignimbrites extensively overlies the Guacha Ignimbrite, obscuring stratigraphic relations of 

the Guacha ignimbrite.  

Ar-Ar biotite dating from outflow pumices to the North side of the caldera yield ages of 5.71 ± 

0.05, 5.8 ± 0.01 and 5.84 ± 0.02 Ma, Salisbury et al., (2010) (Table 1). At the inner scarp (North 

of Rio Guacha dome) biotite yields ages of 5.77 ± 0.04 Ma. The sanidine preferred age for the 

Guacha Ignimbrite was obtained from a distal outcrop at the northern side of the Quetena Valley 

yielding a weighted mean age of 5.65 ± 0.01 Ma (B06-002, Table 1).  

ChRM declination and inclination values for the Guacha Ignimbrite (Ort et al., in press) yield an 

average value of 179˚ and 69˚(reverse polarity), respectively over 6 sites each with 30 individual 

measurements (Table 4, Fig. 4).  Paleo flow directions (K1) for sample BL-15, 16 and 20  (located 

at the NNE side of the caldera) yield mean azimuths of 11.3˚, 49˚ and 42˚ (Fig. 8) implying infill 

of a paleo valley of NE trend and a source located to the south. Sample BL-25 yields a mean K1 

value of 62˚ suggesting infill of another paleo valley of NE trend (Fig. 8) 

The Guacha andesite outcrops within the main resurgent block of the caldera lying above welded 

Guacha intracaldera tuffs and apparently underneath the Chajnantor Lavas (3.67 Ma). It is offset 

to the East and West by the inner scarps associated with the eruption of the Tara Ignimbrite, 

indicating it that was erupted before the Tara collapse. This unit shows the same uplifted tilt as 

the Guacha welded tuffs, suggesting it was emplaced shortly after the eruption of the Guacha 

Ignimbrite. These field evidences suggests that the Guacha andesite was formed after the eruption 

of the Guacha Ignimbrite. 
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3.4.1 Tara Ignimbrite 

Ar-Ar biotite ages for outflows of the Tara ignimbrite range between 3.58±0.03 to 3.89 ±0.03 Ma 

and include an age of 3.56 ±0.02 Ma for a sample collected close to the collapsed area (B06-025, 

Table 1). The preferred sanidine age is from a sample of outflow located to the northwest and 

southeast sides of the main resurgent block (B06-018 and 89002) that yield a weighted age of 

3.49±0.01 Ma.  

The Tara ignimbrite contrasts with the Guacha Ignimbrite by the fact that Tara outflows are 

mainly exposed to the South (Fig. 8), rather than to the North (e.g. Quetena Valley). This 

suggests that there was a topographic barrier to the North when the Tara ignimbrite formed or that 

the eruption had a direct component to the south.  

 ChRM declination and inclination values for the Tara Ignimbrite yielded means of 329.4˚ and -

26˚(normal polarity) respectively over 3 sites each with 30 individual measurements (Table 4, 

Fig. 4).  Paleomagnetic measurements taken on the SE side of the caldera yielded weighted 

paleoflow mean azimuths (K1) of 27.2˚, 263˚ and 124˚ (Fig. 8). The 27.2˚ azimuth is coherent 

with the northeastern trend of the Tara outcrops at this location; the 263˚ and 124˚ azimuths 

suggest that the outflow moved from the west and roughly converged with the set of 

27.2˚azimuth.  

3.4.1.1 Pre and post collapse Tara Domes 

The Chajnantor dome yielded a biotite age of 3.59±0.02 Ma which is older than the sanidine age 

(3.51±0.02 Ma) obtained from this same dome (Table 1); this later sanidine age overlaps within 

error with the Ar-Ar age of the Tara ignimbrite (3.49 ± 0.01 Ma ). The Rio Guacha dome yielded 

a biotite age of 3.61+0.02 Ma, however the stratigraphy clearly show the domes overlying the 

Tara ignimbrite in the resurgent dome and the youngest U-Pb zircon age for this dome (3.15 ± 

0.23 Ma, see section 6.22). The Chajnantor Lavas dome yielded a sanidine age of 3.67 ± 0.13 Ma 

which is older than the Ar-Ar sanidine age of the Tara Ignimbrite (3.49 ± 0.01 Ma ).  

The distribution of these domes along the inner scarp of the caldera (Fig 2), suggests that the 

Chajnantor Lavas was emplaced before the other domes along a preexistent structure coincident 

with the present day inner scarp of the caldera (approximately 40 ka before the eruption of the 
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Tara Ignimbrite). After resurgence of the Tara Ignimbrite, the Chajnator domes and the Rio 

Guacha and were emplaced respectively along the preexistent structure.    

3.4.1.2 Puripica Chico Ignimbrite 

The only available age for the Puripica Chico Ignimbrite was taken from a pumice sample 

(B06-073) yielding a biotite age of 1.70±0.02 Ma (Table 1). 26 K1 paleo-flow measurements 

(site BL-26) yielded an azimuth of 190˚, indicating the source was located towards the south.         

 

4.0 Caldera structure, geometry, and volcanological development 

4.1 Overall structural context and main structural features 

The locations and architecture of the calderas of the APVC seem to be largely controlled by 

regional tectonic structures. As shown in figures 1 and 2 resurgent domes of La Pacana, Vilama 

and Guacha Calderas strikes generally to the northwest. Folkes (2010) suggests that this 

configuration is parallel to the Lipez Fault Zone, a similar northwestern-southeast strike parallel 

to with the southern Calama-Olacapato-El Toro Fault zone (Salfity et al., 1985). Both northwest-

southeast structural alignments are oblique to the regional north-south orogenic and general belt.  

4.2. Main structural features 

4.2.1. Eastern (outer) scarp and moat 

One of the more conspicuous features of the Cerro Guacha Caldera is the Eastern arcuate rim 

(Fig. 2). This 40 km long scarp makes up Eastern margin of the caldera and several effusive lava 

domes and flows have been emplaced along and on top of other strata above this structure. No 

volcanic features associated with this rim are visible the north, south or western sides of the 

caldera; however, these areas are largely covered by younger volcanic deposits.  

The Totoral dome, a roughly circular, ~12 by 11 km dome comprising of lava flows and welded 

basal ignimbrites (Mobarec, 1993), crop outs at the northernmost end of the rim (Fig. 2; 10a). The 

lava flows are characterized by light grey pophyritic dacite, containing phenocrysts of 

hornblende, biotite, feldspar (weathered) and quartz in a moderately altered matrix. K-Ar age of 

1.9 0.5 Ma was obtained for the dacite lavas of this dome (Almendras et al., 1996). New U-Pb 
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zircon ages presented in Chapter 6 yielded a younger weighted mean age of 1.8 0.06 Ma (Fig. 

23). 

Southeast of the Totoral dome the Cojina lavas form an elongated outcrop made of andesitic lavas 

truncated by steep normal faults associated to caldera collapse (Mobarec, 1993; Almendras et al., 

1996). West of the Cojina lavas a small outcrop of welded ignimbrite with abundant lithics and 

sub-vertical banding was described as a possible vent for the Guacha ignimbrite (Salisbury et al., 

2010). This outcrop is called Alkhamari dome in the maps of SERGEOMIN that describe it as a 

light grey porphyritic rhyolite with biotite. The only available age for this rock is K-Ar biotite age 

yielding 7.1  0.6 Ma (Almendras et al., 1996).  

Southeast of the Cojina lavas, there is a light red, partially welded section of the Guacha 

ignimbrite that was previously named the Inca tuffs (Table 1). K-Ar age data from a single biotite 

crystal yielded an eruption age of 5.6  0.5 Ma for the ignimbrite (Almendras et al., 1996). 

Southwest of the Cojina Lavas, there is a 6.6  0.4 Ma K-Ar (biotite age) sequence of ignimbrites 

named the Kalina Tuffs by SERGEOMIN. This sequence consists of a 25 m thick ash flow tuff 

containing ~30% pumice, including 3-30 cm long fiamme, in a vesicular matrix of quartz, 

hornblende, biotite and feldspar. This ash flow overlies a 5 m thick, darker, welded ash flow that 

contains quartz, hornblende and biotite. This unit was mapped by SERGEOMIN as the Kalina 

dacite lavas.  South of the Kalina lavas facing the caldera moat (Fig. 10e) there is a 10 m thick 

deposit of clastic sandstones and conglomerates containing abundant quartz, biotite, pyroxene, 

volcanic lithics and some sporadically layers of travertine.  At the south edge of the Cojina lavas, 

the Brajma complex cropsout forming an 11 by 7 km dacite lava dome. A K-Ar age obtained 

from a single biotite crystal yielded an age of 6.8  0.5 Ma (Lema et al., 1996). West of the main 

dome a coarse dacitic lava flow was sampled for U-Pb zircon dating, and yielded an age of 5.62  

0.06 Ma, which is slightly younger than the age assumed for the Guacha Ignimbrite. We interpret 

this as associatied with post collapse resurgence.      
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Figure 10a) Dacite lava flows of the Totoral dome located at north edge of the easter caldera rim 

 

 

Figure 10b) 20 m thick Guacha intracaldera ignimbrite showing welded tuff at the base grading 

upwards to ash rich non welded tuff 

a) 

b) 

Non welded Guacha 
Ignimbrite  
fiammes 

Welded Guacha 
Ignimbrite  
welded fiammes 
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Figure 10c) East view of caldera moat showing conglomerate sequence, lacustrine travertines 

and Kalina lavas on the background        

 

Figure 10d) Close-up photograph of travertine on top of conglomerades 

c) 

d) 
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Figure 10e) West view of the caldera moat from sedimentary sequence. Resurgent post Tara 

dome that uplifted the welded Guacha Ignimbrite visible in the background. To the north, 

proximal outflows of Tara Ignimbrite (white deposits).         

 

4.2.2.  Resurgent domes 

One of the main features of the Cerro Guacha Caldera is its resurgent dome (Fig. 2). This 20 x 18 

Km semicircular structure is bordered to the east by concentric scarps parallel to the outer Eastern 

caldera rim (Fig. 11). Resurgence after the eruption of the Guacha Ignimbrite, uplifted the 

intracaldera tuffs which were later truncated by collapse associated to the Tara Ignimbrite. 

e) 
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Figure 11 Apical graben of the resurgent dome: darker outcrops to the north and south 

correspond to Guacha andesite overlying Guacha intracaldera tuff. During caldera resurgence this 

sequence was uplifted producing anticline-like structure. Extension generated normal faults 

(showed as down thrown structures on plan view of geologic map) tilting the blocks similar to 

grabens on rifting zones. Picture location is shown in geologic map (Figure 8)  

The resurgent dome comprises the welded intracaldera facies of the Guacha and Tara ignimbrites. 

The Guacha Ignimbrite crop outs mostly to the east and south, while the Tara Ignimbrite outcrops 

mostly in the northwest. Lying on the top of the Guacha welded tuff the Guacha andesite is a 100 

m thick dark aphanitic andesite that was uplifted along the Guacha welded tuff when resurgence 

occurred, forming the main apical graben of the Guacha Caldera (Fig. 11). The outcrops of this 

andesite are offset both to the east and to the west and the scarps are associated with the Tara 

eruption (Figs. 8 and13). The resurgent dome consists of two distinct structural blocks divided by 

a complex fault system related to collapse and/or resurgence of the caldera. Although offset by 

the inner scarp, lateral continuity toward the east suggest that the Guacha ignimbrite was folded 

by doming before the Tara ignimbrite erupted. 

Well exposed outcrops of intracaldera Tara tuff are observed to the northwest of the resurgent 

dome (Fig 8). The main block (shown in figure in 12) dips gently 10˚ to the northeast. The height 

difference between the highest point of the outcrop and the base of it, yielded an H value of ~350 

m; the horizontal distance W is 1000 m; these values were used to calculated a thickness of   

~500 m thick. This value however, is a minimum because the base of the sequence is probably 

deeper and therefore the W distance can be larger. 

N S 
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The location of the post-collapse lava domes suggests that their emplacement was structurally 

controlled (section 3.4.1.1) 

 

Figure 12 Welded tuff corresponding to the Tara ignimbrite located at the northwestern side of 

the resurgent dome. “True” thickness (~500 m) of the welded tuffs is calculated using height 

difference (350 m), horizontal outcrop distance (1000 m) and dip of the layers (10˚)    



43 
 

 

4.2.3 Western margin - Puripica Chico 

The ~10 km
3
 Puripica Chico ignimbrite crops out towards the northwestern edge of the Guacha 

Caldera (Fig. 7) along with lava domes and volcano vents with no caldera moat, travertines or 

sedimentary sequence as observed at eastern rim. The lack of surface structures towards this 

margin of the caldera allows suggesting that the collapse of the caldera was asymmetrical or trap-

door like. This collapse style was suggested also for La Pacana caldera to the south Lindsay, 

(1999), Vilama to the east Soler, (2007)  and seems to be also present in the Pastos Grandes 

caldera to the north. 

4.3 A model for the surface development of the caldera 

Integrating all these observations, a model for the development of the Guacha Caldera 

complex can be developed. A schematic evolution is shown on figure 13. The following 

stages are inferred:   

a) 5.65 Ma Guacha Ignimbrite System (GIS): the Guacha ignimbrite erupted through vents 

located near the east and north edge of the structural rim (pre-caldera units mostly Cojina lavas).  

b) Lack of structure to the west suggests presence of a hinge and a trap door collapse after the 

eruption. Andesitic lava flows flooded the caldera moat. Lake deposits and travertines were 

formed along the structural moat during this period.  

c) Uplift of the caldera roof due to resurgence uplift and tilt the welded ignimbrites, andesitic 

when lavas and sedimentary lake sequence. 

d) 3.49 Ma Tara Igninbrite System (TIS): eruption of the Tara ignimbrite through smaller scarp 

along with offsetting of Guacha Ignimbrite intracaldera units.  

e) Resurgence uplifted both the Tara and Guacha intracaldera ignimbrites. Along the outer scarp, 

three lava domes were emplaced.  

f) 1.7 Ma Puripica Chico Totoral System: Eruption of the Puripica Chicois was followed by the 

emplacement of lava domes along the western hinged edge of the Guacha caldera    



 

 

4
4

 

  Stage 1: GIS                Stage 2: TIS                      Stage 3: PCTS   

 

Figure 13 Structural evolution of the Cerro Guacha caldera (not magmatic system showed) a) 5.65 Ma the Guacha ignimbrite erupted through vents 

located near the east and north edge of the structural rim (pre-caldera units and offset Cojina lavas). Lack of structure to the west suggests presence 

of a hinge and a trap door collapse after the eruption. b) Guacha andesite lava flows flooded the caldera moat. Lake deposits and travertines were 

formed along the structural rim during this period. c) Uplift and tilting of the caldera roof due to resurgence. of intracaldera  the welded tuffs and 

the Guacha andesite d) 3.49 Ma eruption of the Tara ignimbrite through smaller rim along with offsetting of Guacha Ignimbrite intracaldera units. 

e) Tara resurgence uplifted both the Tara and Guacha intracaldera ignimbrites. Along the outer scarp, three lava domes were emplaced 

(Chajnantor, Rio Guacha and Chajnantor Lavas dome); f) 1.7 Ma Eruption of the Puripica Chico followed by the emplacement of lava domes 

along the western hinged edge of the Guacha caldera.     
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5.0 Petrology and Geochemistry of the magmatic components of the Cerro Guacha Caldera 

5.1 Introduction 

On the basis of the volcanology, stratigraphy and geochronology three eruptive episodes have 

been identified for the Cerro Guacha Caldera Complex (CGCC). These are the 5.6 Ma Guacha 

Ignimbrite Stage (GIS), the 3.69 Ma Tara Ignimbrite Stage (TIS), and the 2 to 1.8 Ma Puripica 

Chico –Tortoral Stage (PCTS). These volcanic episodes are hypothesized to represent distinct 

magmatic stages during the history of the CGCC. Here the petrography and geochemistry of the 

three stages are described collectively as a group and as individual time constrained stages of the 

CGCC (Tables 5 and 6).  

Whole rock analyses of 39 pumices and 7 lavas belonging to the Cerro Guacha Caldera were 

made using XRF-ICP techniques. Major oxides were normalized to 100% volatile free with 

representative analyses presented in Table 6. Samples range from andesite to high silica rhyolite 

and most samples belong to the high-K series, except for the Guacha andesite, the Rio Guacha 

and the Chajnantor Lavas domes that fall within the field of medium-K (Fig.  16a and b). Rock 

/chondrite normalized spider shows typical slab-related signatures (with negative Nb and Ta 

anomalies) with the more highly fractionated Chajnantor domes as the most evolved member of 

the caldera (Fig. 16c) 
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Figure 14 a) K2O vs SiO2 diagram showing most of the samples of the CGCC falling down the 

high-K field; exceptions are Tara lava domes and Guacha andesite; b) Total Alkalis Silica 

diagram (TAS) and c) Rock/chondrite spider of Thompson et al., (1982), showing typical slab-

related arc signatures. Extreme fractionation corresponds to high silica Chajnantor dome  

b) 

c) 

a) 
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5.2. Petrography    

Pumices of the three main ignimbrites have either tubular or rounded vesicules. Vesicular, 

typically dacitic rounded pumices 5.0 to 65.0 cm long, are made up of phenocrysts of quartz + 

hornblende + biotite + feldspar (40 vol %), along with vesicles (10-20 vol %) embedded in a silky 

felsic matrix; tubular pumices (up to 5 cm) are made up of finer quartz + biotite phenocrysts (5-

10 vol %; 0.5 mm) in a silky matrix. Dacitic crystal rich lava flows (up to 56 vol % crystal) are 

made up of coarser (1 to 2 cm) phenocrysts of quartz + feldspar + hornblende + biotite in a fluidal 

matrix of same finer mineralogy. Porphyritic andesitic lava flows are made up of finer 

phenocrysts of feldspar + pyroxene (0.5-1.0 cm) in a glassy mafic matrix. The individual stages 

are broadly similar but have some subtle differences (Table 6).  

Dacite pumices of the Guacha ignimbrite are made of phenocrysts of plagioclase > quartz > 

biotite > hornblende > Fe-Ti oxides (Fig. 16a). Sanidine is found occasionally. Vesicles reach up 

to 38 vol % and the felsic glasses ranges from 44 to 54 vol % (Table 6). Calculated vesicle-free 

percentage of crystals ranges from 14 to 57 vol %.  Matrix is felsic, made of quartz, plagioclase 

and alkali feldspar (10-50 microns long). Lava flows of andesite are made of phenocrysts of 

subhedral and sieved plagioclase (25 vol %), cumulates and phenocrysts of subhedral opx (5.5 vol 

%) most with reaction rims and Fe-Ti oxides (1.75 vol %) embedded in a devitrified glass (68 vol 

%) of plagioclase and Fe-Ti oxides (Fig. 16b). The post collapse dacitic Kalina lava dome is 

made of phenocrysts of plagioclase > quartz > biotite>hornblende > sanidine > sphene > zircon 

(32 vol % crystals) embedded in a devitrified glass. 

Rhyolite pumices of the Tara Ignimbrite System are made of phenocrysts of plagioclase > quartz 

> biotite > apatite, sandine. Vesicles reach up 37  vol % and glass 54 vol % (Fig. 16c). Calculated 

vesicle free crystals yielded 14 vol %. Dacite pumice are made of plagioclase > hornblende > 

biotite > clinopyroxene > Fe-Ti oxides (0.75 vol %), Vesicles reach up to 33.5 vol % and glass 

47.5 vol %. Calculated vesicle free crystals yielded 29 vol %. Matrix is made of microcrystalline 

quartz and alkali feldspar (<30 microns).  Electron microprobe analyses performed by Grocke et 

al., 2012 on glasses of pumices and lava domes of the Tara ignimbrite yield an overall average of 

72.5 wt % SiO2.  Matrix glass composition from Post collapse Rio Guacha dacitic dome is made 

of plagioclase >biotite >hornblende > clinopyroxene, embedded in a devitrified glass with 

spherulites (73.25 vol %). Xenoliths of sandstones and gabbros (?) were also observed (1.5 vol 
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%). Adjacent rhyolitic Chajnantor dome is made of quartz > plagioclase > sanidine > biotite > Fe-

Ti oxides > and glass (87.0 vol %) (Fig. 16d) 

Crystal rich dacite pumice of the Puripica Chico Ignimbrite System is made of phenocrysts of 

plagioclase > biotite > hornblende > Fe-Ti oxides. Vesicles make up 10 vol % and glass 39 vol 

%. Calculated vesicle free crystals yielded 57 vol %. A dark inclusion on Puripica Chico 

Ignimbrite corresponds to welded tuff made up of fragmented phenocrysts of plagioclase > quartz 

> biotite > pyroxenes (?) > apatite in a welded glassy fluidal altered glass. Negreal del Totoral is 

an andesite with aphanitic groundmass and interbedded layers of richer in Fe-Ti oxides, showing 

phenocrysts of plagioclase > clinopyroxene > Fe-Ti oxides > amphibole, in a groundmass made 

of plagioclase and Fe-Ti oxides (Fig. 15e). Totoral Dome is a porphyrytic crystal rich dacite made 

up of plagioclase > clinopyroxene >biotite > Fe-Ti oxides embedded on a devitrified glass with 

spherulites (Fig. 15f).  

 

Figure 15a Polarized microphotographs of thin sections showing crystal rich dacitic pumice from 

Guacha Ignimbrite (B06-085) showing fractured Qz and plagioclase phenocryst along with 

deformed biotites



49 
 

 

 

  

Figure 15b Polarized microphotographs of thin sections showing Guacha andesite (A-13) 

showing orthopyroxene and plagioclase phenocrysts in a microcrystalline groundmass made of 

K-feldspar and Fe-Ti oxides, orthopyroxene exhibits reaction rims of clinopyroxene 

 

Figure 15c Polarized microphotographs of thin sections showing crystal poor rhyolitic pumice 

from Tara ignimbrite (B06-013) showing euhedral phenocrysts of plagioclase and biotite in a 

felsic groundmass with vesicles 
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Figure 15d Polarized microphotographs of thin sections showing high-silica Chajanator dome 

showing phenocrysts of sanidine, quartz and biotite in a perlitic and devitrified groundmass 

 

                     

Figure 15e Polarized microphotographs of thin sections showing Negreal Andesite showing 

phenocrysts of clinopyroxene + plagioclase + amphibole in a glassy matrix of clinopyroxene +Fe-

Ti oxides 
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Figure 15f Polarized microphotographs of thin sections showing Totoral dome showing 

phenocrysts of plagioclase, quartz and hornblende in a devitrified groundmass   
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Table 5 Modal analyses for each individual ignimbrite, proportions are in volume percentage. Values are given after averaging four point counting. 

Al values were rounded up to 0 
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Table 6 XRF-ICP representative analyses for major and trace elements of the ignimbrites and lavas of the Cerro Guacha Caldera conducted at 

Washington State University Geo Analytical Laboratory  
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Continuation of Table 6 
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5.3 General geochemical characteristics of the Cerro Guacha system  

Samples of pumices from the Guacha Ignimbrite Stage (GIS) range from dacites (65 wt% SiO2) to 

rhyolites (71.0 wt% SiO2); for the Tara Ignimbrite Stage (TIS) range from andesites (62.0 wt% 

SiO2) to high silica rhyolites (77.0 wt % SiO2); and the Puripica Chico Totoral Stage (PTS) 

pumices are dacites (67.0 wt% SiO2) (Fig. 16a). Three andesitic compositions have been found for 

each stage: for the GIS, the Guacha andesite (sample A-3, 61.0 wt %SiO2); for the TIS, an 

andesitic pumice (sample tara-96-h29a, 61.0 wt%  SiO2) and for the PTS, the Negreal andesite 

(sample A-01, 62.18 wt% SiO2, no ICP analysis available)   

Harker diagrams for major oxides against SiO2 show normal trends of differentiation. Least 

evolved primitive member are the andesites, showing the highest TiO2, Fe2O3, Al2O3, MgO and 

CaO along with the lowest K2O contents (Fig.16a-f). However, there are some differences between 

the andesites; the Guacha andesite shows rather lower P2O5 values compared to the other andesites 

of the system. The more evolved end member is the high-silica Chajnantor dome (77.0 SiO2) 

showing low TiO2, Fe2O3, Al2O3, MgO, CaO, P2O5 and higher K2O (Figs 16 a-f).   
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Figure 16 Harker diagrams for major oxides (a-f) and trace elements (g-k) against SiO2; g) 

EuN/Eu* vs. Ba. Eu* expressed as the geometric mean of Sm and Gd  (SmN * GdN)
0.5

. Sm and Gd 

values taken from CI chondrite of Anders and Grevesse, 1989;j-k) Rb vs. Sr and Sr vs. Ba 

showing mineral vectors for plagioclase (pl), K-feldspar (Kf), hornblende (Hb) and biotite (Bt) 

(vectors taken from Fathy et al., 2008)  
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Eu anomaly is mainly produced by fractionation of plagioclase and this is reflected by the 

negative value yielded in the REE rock/chondrite diagrams (Figure 18). A way to estimate the 

whole rock original Eu content is by calculating the Eu
*
 value, which is the geometric mean of 

the two adjacent elements between Eu, Sm and Gd. The magnitude of Eu negative anomaly 

observed is obtained using the following formula: 

)*(
2
1*

NN

N

GdSm

Eu

Eu

Eu
 

where EuN is the ratio obtained dividing the Eu content (in ppm) from the whole rock  by the Eu 

content (in ppm) from the Orgueil CI chondrite of Anders and Gravesse, (1989); the SmN  was 

obtained dividing Sm content (in ppm) of the whole rock by the Sm content (in ppm) also from 

the same Orgueil CI chondrite and the GdN  was obtained dividing Gd content (in ppm) of the 

whole rock by the Gd content (in ppm) also from the same Orgueil CI chondrite. Lowest values 

reflect higher Eu negative anomaly implying highest plagioclase fractionation. 

Trace elements diagram for Ba vs. EuN /Eu* (Fig. 16g) show high Ba (>700 ppm) for Tara 

pumices outflows,   suggesting sanidine accumulations; smallest EuN /Eu* corresponds to 

Chajnantor (most negative Eu anomaly, see Fig 17b) suggesting high plagioclase fractionation for 

this dome.  

Zirconium decreases as a function of SiO2 (as does Hf), and is higher in the Rio Guacha and 

Chajnantor Lavas domes (Fig. 16h), although it is relatively high in the andesites, as mafic 

magmas are able to bear higher amounts of Zr before saturation (Hatchar & Harrison, 2001). 

Chajnantor dome shows the lowest whole rock  Zr contents (67 ppm)  and glass  (53 ppm) 

(Grocke et al., 2012), which is reflected in the fact that negligible zircon was found in it.  

Thorium behaves incompatibly and shows the lowest values for the Guacha andesite (10.7ppm) 

and getting enriched towards the Chajnantor dome (30 ppm) (Fig. 16 j). High partition 

coefficients of Th in allanite (up to 548, Mahood & Hildreth, 1983) suggests the fractionation of 

this mineral in this dome magma.   

Rubidium vs. Strontium (Fig. 16j) with mineral vectors shows that decrease in Sr and increase in 

Rb is associated to plagioclase fractionation. On the other hand, Sr vs Ba (Fig 16k), displays 

decreases in Ba and decreases in Sr associated with K-feldspar crystallization  
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Rayleigh Crystal Fractionation calculations were used to model Ba, Rb and Sr contents to show 

how much crystal fractionation is needed to get from the Guacha andesite (Co) to the high silica 

Chajnantor dome (CL);  using a mineral assemblage of quartz + biotite + plagioclase + k-feldspar 

+ hornblende (proportions of crystal removed shown in Table 7). The bulk partition coefficients 

D’s values for Ba ranges between 2.8 to 2.9 for high silica rhyolite and dacite pumices 

respectively; D’s values for Rb ranges between 0.37 to 1.0 for high silica rhyolite and dacite 

pumices respectively and D’s values for Sr ranges between 2.9 to 3.84 0 for high silica rhyolite 

and dacite pumices respectively. (D’s) were calculated using database from GERM (Geochemical 

Earth Reference Model) homepage:  http://earthref.org/KDD/.  

Rayleigh Crystal Fractionation CL/Co = F 
(D-1)

, considers Co as the concentration of the element in 

the original magma, CL as the concentration of the element in the residual liquid, D’s as the bulk 

partition coefficient and F as the fraction of melt remaining  

Theoretical values of CL for Ba, Rb and Sr were calculated using the Rayleigh equation with 10% 

tic increase in F from 100 to 10%. CL values for these elements correspond to crystallization 

fractions of 67, 59 and 68% respectively. Ratios of CL
Ba

/ Co
Rb

 and CL
Sr

/ Co
Rb

 were then plotted on 

Ba/Rb and Sr/Rb diagram (Fig. 17). Straight line representing amount of crystal fractionation is a 

power function instead of linear function, because of x and y axis are in logarithmic scale.  This 

diagram shows that at least 60% of crystal fractionation of plagioclase, biotite and hornblende 

accounts for the compositional range from the Guacha andesite to the high silica Chajnantor 

dome.

http://earthref.org/KDD/
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Table 7 Rayleigh Crystal fractionation parameters for Ba, Sr and Rb showing modal assemblages, partition coefficients (KD’s) and bulk 

partition coefficients (D’s) for high silica rhyolites and andesites. 
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Figure 17 Amount of crystal fractionation calculated using Rayleigh equation. Straight line 

representing amount of crystal fractionation is a power function instead of linear function, 

because of x and y axis are in logarithmic scale.  Model shows that at least 60% of crystal 

fractionation is needed to generate the high silica Chajnantor dome (filled circle) from the Guacha 

andesite (empty diamond) 
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Figure 18 Rock/chondrite REE diagrams for a) the Guacha Ignimbrite Stage showing 

representative pumice (filled square), Kalina lava dome (empty square) and the Guacha Andesite 

(empty diamond); b) Tara Ignimbrite Stage showing representative pumice (filled triangle), Rio 

Guacha and Chajnantor post collapse lava domes (filled circle), large Eu anomaly corresponds to 

Chajnantor lava dome; c) Puripica Chico Stage showing representative pumice (filled “crux”), 

Totoral dome (empty circle) and Negreal Andesite (filled star); d) Dy/Yb ratios vs. time 

displaying values for andesites, ignimbrites and lava domes of the three stages of the caldera. 

Dy/Yb ratios increases with time as a signal related to increased garnet fractionation during mafic 

differentiation (Mamani et al., 2010; Walker 2011, Grunder A., pers. comm.)   

 

 

      
a) 

     b) 
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Rock/Chondrites REE’s element diagrams of Sun and Mc Donough (1989) are shown for the 

three different stages of the Cerro Guacha Caldera (Figs. 18 a-c) and Dy/Yb ratios against time 

are showed for the three caldera stages as well  (Fig. 18d). For the GIS representative pumice, the 

Kalina post collapse lava dome and the Guacha andesite are plotting together (Fig 19a).  The 

slope on a REE diagram can easily be approximated by the ratio of normalized concentration of 

an element on the left or Light Rare Earth Elements (LREEs) , such as La, divided by one on the 

right or Heavy Rare Earth Elements (HREEs) such as Yb (Winter, 2001).  La/Yb ratios range 

from 20-30 for the pumices of the Guacha Ignimbrite and 13 for the Guacha andesite (Fig. 18a). 

For the TIS (Fig.18b), La/Yb ratios range from 10 to 32 for the pumices, 18-20 for the Rio 

Guacha and Chajnantor Lavas domes and 15 for the Chajnantor dome. Notable is the high Eu 

anomaly of the Chajnantor dome, associated with strong plagioclase fractionation (compare with 

Fig. 16h). La/Yb ratios for the PTS range between 18-21 for the pumices, 27 for the Totoral dome 

and 40 for the Negreal andesite (the highest values of the entire system).  

Figure 18d shows Dy/Hb ratio against time for the three representative ignimbrites stages of the 

caldera. Ratios displaying middle REE (MREEs) such as Dy over Heavy REEs (HREEs) such as 

Yb were used by several authors to correlate crustal thickness and REE fractionation (Hildrteh 

and Moorbath, 1988; Davidson et al., 1991; Mc Millan et al., 1993; Kay et al., 1999; Haschke et 

al., 2002; Mamani, 2010, Walker, 2011, Grunder A. pers. comm.). Mamani and others (2010) 

showed that central Andean rocks have had elevated MREE/HREE (Dy/Sm and Sm/Yb) ratios 

since 30 Ma, corresponding to stabilization of garnet owing to crustal thickening (Walker, 2011). 

The model shown here for the CGC agrees with this overall systematic, and suggests 

establishment of consecutive magma chambers during the Guacha Ignimbrite Stage (5.65 Ma), 

again during the Tara Ignimbrite Stage (3.49 Ma) and finally during the Puripica Chico 

Ignimbrite (1.7 Ma) that modified the crust yielding to garnet stabilization.  This process is 

represented by the slight increase in the Dy/Yb ratio (Fig. 18 d) for  the Guacha (2.4)  to the 

Negreal andesites (3.2). However further studies on andesites of the same age are need to prove 

this model and its application to the magmas of the APVC.    
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5.4 Intensive Parameters 

5.4.1 Fe-Ti oxides 

Samples of pumices of Tara ignimbrite were analyzed by Lindsay, (1999) in her study of La 

Pacana Caldera.  Fe-Ti exchange reaction temperatures and oxygen fugacity were calculated 

following the methods of Andersen & Lindsley (1985) and Giorso & Evans 2008 and are shown 

in table 8. Two oxide geothermometers estimate temperature and fO2 based in the reaction FeTiO3 

+ Fe3O4 = Fe2TiO4 + Fe2O3.  Calculated values for the Tara Ignimbrite range from714˚ to 754˚C 

(Giorso and Evans, 2008) and from 783˚ to 801˚C (Andersen and Lindsley, 1985). Major oxides, 

recalculated values, temperatures and oxygen fugacity are shown in Table 8 
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Table 8 Fe-Ti oxide compositions and calculation of equilibration temperature 
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5.4.2 Amphibole Geobarometry  

Amphiboles that correspond to the Guacha and Tara Ignimbrites were analyzed by Lindsay, 

(1999) and were used here to calculate physical-chemical conditions of crystallization of this 

mineral, using the AMP-TB. xls spreadsheet of Ridolfi et al., (2010). Calculated depths and 

oxygen fugacities for ∆NNO buffer are also shown in Table 9. Temperatures for the Tara 

ignimbrite yielded core-rim values of 873˚ to 905˚C; pressures range from 149 to 182 MPa 

equivalent to 5.3 and 6.4 km depth respectively. Temperature values for the Guacha Ignimbrite 

range between 835˚ to 901˚C; pressures ranges between 133 to 242 MPa, which is equivalent to 

5.0 to 9.2 km depth.    

5.5 Zircon Saturation 

Zircon saturation temperature calculated using the algorithm of Watson & Harrison, 1983 was 

used to estimated temperature of which magmatic melts saturated and precipitated zircon for a 

giving M parameter  (Na+K+2Ca)/(Al*Si).  M and Zr values were used from matrix analyses of 

Tara pumice and the Chajnantor dome (sample L1 and B06-024 respectively) done by Grocke et 

al., (2012) and from matrix analysis of Guacha pumices (sample tara-96h-1) done by Lindsay et 

al., (1999). To calculate the D 
zircon/melt

 value, a ZrO2 % in zircon value of 66.6 (for a calc-alkaline 

tonalite, Thomas et al., 2002), was used and then transformed to ppm.  

These values are displayed in table 10and plotted in Fig. 20.  Fe-Ti exchange temperature for the 

Tara Ignimbrite and Atana (Lindsay et a., 1995) were calculated using methods of Andersen and 

Lindsley, (1985) and Giorso and Evans (2008) (Table 9)    
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Table 9 Zr saturation temperatures using Zr (ppm) and M values calculated matrix analyzes done 

by Grocke et al., 2012 and Lindsay, 1999. Fe-Ti exchange temperature calculated using methods 

of Andersen and Lindsley, 1985 and Giorso and Evans, 2008 is also shown.  
      

Unit Zr (ppm) zircon saturation T (˚C) Fe-Ti exchange Temp M 

Guacha Ignimbrite 62 716 801-714 1.32 

Tara Ignimbrite (L1) 130 784 

 

1.20 

Chajnantor dome (B06-013)  53 703 

 

1.33 

Atana (crystal rich) 

Ignimbrite  70 728 808-758 1.28 

 

 

Figure 19 Zircon saturation temperature from Watson & Harrison, (1983). Temperature range 

showed for the Tara Ignimbrite was obtained using methods of Andersen and Lindsley, (1985) 

and Ghiorso and Evans, (2008), Table 8. 
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Fig. 19 shows zircon saturation temperatures for the Guacha Ignimbrite (sample tara 96h-1), the 

Tara Ignimbrite (sample L1), the Chajnantor dome (B06-013) and the Atana Ignimbrite from the 

La Pacana Caldera (lari-96h-5). The range of temperatures calculated for the Tara ignimbrite 

corresponds to the maximum and minimum temperatures obtained in Table 8. The Chajnantor 

dome, Guacha and Atana Ignimbrites have almost similar M values of 1.33, 1.32 and 1.28 

respectively, meanwhile the Tara ignimbrite reported a lower M value (1.2). Zirconium content in 

the glass is high for the Tara ignimbrite (130 ppm) and rather low for the Chajnantor dome, the 

Guacha and the Atana Ignimbrites (53, 62 and 70 ppm respetively). Watson and Harrison, (1983) 

suggested that for an average peraluminous granite with M = 1.3, zircon solubilities are low and 

ranges from ~100 ppm of dissolved Zr at 750˚ C to 1200 ppm at 1020˚C, showing that the M 

value and temperature controls the solubility of zircon in the melt, and that higher Zr 

concentration saturates the melt at higher temperatures. They also show that the D 
zircon/melt

 value 

is temperature and M value dependent (Fig. 2 in Watson & Harrison, 1983) implying that at 

higher temperatures Zr will preferentially be dissolved in the melt rather than in zircon crystals.  

Fig. 19 shows that Tara Ignimbrite is oversaturated in Zr and saturates in  zircon at higher 

temperatures than the Guacha or the Atana Ignimbrites.  
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Table 10 Amphibole geobarometry and composition  (data taken from from Lindsay, 1999) 
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5.5 Summary and interpretation of geochemistry 

As a whole the three ignimbrites (Guacha, Tara and Puripica Chico) share the same petrological 

and geochemical characteristics of a high-K series, compositional ranges of pumices from dacite 

to rhyolites, with andesitic members present as lavas (for the Guacha and Puripica Chico 

Ignimbrites) and as pumices (for the Tara Ignimbrite). Highest silica content belongs to the 

Chajnantor dome (whole rock = 77 wt% SiO2) , which also displays the lowest contents in Ba, Sr, 

P and Ti (Fig. 14c) which reflects high plagioclase fractionation.  

Petrographic analysis distinguishes pumices with tubular or rounded vesicles. Vesicular pumices 

are usually dacitic. Vesicles in dacitic pumices reach up to 38% with felsic glasses ranges 

between 44 to 54 %, meanwhile rhyolite pumices vesicles reach up to 37% and glasses 54. 0%. 

Typical dacitic mineral assemblage is made of phenocrysts of plagioclase > quartz > biotite > 

hornblende > Fe-Ti oxides with minor sanidine and zircon. Rhyolite pumices exhibit phenocryst 

assemblage made of plagioclase > quartz > biotite > apatite > sanidine. Porphyritic Guacha 

andesite is made of finer phenocrysts of feldspar > pyroxene > orthopyroxene embedded in a 

microlithic matrix. Porphyritic Negreal andesite is made of phenocrysts of plagioclase > 

clinopyroxene > Fe-Ti oxides > amphibole in an aphanatic matrix of plagioclase and Fe-ti oxides.  

Major oxides geochemistry shows highest TiO2, Fe2O3, Al2O3, MgO and CaO along with the 

lowest K2O contents for the andesites and lowest TiO2, Fe2O3, Al2O3, MgO, CaO, P2O5 and higher 

K2O (Figs 16 a-f) for the Chajnantor dome. Trace elements such as Zr behave compatibly with 

differentiation (Fig. 16i) meanwhile Th behaves incompatibly (Fig. 16j).  Ba vs. Eu /Eu*   (Fig. 

16h) shows high Ba values (>700 ppm) for Tara pumices outflows, suggesting sanidine 

accumulations along with smallest Eu /Eu* values for Chajnantor dome suggesting high 

plagioclase fractionation for this dome. Rb vs. Sr and Sr vs. Ba (Figs. 16k and l) with mineral 

vectors show trends that suggest plagioclase and K-feldpar fractionations. Modeling Rayleigh 

fractionation for Ba, Rb and Sr suggests a fractionation of at least 60% of plagioclase, biotite and 

hornblende to account for the compositional variation between the Guacha andesite and the 

Chajnantor dome. 

Fe-Ti exchange geothermometry for the Tara Ignimbrite yieds values ranging from 714˚ to 801˚C 

(Andersen and Lindsley, 1985; Giorso and Evans, 2008). Amphibole geobarometry following the 

Ridolfi et al, (2010) method  yielded pressures ranging from 149 to 182 MPa equivalent to 5.3 
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and 6.4 km depth respectively for the Tara Ignimbrite; the pressures range between 133 to 242 

MPa, equivalent to 5.0 to 9.2 km depth  for the Guacha Ignimbrite.  

Dy/Hb ratio increases with time from the Guacha andesite to the Negreal andesite (Fig. 18d) 

suggesting stabilization of garnet owing to crustal thickening (Hildreth and Moorbath, 1988; Kay 

et al., 1999; Haschke et al., 2002; Mamani, 2010, Walker, 2011). This implies that the crystal 

mushes were established first during the Guacha Ignimbrite Stage (5.65 Ma), secondly during the 

Tara Ignimbrite Stage (3.49 Ma) yielding to the modification in the Negreal andesite geochemical 

signature resulting in the high Dy/Hb ratio in the Negreal andesites 

The zircon saturation method of Watson & Harrison  (1983) yielded saturation temperatures of 

716˚ and 705˚C for the Guacha and Chajnantor dome respectively and 784˚C for the Tara 

Ignimbrite indicating that it saturates zircon at higher temperatures than the Guacha Ignimbrite. 
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6.0 U-Pb Gechronology  

238
U/

206
Pb ion microprobe data for 261 zircon crystals (30 separate interior and 231 rim 

analyses) analysed in this study are presented in table 11 and figure 20. In the following 

discussion Tera-Wasserburg diagrams (
207

U/
206

Pb vs. 
238

U/
206

Pb) are constructed for each 

ignimbrite with regression lines through the data points (Fig. 21-23). Concordia in these 

diagrams account for initial disequilibrium (
230

Th deficit; Schmitt et al. 2003a) which 

requires a correction of approximately +100 ka for 
206

Pb/
238

U zircon ages. Probability 

density plots and histograms are shown in Figure 22-24 along with weighted mean zircon 

dates calculated with the Isoplot 3.0 software (Ludwig 2003). Eruption ages of the 

samples, where available, are shown based on 
40

Ar/
39

Ar analyses (Salisbury et al., 2010) 

and are shown in red in Figs. 21b-d and Figs.22 b-f.   

In the following discussion, the terms autocryst, antecryst and xenolith are used. 

Xenocrysts are defined as those zircon crystal incorporated from the surrounding host 

rocks (Johnson, 1989). Antecryts refers to those zircon crystals that crystallized from an 

earlier pulse of magma and which are incorporated in a later pulse (Bacon and 

Lowenstern, 2005; Charlier et al., 2005 in Miller et al., 2010). Autocrysts are zircons that 

nucleate and grows directly from melt or inherited zircon crystal, also is referred as 

magmatic zircon (Miller et al., 2010). Autocrysts are defined here as those whose ages 

define the main area below the probability distribution line, some of them matching 

within error the Ar-Ar age. Crystal ages out of the main area are considered antecrysts. 
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Figure 20 Ages and textures from zircons using cathodoluminescense imaging scanning Leo 

1430 VP electron microscope . Spot on zircons are 
238

U-
206

Pb age determined using IMS 1270; 

numbers refers to grain analysed shown in table 9, scale bar is shown as reference. Errors in 

figures are  ± 1 sigma a) Puripica Chico Ignimbrite pumice (sample 07BOL-023-PD); b) Tara 

Ignimbite (sample BOL-06-013); c) Guacha Ignimbrite pumice (sample A-07). Crystal core A-

07-34 from the Guacha Ignimbrite yielded an U-Pb core age of 6.32 ±0.18 Ma, meanwhile its 

rims yielded 5.82±0.17; crystal rim A-07-06 yielded another younger age of 5.64 ±0.11 Ma, 

which overlaps with the Ar-Ar age estimated for this ignimbrite. Crystal core 06-013-32 from the 

Tara Ignimbrite yield an age of 6.27 ± 0.17 Ma, meanwhile its rim yielded 4.44±0.12 Ma; crystal 

rim 06-013-37 yielded a younger age of 3.53±0.15 Ma overlapping with Ar-Ar age for this 

ignimbrite. Crystal rim 023-PD-27 from the Puripica Chico Ignimbrite yield an older age of 

4.5±0.1 Ma, showing clearly it is a xenocryst. Crystal core 023-PD-32 yielded an age of 2.5±0.06 

Ma meanwhile the rim age is 2.11 ± 0.05 Ma. This age does not overlap with the Ar-Ar age (1.7± 

0.08 Ma) estimated for this ignimbrite.    
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Table 11 SIMS U-Pb zircon results of the Cerro Guacha Caldera 
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6.2.1 Guacha Ignimbrite  

Autocrysts ages range between 7.29 ± 0.16 (sample A-07-26) to 5.12 ± 0.76 Ma (rim of A-07-

24), with error the later ones overlaps the 5.65 Ma Ar-Ar eruption age (on sanidine) measured by 

Salisbury et al., 2010. A weighted mean age of 6.01 ± 0.10 Ma (95% conf)  (accounting for 50 

individuals) was estimated, along with a MSWD (Mean Square of Weighted Deviates) of 3.9. A 

single older xenocryst (the only one in the entire caldera) yielded an age of  513±13 Ma. 

 A new U-Pb age estimated for the Kalina lava dome yield a weighted mean of 5.62 ± 0.06 Ma, 

with a MSWD = 0.79  measured over 24 single crystals. This age is younger than the Ar-Ar 

eruption age determined for the of the Guacha Ignimbrite, implying this unit postdates the 

collapse of the caldera (Figure 22b) Based on this, and its spatial relationship to the Guacha 

collapse scarp, the Kalina-Brajma massif is interpeted as Guacha post caldera volcanism. No 

antecrysts or xenocrysts were found. 
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Figure 21 Probability density and Tera Wasserburg concordia plots for the Guacha Ignimbrite 

and Kalina lavas dome. Red line refers to Ar-Ar age obtained by Salisbury et al., 2010. Line on 

Tera Wasserburg diagram is obtained by regressing the discordant data points following the 

method of Baldwin and Ireland (1995) and used for other studies (Schmitt et al., 2003) and was 

used to obtained 
207

Pb/
206

Pb ratio (on y axis) which is a proxy (instead of 
204

Pb/
206

Pb) for the 

common Pb correction. 
238

U/
206

Pb ages displayed on probability density plots were already 

corrected by common Pb using the obtained 
207

Pb/
206

Pb ratio  
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6.2.2 Tara Ignimbrite  

Autocryst ages for the Tara ignimbrite range from 4.44 ± 0.12 to 3.34 ± 0.15 Ma, the latter 

overlapping within error of the 3.49 ± 0.09  Ar -Ar eruption age (Fig. 23 f). 3 out of 44 zircons 

report ages younger than the Ar-Ar age (grains 39, 33 and 1, see table 9), which can be 

interpreted as Pb lost. Estimated weighted U-Pb age yield 3.65 ± 0.06 Ma over 50 single crystals 

with a MSWD of 3.0.  Only one antecryst observed presents a core with an age of 6.27 Ma and a 

rim that yielded 4.44 Ma (grain 31, Fig. 22). This core age, overlaps with the older autocrysts 

ages of to the Guacha ignimbrite.   

Chajnantor Lavas dome exhibits a weighted U-Pb of 3.59 ± 0.05 Ma from over  25 grains, with a 

MSWD of 0.84 (Fig. 22b). A younger population of antecrysts yielded “Guacha Ignimbrite” ages 

of 5.74 and 5.42, meanwhile an older grain (7) yielded an age of 8.87 Ma . The Ar-Ar age for this 

dome (3.67 ± 0.13 Ma) was determined by Salisbury et al., 2010 using sanidine. As seen for the 

other units younger zircons overlap with the Ar-Ar age, suggesting that the U-Pb age for the 

youngest zircon (3.15 Ma ± 0.23 Ma), may be in the range of the eruption of this dome.The 

autocrysts from the Rio Guacha dome exibit a U-Pb age of 3.54 ±0.04 Ma (Fig.  22d) and a 

younger zircon yielded an age of 3.07 ± 0.25 Ma, which as in the case of the Chajnantor dome, 

can be also used as an estimation for the eruption date. An antecrysts population records also two 

groups of ages that ranging from 5.17 to 6.01 Ma and from 9.3 to 9.97 Ma respectively.   

 

 

 

Figure 22Probability plots  and Tera Wasserburg concordia plots for the Tara Ignimbrite, Rio 

Guacha and Chajnantor Lavas domes. Symbol explanations as in Fig. 22. Straight red line referes 

to Ar-Ar age obtained from sanidine, meanwhile dashed red line referes to Ar-Ar obtained from 

biotite both from Salisbury et al., (2010) 
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6.2.3 Puripica Chico Ignimbrite    

The weighted mean of 47 autocrysts  of the Puripica Chico ignimbrite yielded a U-Pb age of 2.09 

± 0.06 Ma along with a high MSWD of 13 (Fig. 23d). This high value could be attributed to the 

low analytical error determined for the SIMS, protracted range of zircons crystallization ages or 

more than one single zircon population hidden within the sample. As discussed later it is 

suggested that more than one single zircon population is hidden within the zircon data of this 

ignimbrite accounting for the high MSWD value. Low U-Pb errors have been reported in other 

young ignimbrites of the APVC (Kern J., pers. comm..).  Older antecryst in this sample reported 

an U-Pb age of 4.55.  

U-Pb weighted ages for the Totoral dome reported an age of 1.80 ± 0.06 Ma with a MSWD of 

1.82. Antecrysts yielded “Tara Ignimbrite ages” of 3.65 and 3.76 Ma along with an older age of 

4.35 Ma. 

 

 

 

 

 

 

 



87 
 

 

     

    

 

Figure 23 Probability plots and Tera Wasserburg concordia plots for the Puripica Chico 

Ignimbrite and Totoral lava dome. Symbols are the same as in Figs.21 and 22 

Ar-Ar ages from the Negreal andesite (1.52±0.07 Ma) have similar ages to Puripica Chico and 

Tortoral, confirming that they represent a single magmatic event, representing the youngest phase 

of activity from the Guacha caldera. 
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6.3 Summary and discussion 

A simplified and general diagram through time is displayed in Fig. 24. Antecrysts were 

distributed in three populations: population 1) from 9.97 to 8.87 Ma, population 2) from 6.27 to 

5.17 Ma and population and 3) from 4.35 to 3.64 Ma.  Older antecrysts of the system were 

recorded by the Rio Guacha and Chajnantor Lavas domes (Figs. 22b, d and Fig. 24d and e). In the 

Rio Guacha dome ages ranges from 9.97 to 9.36 Ma, while in the Chajnantor Lavas dome the 

antecrysts ages are younger ~8.87 Ma. The two lava domes and the Tara Ignimbrite also recorded 

ages that correspond to the Guacha ignimbrite; the Rio Guacha dome exhibits antecrysts with 

ages that range between 6.01 to 5.17 Ma; the Chajnantor Lavas dome displays ages that ranges 

between 5.74 to 5.42 Ma and the Tara ignimbrite sampled an antecryst with an age of 6.27 Ma 

(Figs. 24c, d and e). The third population of antecrysts is recorded by the Totoral dome. The 

autocryst ages recorded by this dome yielded ages ranging between  4.35 and 3.64 Ma. These 

range of ages fall within the age range assigned for the Tara Ignimbrite (Figs. 22f and 24g ).        

 

 

 

 

Figure 24 Temporal evolution of the Cerro Guacha Caldera. Time goes forward from the bottom 

up to the top. 3 main autocrysts population were defined (see text for explanations). Colored 

vertical lines define antecryst populations. Population 1 lies within brown line to the right (9.9-

8.8 Ma); population 2 is within gray lines (6.27-5.17 Ma) and population 3 is displayed within the 

blue line, to the left (3.64-4.35 Ma)Ar-Ar ages are displayed as vertical dotted red line. For detail 

of the individuals diagrams see Figs. 21-23        
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6.3.1 Relationship between Ar-Ar ages and U-Pb ages and residence times 

The Ar-Ar sanidine weighted mean age determined for the Guacha Ignimbrite is 5.65 ± 0.01 Ma 

measured from 26 individuals crystals, meanwhile the U-Pb zircon weighted mean age 

determined  here is 6.01 ± 0.1 Ma from 50 individual crytals. The older zircon yielded an age of 

7.29 ±0.16 Ma, meanwhile the younger zircon age (counting only U-Pb weighted ages younger 

than the Ar-Ar age) yielded an age of 5.69 ± 0.29 Ma (crystal A-11-15). Maximum difference 

between U-Pb and Ar-Ar ages (difference between the older age of the autocryst zircon and the 

Ar-Ar eruption age) is 1.6 ± 0.16 Ma and is interpreted here as the  zircon crystallization range.  

Average difference between U-Pb  and Ar-Ar yielded 360 ± 200 Ka. The value given by the 

difference between weighted Ar-Ar and U-Pb ages is 360 ± 100 Ka and is refer to as the 

minimum residence time.   

The Ar-Ar age for the Tara Ignimbrite is 3.49 ± 0.01 Ma over 40 individuals crystals, meanwhile 

the U-Pb ziron weighted age determined here is 3.65 ± 0.05 Ma over 40 individual crytals. Older 

and younger zircon ages range from 4.44 ± 0.12 to 3.49 ±0.1 Ma respectively. Zircon 

cryatallization range is 0.95 ± 0.12 Ma.The average diference between U-Pb and Ar-Ar ages 

yielded 184 ±0.13 ka and the minimum residence time is 160 ±50.0 ka. 

No sanidine Ar-Ar ages are available for the Puripica Chico Ignimbrite, the Ar-Ar age from 

biotite is 1.7 ±0.02 Ma, which overlaps within error with the youngest U-Pb zircon age (1.52 ± 

0.41Ma, crystal 023-PD-16), suggesting that the biotite Ar-Ar age can be used as an eruption age 

estimation. Older age for this ignimbrite yield 2.79 ± 0.07, yielding a zircon cryatallization range 

of 1.09±  0.07 Ma. Average difference is 402 ±  70 Ka, meanwhile minimum residence time 

yielded a value of 390 ± 60 Ka.  

6.3.3. Implications for the APVC 

The zircon crystallization ranges for the Guacha ignimbrite are 1.64 ± 0.16 Ma, for Tara 0.95 ± 

0.12 Ma and Ma 1.09 ± 0.07 Ma for Puripica Chico Ignimbrites been this later value larger than 

the one for Tara, which cannot be coherent if the volume of the ignimbrites are considered 

(Puripica Chico Ign vol <10 km
3
 , Tara Ign vol ~800 km

3
)   
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The range of residence times estimated for the Cerro Guacha are roughly similar to other sytems 

within the APVC like the La Pacana or other minor lavas domes. Schmitt et al., 2003 assumed 

that the Atana and Toconao magmas from La Pacana are consanguineous and estimated an 

average residence time in the order of ~500 to 750 kyrs. Folkes et al., 2010 described an eruptive 

recurrence ~50 ka to > 1Ma for the magmas of the Cerro Galan caldera and estimated a time of 

zircon crystallization <500 ka prior the eruption. Tierney, 2011 estimated a minimum residence 

time of 275 ka for the Pleistocene lavas that outcrops to the West side of the Pastos Grandes 

Caldera.  

In contrast shorter residence times (less than 100 ka) for large >600 km
3
 eruptions  were 

estimated for the Bishop Tuff in the Long Valley Caldera (~100 ka) and the Lava Creek for the 

Yellowstone caldera (19-57 ka).  Residence time studies on in these centers were based
 
on U-Th 

disequilibrium series (Reid & Coath, 2000, Simon & Reid ,2005) and by difference between Ar-

Ar and U-Pb ages (Bindeman et al., 2001; Gansecki et al., 1998 in Costa, 2008). Time required 

formodeling crust behavior and magma fluxes was done by Annen, (2009) was less than 100 ka 

for the formation of eruptible magmas. It was also suggested for her study that magma fluxes 

capable enough to erupt and form a caldera-type eruptions form in a relatively short period of 

time ~ 40 ky for the case of Taupo New Zealand.     

An easy way to unveil hidden population mixed within a whole spectrum is by using the 

algorithm of Sambridge & Compston, 1994 for multi components mixtures applied to 

zircon ages. This algorithm uses iterative calculation to determine if more than one single 

population is hidden behind the dataset. By introducing the number of possible 

components (in this case the number of suspected populations) this algorithm calculates 

the weighted ages, their uncertainties (± 1 sigma) and their relative proportions 

 

 

 

 



92 
 

 

 

 

 

Figure 25 Sambridge & Compston, 1994 method for multi components mixtures applied to 

zircon ages. a)Puripica Chico; b) Tara Ignimbrite and c) Guacha Ignimbrite. Boxes show ages, ±1 

sigma uncertainty, the crystal fraction calculated for each age and the relative misfit. (*) Relative 

Misfit indicates the degree to which additional components reduces the amount of unexplained 

scatter in the input data, relative misfit of a single component is 1 
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For the Guacha Ignimbrite these three ages were unmixed: 7.29 ± 0.16 Ma, 6.38 ± 0.065 and 5.83 

± 0.038. For the Puripica Chico Ignimbrite these four ages were unmixed: 4.55 ± 0.11 Ma, 2.56 

±0.03 Ma, 2.16 ±0.015 and 1.89 ±0.018 Ma.  

For the Tara Ignimbrite, the misfit (*) yielded a negative value by adding four (or even three) 

populations, reflecting  the fact that the weighted U-Pb age calculated by scaling the U-Pb zircon 

ages by their assignated errors is correct, and that the outliers (older ages in this case) which do 

not for part of the coherent age could be rejected 

    

Figure 26 Plot showing rank-based Z score vs. age. Outliers are in red; the older ones are 

considered here as antecryst, can be part of an older pulse before the ultimate one that generate 

the Tara Ignimbrite magma chamber; the younger outliers are younger than the Ar-Ar age.  

Giving these new calculated ages, the zircon crystallization ages for the Guacha Ignimbrite is 

0.49 ±0.16 Ma and ~0.3 ± 0.06 Ma for the Puripica Chico Ignimbrite. If we consider to remove 

the 4.44 ±0.12 U-Pb age, of the zircon population of the Tara Ignimbrite the zircon crystallization 

range for this ignimbrite might be 0.43±0.11 Ma. 

Even by testing the residence times by this way, the ignimbrites of the Cerro Guacha Caldera still 

fall within the field of protracted magma residence times (>100 ka), ranging from 650 to 240 ka.  
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Figure 27 Conceptual model for the evolution of the Cerro Guacha Caldera: a) Onset of a magma 

chamber following an early pulse of 7.3 Ma with no efusive equivalents within the caldera; 6 km 

depth of the magma chamber is infered by amphibole geobarometry. Antecryst are showed in 

black and white correponding the the first pulse between 7.3 to 6.4 Ma; b) Eruption of the Guacha 

ignimbrite and post trap door collapse as a consequence of mafic recharge; 0.49 ±0.16 Ma 

corresponds to the range of autocrystic zircon crrytallization calculated using unimx models 

(autocrysts are symbolized as crystal with filled circle); c) Caldera resurgence is recorded at 5.62 

Ma with the eruption of the Kalina lava flow and the Guacha andesite; d) Early pulse previous to 

the Tara ignimbrite magma chamber onset, early zircon records a magmatic pulse at 4.4 Ma; e) 

Eruption of the Tara Ignimbrite after mafic recharge; 0.49 ±0.16 Ma corresponds to the range of 

autocrystic zircon crrytallization calculated if the 4.44 Ma zircon age is considered an antecrystic 

age (autocrysts are symbolized as unfilled crystals). Collapse of the structure offset Guacha 

andesite within the inner block of the caldera; f) Second resurgence associated to the Tara 

ignimbrite with the extrution of the Chajnantor, Rio Guacha and Chajnantor Lavas dome g) 1.5-

1.8 Ma Eruption of the of the Puripica Chico Ignimbrite (1.7 Ma); 0.3 ±0.06 Ma corresponds to 

the range of autocrystic zircon crrytallization calculated using unimx models (autocrysts are 

symbolized as filled crystals); this eruption is followed by the emplacement of the Totoral Lava 

dome at (1.8 Ma) at the other rim of the caldera and finally the Negreal andesite (1.5 Ma) whose 

source probably comes from a different source than the Guacha andesite 



95 
 

 

6.3.4 Overall Model 
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7.0 Conclusions 

Three objectives were established to meet the goal of this study: 

1) Revise and update the geochronology and stratigraphy of all components of the Guacha 

caldera 

2) Relate the volcanic stratigraphy to the structural elements to constrain the structural 

development of the caldera 

3) Link the volcanological evolution to the magmatic evolution of the system 

 

The following outcomes have been achieved: 

17 Ar-Ar ages, 261 new U-Pb ages, and new stratigraphic observations reveal that the first pulse 

of the caldera is associated to the Guacha Ignimbrite (GIS) at 5.65± 0.01 Ma, along with the 

eruption of the Guacha andesite and the Kalina post collapse lava dome (5.62 ±0.06 Ma). The 

Guacha andesite is defined by cross cutting relationships. The second pulse is associated to the 

Tara Ignimbrite (TIS) at 3.49 ± 0.01Ma, the Chajnantor dome (3.51± 0.02 Ma), the Chjanator 

Lavas dome (3.67 ± 0.13 Ma) and the Chajnantor Lavas dome (3.67 ± 0.13 Ma) this later with an  

age slightly older than the other domes and the ignimbrite. The third and last pulse corresponds to 

the Puripica Chico Ignimbrite (PCTS) at 1.7 ± 0.02Ma, the Negreal andesite (1.57 ± 0.07 Ma ) 

and the Totoral dome (1.8 ± 0.06Ma). 

Structural analysis, new U-Pb and Ar-Ar ages keep the chronological order of the units studied, 

and the association with the main eruptive stages. The resurgent dome of the Guacha Caldera is 

now understood as a complex nested structure that reflects collapse and resurgence episodic after 

the eruptions of the Guacha and Tara Ignimbrites. The structural evolution (shown in Fig. 13) is 

described as follow:  

1) 5.65 Ma the Guacha ignimbrite erupted through vents located near the east and north edge of 

the structural rim defined by an arcuate normal fault that cuts pre caldera units, mostly Cojina 

lavas. Ages of the Kalina dome (5.62 Ma), location of sedimentary sequences and travertines and 

arcuate emplacement of younger centers (e.g. Totoral lava dome and Zapaleri volcano) suggest an 

outer caldera collapse scarp and associated moat  
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2) Lack of structure to the west suggests the presence of a hinge and a trap door collapse after the 

eruption.  

3) Uplift of the caldera roof due to resurgence generated stress that tilted the intracaldera welded 

tuff and the Guacha andesite (Fig. 11) 

4)  3.49 Ma eruption of the Tara ignimbrite producing a smaller caldera than the Guacha 

Ignimbrite.  Collapse is evidenced by offset of the Guacha resurgent dome and emplacement of 

lava domes along a distinct arcuate normal fault 

5) Second resurgence is a complex nested feature with to separated stages, pre collapse 

(Chajnator Lavas dome) and post resurgence volcanism associated to emplacement of Chajnantor 

Dome and Rio Guacha domes  

6) The final stage of the Caldera cycle is manifested by the eruption of the Puripica Chico (1.7 

Ma) on the western hinged edge of the Guacha caldera followed by the emplacement of the 

Totoral (1.80 ± 0.06 Ma) and later the Negreal andesite (1.52±0.07 Ma) on the eastern side of the 

caldera 

Geochemistry of the pumices of the Guacha, Tara and Puripica Chico ignimbrites indicates they 

belong to the high-K series, ranging compositionally from dacite to rhyolites, with andesitic 

members present as lavas (for the Guacha and Puripica Chico Ignimbrites) and as pumices (for 

the Tara Ignimbrite).  

Trace elements ratios such as Ba vs. Eu /Eu* show larger compositional ranges for the Tara 

Ignimbrite pumices suggesting less homogeneity of this magma in comparison to the Guacha or 

Puripica Chico magmas. Modeling Rayleigh fractionation for Ba, Rb and Sr suggests a 

fractionation of at least 60% of plagioclase, biotite and hornblende to account for the 

compositional variation between the Guacha andesite and the Chajnantor dome. 

Dy/Hb ratio increases with time from the Guacha andesite to the Negreal andesite suggesting that 

the process of stabilization of garnet owing to crustal thickening that was suggested for other 

andesites of the Central Volcanic Zone (Mamani, 2010) might be also present in the andesites of 

the Cerro Guacha Caldera.  



98 
 

 

U-Pb zircon geochronology indicates zircon was recycled continuously within the caldera. This is 

seen as U-Pb antecrysts ages that can be divided in: population 1 at the Rio Guacha dome 

(ranging from 9.97 to 9.36 Ma) and Chajnantor Lavas dome (~8.87 Ma); Population 2 recorded 

also by these domes as zircons with ages of 6.01 to 5.17 Ma coincident with the preceding 

Guacha Ignimbrite; and population 3) outside in the eastern caldera rim the Totoral dome 

recording zircon ages of 4.35 and 3.64 Ma correlated with theTara Ignimbrite. 

The zircon crystallization ranges for the Guacha ignimbrite is 1.64 ± 0.16 Ma, for Tara 0.95 ± 

0.12 Ma and Ma 1.09 ± 0.07 Ma for Puripica Chico Ignimbrites, however if the older zircon ages 

of these pumices are considered antecrysts and are filtered out, shortest zircon crystallization 

ranges can be assignated: 0.49 ±0.16 Ma for the Guacha Ignimbrite, ~0.3 ± 0.06 Ma for the 

Puripica Chico Ignimbrite and 0.43±0.11 Ma for the Tara Ignimbrite making the Ignimbrites of 

the Cerro Guacha Caldera fall within the field of protracted magma residence times (>100 Ma) 

estimated for other centers within the APVC.  

The original hypothesis that was to be tested was the Cerro Guacha Caldera is a polycyclic 

caldera with at least two large super-eruptions that triggered successive confocal collapse and 

resurgence resulting in the current nested volcano-tectonic depression. Field observations such as 

the lacustrine sedimentary sequence, the moat of the caldera, the graben like configuration of the 

Guacha welded tuffs and the U-Pb age of the Kalina lava dome seem to confirm the hypothesis 

about collapse and resurgence after the eruption of the Guacha Ignimbrite; the Ar-Ar ages of the 

Rio Guacha and Chajnator domes emplaced along the inner caldera rim that offsets the earlier 

Guacha andesite also suggest that following the eruption of the Tara Ignimbrite a second episode 

of resurgence took place in the inner block of the caldera.  
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Appendix A Thin sections petrographic descriptions  

Guacha Ignimbrite System 

B06-085 (dacite pumice)  

Fractured phenocrysts of euhedral to subhedral plagioclase An13-30 with no sieving structure, 

anhedral quartz (1.6%), imbricated sub-anhedral biotite (2.8%), subhedral hornblende (1.5%), 

euhedral-subhedral Fe-Ti oxides (1.3%), glass (46.0%) and vesicles 38.2% 

B06-030 (dacite crystal-rich pumice, phenocrysts 46%)  

Fractured phenocrysts of subhedral plagioclase An12-30 (8.7%) with no sieving structure, coarse 

anhedral quartz (20.0%), flexed subhedral biotite with inclusions of quartz (13.25%), subhedral 

hornblende (2.0%), subhedral Fe-Ti oxides (1.75%) and glass (54.2%)  

A-13 Guacha Andesite 

Phenocrysts of subhedral and sieved plagioclase An26-32 to An16-24 (25%) some with reaction 

rims, cumulates and phenocryts of subhedral opx (5.5%) most with opx reaction rims, Fe-Ti 

oxides (1.75%) surrounded by devitrified glass (68%) made up of plagioclase, Fe-Ti oxides  

A-04 Kalina post collapse dome  

Coarse grain foliated dacite with fractured phenocryst of rounded euhedral to anhedral quartz 

(20.0%) + euhedral plagioclase An24-16 to An13-30 (21.25%) with inclusions of biotite + euhedral 

sanidine (0.25%)+ euhedral hornblende with inclusions of biotite and plagioclase (0.25%)+ 

subhedral biotite (11.5%) with inclusions of plagioclase + rombic sphene (0.25%) + euhedral Fe-

Ti oxides (2.5%) with quartz inclusions + zircon (0.25%). Glass (43.75%) perlitic partially 

devitrified (spherulites)  
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5.2.2 Tara Ignimbrite System 

BO6-013 (rhyolite pumice) 

Phenocrysts of subhedral plagioclase An12-30 (3.5%), subhedral flakes of biotite (2.25%), anhedral 

to subhedral quartz (3.0 %), apatite (0.25%), vesicles (37.0%) and glass (54.0) made up of quartz 

and feldspar.    

B06-027 (dacite pumice) 

Fractured phenocrysts of subhedral plagioclase An13-30 (13.75%), euhedral to suhedral hornblende 

(2.25%), subhedral biotite (1.25%), subhedral clinopyroxene (1.0%), anhedral Fe-Ti oxides 

(0.75%), vesicles (33.5%) and glass (47.5%)     

B06-023 (Rio Guacha dome) 

Porphyrytic coarse grain rock with phenocrysts of euhedral to subhedral plagioclase An12-26 

(17.25%), some with sieve texture, subhedral biotite (4.75%) with inclusions of quartz, subhedral 

to euhedral hornblende (1.75%), euhedral to subhedral clinopyroxene (1.5%) embedded in a 

devitrified glass with spherulites (73.25%). Xenoliths of sandstones and gabbros (?) were also 

observed (1.5%)  

B06-024 (Chajnator dome) 

Porphyrytic rock made up of phenocrysts of suhedral to anhedral quartz (5.0%), suhedral 

plagioclase An18-10 (1.75%), suhedral sanidine (4.5%), suhedral biotite (1.0%), Fe-Ti oxides 

(0.75%) and glass (87.0%)  

5.2.3 Puripica Chico Totoral System 

BO6-073 (crystal rich dacite pumice) 

Phenocrysts of suhedral plagioclase An13-30 (37.5%), euhdral to subhedral biotite (6.25), suhedral 

hornblende (0.25%), euhdral to suhedral Fe-Ti oxides (3.25%), vesicles (10.25%) and glass 

(39%) 
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 A-05 Dark inclusion on Puripica Chico Ignimbrite 

Welded tuff inclusion with fragmented phenocrysts of plagioclase (5.5%) +quarttz (3.5%) + 

sandstone xenoliths (14.5%) + biotite (10.0%) pyroxenes (?) + apatite in a welded glassy fluidal 

altered glass.  

A-01 Negreal del Totoral  

The rock is aphanitic with an interbedded layer of richer in Fe-Ti oxides. Porphyritic texture 

shows sieved plagioclase An12-26 to An13-27 (22.5%), clinopyroxene (8.3%), amphibole (0.1%) and 

Fe-Ti oxides (2.0%). Phenocrysts in a microcrystalline matrix (67.1%) made of plagioclase (75%) 

and Fe-Ti oxides (25%)  

 A-19 Totoral Dome 

Porphyrytic crystal rich rock made up of subhedral and sieved plagioclase An 13-30 (27.5%)+ 

subhedral clinopyroxene (6.5%)+ subhedral biotite (5.0%)+Fe-Ti oxides (2.0%) on a devitrified 

glass with spherulites (58.25%) 
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Appendix B XRF-ICP whole rock analysis 
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Appendix C Ar-Ar analysis  
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Appendix D Zircon U-Pb SIMS analyses  
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