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ABSTRACT

Cerro Uturuncu is a composite volcano located in the back-arc of the Andean
Central Volcanic Zone (22.27°S, 67.18°W). The volcano has exclusively erupted crystalrich andesite and dacite lava flows over the ~800,000 year life span of eruptive activity.
This study provides new bulk-rock major- and trace- element, 18O/16O isotope ratios, Sr,
Nd, and Pb radiogenic isotopic ratios of lava flows, domes, magmatic inclusions and
xenoliths. The study also adds major and trace element and Sr isotopic ratios of
plagioclase phenocrysts in order to examine the evolution of the magmatic plumbing
system beneath Cerro Uturuncu and place the volcanic center in the regional context of
the CVZ.
Plagioclase crystals from silicic (andesitic to dacitic) lavas and domes at Volcán
Uturuncu exhibit large variations in An contents, textures, and core to rim 87Sr/86Sr ratios.
Many of the isotopic variations cannot have existed at magmatic temperatures for more
than a few thousand years. The crystals likely derived from different locations in the
crustal magmatic system and mixed just prior to eruption. Uturuncu magmas initially
assimilated crustal rocks with high 87Sr/86Sr ratios. The magmas were subsequently
modified by frequent recharge of more mafic magmas with lower 87Sr/86Sr ratios. A
typical Uturuncu silicic magma therefore only attains its final composition just prior to or
during eruption.
On an arc-wide scale silicic lavas erupted from three well-characterized
composite volcanoes between 21oS and 22oS (Aucanquilcha, Ollagüe, and Uturuncu)
display systematically higher K2O, LILE, REE and HFSE contents and 87Sr/86Sr ratios
with increasing distance from the arc-front. In contrast, the lavas have systematically
lower Al2O3, Na2O, Sr, and Ba contents; LILE/HFSE ratios; 143Nd/144Nd ratios; and more
negative Eu anomalies. Silicic magmas along the arc-front apparently reflect melting of
relatively young, mafic composition amphibolitic source rocks with the continental crust
becoming increasingly older with a more felsic bulk composition toward the east. This
results from progressively smaller degrees of mantle partial melting, primary melt
generation, and crustal hybridization with distance from the arc-front.
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CHAPTER ONE

INTRODUCTION

In recent years, the ties between plutonism and volcanism have been hotly
debated (Glazner et al., 2004; Bachman et al., 2007; de Silva and Gosnold, 2007; Huber
et al., 2011; and the reference therein). This debate has focused on whether plutonism
related to volcanism is different from plutonism without volcanism. Crustal magmatism
plays a fundamental role in the generation of continental crust and the thermal and
rheological evolution of mountain belts and plateaus. Large-scale melting of the
continental crust is manifest as both granite batholith intrusions and large-volume
volcanic eruptions (ignimbrites). While there is compelling evidence that at least some
large ignimbrites are the erupted upper parts of pluton-scale silicic magma chambers
(e.g., Lipman, 2007), there is a long history of controversy over whether the intrusive and
extrusive records of magmatism occur simultaneously, or indeed, are related at all (e.g.,
Bachmann et al., 2007).
The debate about the relationship between pluton growth and volcanism exists
because it is rare to find geologic evidence of both systems of similar age in the same
area. Granite plutons are the integrated result of intrusion over hundreds of thousands to
millions of years, and typically studied as fossil systems exposed by erosion. Volcanic
rocks record information on magma bodies at a single moment in time (although the
system may have been perturbed by the eruption process), but typically are eroded away
by the time that the intrusions are exposed.
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The question of how magma accumulates in intrusions or extrusions is of more
than academic interest. For example, a common style of volcanism in the central Andes is
the eruption of large volume ignimbrites (VEI = 7 to 8; hundreds to thousands of km3)
and formation of calderas (e.g., de Silva, 1989; de Silva et al., 2006a). Fortunately, these
super-eruptions (defined as more than 300 km3 of magma erupted; Sparks et al., 2005)
are extremely rare, with a global recurrence interval of more than 10,000 years, such that
there is less than a 1% chance of such an eruption occurring in the 21st century (Mason et
al., 2004; Self, 2006). On the other hand, an eruption does not have to be “super” to have
a strong impact on regional or global climate. For example, a repeat of the VEI = 6
Tambora, Indonesia eruption of 1815 (30-40 km3), has the potential for global
catastrophe (e.g., Self, 2006) and a 10-50% chance of occurrence in the 21st century
(Sparks et al., 2005). While current technology may be able to detect evidence of an
impending large eruption months to years in advance, it is not clear whether it is possible
to forecast the magnitude or exact timing of such an eruption (Lowenstern et al., 2006).

Research Goals

The objectives of this project were to characterize the location, size and
potentially the percent melt of the potential magma chamber(s) beneath Cerro Uturuncu
located in the back-arc of the Central Volcanic Zone (CVZ) in SW Bolivia. The
following chapters examine the processes occurring in and the evolution of the magma
chamber feeding Cerro Uturuncu and its relationship to the CVZ through focused isotopic
and petrologic investigations. The specific goals of this work answered three primary
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questions. First, how did the magma chamber evolve over time and what processes
affected magma composition during the magmatic evolution of the system? Second, what
extent does Uturuncu represents a manifestation of Altiplano- Puna Volcanic Complex
(APVC) magmatism, and is large-scale hybridization of the continental crust by intrusion
beneath long-lived volcanic centers a continental dynamic phenomenon of general
importance? Finally, how does this volcanic center relate to the big picture of magmatism
in the CVZ?

Manuscript Summaries

The following three manuscripts describe the processes timescales and evolution
of Cerro Uturuncu and places the center in the context of the CVZ. The first manuscript,
titled “The volcanic evolution of Cerro Uturuncu: A high-K, composite volcano in the
back-arc of the central Andes of SW Bolivia,” was submitted and accepted to a special
issue of the International Journal of Geosciences focusing on volcanic eruption research.
This manuscript discusses the volcanic evolution of Cerro Uturuncu and the phases of
volcanism that produced the cone that is present today.
The lack of comprehensive studies on individual back-arc composite volcanoes
in the CVZ prompted a detailed field, petrologic and geochemical study of Uturuncu. The
objectives of this manuscript are to discuss the volcanic evolution of an individual backarc composite volcano and broadly assess petrogenetic processes affecting magma
composition in the back-arc of the CVZ. This study of Uturuncu results from a
reconnaissance petrologic and geophysical investigation by Sparks et al. (2008).
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Currently, the system is in a period of dormancy as the most recent eruption occurred at
~270 ka. Relatively long periods of quiescence are common at composite volcanoes, as
they have been observed at other intermediate composition systems in the CVZ. In this
paper, we build on the reconnaissance investigation of Sparks et al. (2008) by furthering
discussion of the volcanic history, field relationships, and petrography of volcanic rocks
at Uturuncu. The final objective of the manuscript presents a broad geochemical model
to account for the restricted compositional diversity of magmas erupted at the volcano.
The second manuscript, titled “Crustal differentiation processes at Cerro
Uturuncu, Andean Central Volcanic Zone, SW Bolivia,” has been prepared for
submission to a special issue of Geosphere focusing on the NSF and NERC PLUTONS
research project. The focus of the manuscript is to determine the petrologic processes,
sources of contaminants and time-scales of magmatic processes that occurred during
migration from source to eruption. This was completed by studies of crystal isotope
stratigraphy (CIS; Davidson et al., 2007) of mineral phases found in the lava flows and
domes.
Linear trends in bulk-rock compositions of volcanic rocks from Cerro Uturuncu
represent the sum of the components and the integrated effects that define the system
from the magmatic source to final crystallization and eruption (Tepley et al., 1999; 2000).
However, bulk-rock compositions impose inherent limitations on petrologic
interpretations. While it is straightforward to distinguish components in a suite with bulkmineral or bulk-rock data, it is difficult to determine where in the crust a process
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occurred, time-scales of the process, and order of events when multiple processes/ events
are suspected (Ramos and Tepley, 2008).
Differentiated and hybridized magmas often-record isotopic signatures prior to
and during differentiation and hybridization in early formed, well-preserved crystal cores
and growth rims (Davidson et al., 2007; Ramos and Tepley, 2008). Studies of crystalisotope stratigraphy (textural, chemical, and isotopic analysis of single crystals and
growth zones within crystals) have shown that sub-mineral scale trace element
compositions and isotopic ratios express more variation within a single unit than is seen
in the entire suite of rocks (Davidson et al., 2007). Isotopic and trace element analyses of
individual mineral components in volcanic rocks have been shown to be extremely
valuable in identifying and isolating the effects of magmatic processes (Davidson et al.,
2007; Ginibre and Davidson, 2014), and record detailed information on the processes
affecting crystallization that are in contrast to bulk-rock analyses.
At Cerro Uturuncu, textures, major element and Sr isotopic data of plagioclase
phenocrysts suggests that while magma mixing was an important process that possibly
triggered eruption, and created limited compositional diversity in bulk-rock trends, the
process played a limited role in the differentiation of the magma. One-dimensional
diffusion modeling suggests that observed isotopic crystal heterogeneities could not have
existed for more than a few thousand years at inferred magmatic temperatures. The
chemical and isotopic variability observed in Uturuncu phenocrysts within a single lava
flow or dome suggest that although shallow crustal assimilation and magma mixing
appear to have had limited effect on whole rock chemistry, a complex late-stage
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petrogenetic history is recorded within the magmatic cargo of crystals and magmatic
inclusions.
The final manuscript, titled “Modification of the continental crust by subduction
zone magmatism and vice-versa: Across-strike geochemical variations of silicic lavas
from individual eruptive centers in the Andean Central Volcanic Zone,” was submitted
and accepted to a special issue of Geosciences focusing on continental accretion and
evolution. This manuscript places Cerro Uturuncu into the regional context of the CVZ
and examines the similarities and differences of magma differentiation between young
silicic volcanic centers from the arc-front to the back-arc. This information is used to
shed light on how the continental crust may influence across-arc trends in magma
chemistry. Associated with active eastward subduction of the oceanic Nazca plate
beneath the continental South American plate, the CVZ represents an end member in
subduction zone systems on Earth because the continental crust is thicker (70–80 km)
than at any other convergent margin setting (Beck et al., 1996; Allmendinger et al.,
1997; McGlashan et al., 2008). The centers examined in this manuscript were selected
because of the young and limited range in ages (<1 Ma), quality and availability of
comprehensive data sets (including isotopic data), and similarity in eruptive histories
(i.e., effusive eruptions from andesitic to dacitic composite cones). In addition, we
selected centers that span the range of volcanic activity in the arc, but show a small N-S
coverage area, in order to minimize potential along-arc variations in magma sources and
processes. These restrictions allow for a more focused examination relative to larger
regional studies. Previous regional-scale studies of magmatism in the southern Altiplano
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region documented eastward increases in K 2 O and related incompatible trace elements
virtually identical to across-strike geochemical trends observed at many oceanic island
arcs and continental arcs constructed on thin crust (Feeley, 1993).
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CHAPTER TWO

BACKGROUND GEOLOGY OF THE ANDEAN CENTRAL VOLCANIC ZONE

The Andean Central Volcanic Zone

The Andean Central Volcanic Complex (CVZ; Fig. 1) provides an excellent
location to observe and characterize volcanic deposits. Volcanism within the Andes range
is associated with the subduction of the Nazca plate beneath South America. Variations in
dip angle and crustal thickness have created three distinct zones: the Northern Volcanic
Zone (NVZ), ranging from Columbia to Peru; the Central Volcanic Zone, ranging from
Peru to central Chile; and the Southern Volcanic Zone (SVZ), ranging from central Chile
to southern Chile. The CVZ is the zone in which the Cerro Uturuncu is constructed.
The CVZ back-arc is the type-locality for continental arc volcanism (Feeley and
Davidson, 1994; de Silva, 1989; de Silva and Francis, 1991; de Silva and Gosnold, 2007;
de Silva et al., 2006, 2008; Davidson et al,. 1991; Sparks et al. 2008). The modern central
Andes at 19°–24° S latitude are divided into three north- to north-west striking geological
and upper crustal provinces. From west to east these are: (1) the Western Cordillera: an
active volcanic arc bounded on the west by a westward dipping monocline; (2) the
Altiplano: a broad, elevated plateau (>3800 m) where undeformed late-Miocene and
younger volcanic rocks overlie variably folded and faulted mid-Miocene and older
sedimentary and volcanic rocks; and (3) the Eastern Cordillera: a major east-verging
thrust complex involving Paleozoic to Mesozoic sedimentary and metamorphic rocks.
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The youngest rocks in the southern Altiplano region of the CVZ were erupted
following relatively recent changes in the subduction history of the CVZ. These changes
are related to breakup of the Farallon plate into the Cocos and the Nazca plates, which
increased the rate of subduction beneath the South American plate (Kay et al., 1999;
Somoza and Ghidella, 2005; 2012). Between 15° and 28° S latitude the present day
subduction angle of ~30° allows for an expression of magmatism that is absent from 2° to
15° S where the subduction angle is between 5° and 10° (Somoza and Ghidella, 2005;
2012). Uplift of the Altiplano and thickening of the CVZ crust are believed to be related,
in part, to the recent steepening of the subducting slab (Isacks, 1988; Kay et al., 1999;
2009).
Late Cenozoic to modern volcanic rocks in the CVZ are divided into three groups
based on similarities in composition and eruptive style (Thorpe et al., 1982; Feeley et al.,
1993). First, between 21-24° S, large-volume, regionally extensive ignimbrites erupted
from large caldera complexes on the Altiplano and Western Cordillera in a volcanic
complex known as the Altiplano- Puna Volcanic Complex (APVC; ~10 Ma- 1 Ma;Coira
et al., 1982; de Silva, 1989a; 1989b). These rocks are calc-alkaline, homogeneous dacites
to rhyolites. Second, basaltic andesite to dacite lava flows erupted from 23 Ma to the
present. At 21°–22° S, the largest volumes of these magmas erupted from composite
volcanoes that form the peaks of the Western Cordillera. Baker and Francis (1978)
estimated that the Western Cordillera contains ~3000 km3 of these lava flows. Lava flows
associated with composite volcanoes extend for ~200 km eastward onto the Altiplano,
although volumes decrease sharply to <800 km3. Third, volumetrically minor alkali
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basalts erupted from small monogenetic centers to the east of the arc-front on the
Altiplano north of 21° S (de Silva et al., 1993; Davidson and de Silva, 1995).
The CVZ back-arc volcanic rocks contain a distinct isotopic and geochemical
signature from the arc front. They present with strongly enriched incompatible trace
elements compositions and lower 143Nd/144Nd ratio (<0.5123) and higher 87Sr/86Sr
(<0.705) ratios compared to the arc-front (Fig. 2; Davidson and de Silva, 1995). Isotopic
variation within CVZ is abundant at a local scale suggesting that control of geochemical
variation is basement material and supports a crustal contamination hypothesis creating
the compositional diversity observed in the CVZ (Wӧrner et al., 1992; Mamani et al.,
2008; 2010).
The Altiplano-Puna Volcanic Complex (APVC) extends from 21o-24oS covering
more than 70,000 km2. It composes the largest young ignimbrite complex on earth (de
Silva, 1989). The APVC has a complex magmatic history. Between the late Tertiary and
the late Miocene, magmatism was dominated by effusive andesitic eruptions. The second
phase (late Miocene to present) produced the large ignimbrite complex erupting an
estimated 15,000 km3 of dacitic ignimbrite (de Silva et al., 2006). The ignimbrites of the
APVC are considered a “monotonous intermediate” genre (Hildreth, 1981) in that they
are crystal-rich, high-K, calc-alkaline dacite to rhyodacite with occasional rhyolites and
andesites. Models proposed for the production of these ignimbrites using radiogenic
isotopes and trace elements require at least 30% mantle derived melt mixed with crustal
material between 15-30 km depth (de Silva and Gosnold, 2007; de Silva, 1989a; de Silva
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et al., 2006a; Coira et al., 1993; Ort et al., 1996; Schmitt et al., 2001; Lindsay et al.,
2001a; 2001b).

Cerro Uturuncu

Cerro Uturuncu is an andesite to dacite composite volcano located in the southern
Altiplano region of the CVZ, approximately 120 km east of the arc-front (Fig.1). The
volcano was primarily active between 1Ma and 250 ka (Muir, personal communication).
Volcanic activity remains active at Uturuncu through degassing at the summit, but the
most recent eruption was dated at 250 ka (Muir, personal communication). Construction
of the cone took place in one phase of volcanism erupting approximately 89km3 of
material. Most flows and domes sampled by Sparks et al. (2008) and in this study contain
undercooled andesitic magmatic inclusions that compose no more than a few volume
percent of the host rocks. In many older rocks, magmatic inclusions are rarer (Sparks et
al. 2008). This relationship is similar to that seen at Volcán Aucanquilcha (Klemetti and
Grunder, 2008) and Volcán Ollagüe (Feeley et al., 1993) where magmatic inclusions are
typically more abundant in younger lavas.
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Figure 1. Context map showing the location of Cerro Uturuncu in the Andean
Central Volcanic Zone. Interferograms from interference synthetic aperture radar
(InSAR) are shown in color and correspond to contours of ground deformation in
the line of sight of the satellite radar beam between 1996-2000. The approximate
location of the seismic low velocity zone is shown as the black dotted line (Yuan et
al., 2000), but the area of inferred partial melt is spatially smaller (e.g., Zandt et al.,
2003). GPS stations are shown as blue circles (e.g., Klotz et al., 2001; Kendrick et
al., 2001; Chlieh et al., 2004). Small black dots show the 1113 volcanoes from the
de Silva and Francis (1991) database. Some calderas from the last 10 Ma and active
geothermal fields are shown in yellow (de Silva and Francis, 1991). Selected cities
are labeled in yellow.
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Figure 2. Sr and Nd isotope ratios of CVZ volcanic centers excluding calderas. Centers
are compared to island-arc volcanic rocks (IAV) and the northern and southern Andes
volcanic zones (NVZ; SVZ). Pb isotopes of the same volcanic centers compared to
volcanic material within the North and South Volcanic Arc and subducted Nazca plate
material. From Davidson and de Silva (1992).
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CHAPTER THREE

GENERAL METHODS

In order to address the questions discussed above this study employed a variety of
geochemical methods to characterize Uturuncu magmas and their crystal cargo, on a
variety of scales. These data, combined with existing major and trace element data from
Sparks et al. (2008), was used in the generation of models for magma genesis and
eruption. Bulk-rock isotopic ratios tied to petrogenetic models were used to assess the
overall proportions of magma derived from mantle-derived parental melts by
crystallization differentiation and crustal melting processes. Bulk-rock samples of
Uturuncu volcanic rocks were analyzed for major and trace element compositions at
Washington State University, Pullman. Major and trace element compositions for 121
samples were acquired by X-ray fluorescence spectrometry (XRF) on a ThermoARL
Advant'XP+ automated sequential wavelength spectrometer. Methods and errors for XRF
analyses are described in Johnson et al. (1999). Additional trace element compositions,
including the rare earth elements, for 45 samples, were acquired by inductively coupled
plasma mass spectrometry (ICP-MS) on an Agilent 7700 ICP-MS. Methods and errors
for trace element analyses are presented in detail in Jarvis (1988).
Bulk-rock Nd and Sr isotopic analyses of 30 samples were acquired by Thermal
Ionization Mass Spectrometry (TIMS) on a VG Sector 54, and analyzed by five Faraday
collectors in dynamic mode at New Mexico State University, Las Cruces. Calibration
of 87Sr/86Sr ratios was calculated using the 86Sr/88Sr ratio analyzed at 3.0 V aiming
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intensity and normalized to 0.1194 using NBS 987 Standard (0.710298 + 0.000010) to
monitor the precision of the analyses. Sr was isolated using Sr-Spec resin column
chromatography by the method described in Ramos and Reid (2005). Nd was separated
using REE resin column chromatography using the digested split of prepared sample for
Sr chromatography. Nd isotopes were normalized to 146Nd/144Nd = 0.7219 and results for
JNDi-1 were 146Nd/144Nd = 0.512137 ± 0.000009 for five analyses. Pb isotopes were
separated from the same digested samples used for Sr and Nd isotope ratios. Pb
separations used ~2 mL of anion exchange resin in a high-aspect ratio glass column with
an eluent of 1N HBr and 7N HNO 3 . Purified samples were then dried and re-dissolved in
1 mL of 2% HNO 3 containing 0.01 ppm Tl. Samples were analyzed on a
ThermoFinnigan Neptune multi-collector ICP-MS equipped with nine Faraday collectors
and an ion counter. The standard NBS 981 (208Pb/204Pb ≈ 36.662 ± 0.002, 207Pb/204Pb ≈
15.462 ± 0.001, 206Pb/204Pb ≈ 16.928 ± 0.001) was used for accuracy corrections and to
monitor precision of the analyses. The values measured for NBS 981 were within the
error of published ratios for NBS 981 (Todt et al., 1996) and therefore corrections were
not applied to unknown sample ratios. Given the young ages of all rocks examined in this
study, no age corrections were performed for the radiogenic isotope data.
δ18O values were determined for 30 Uturuncu samples by the laser fluorination
method described by Takeuchi and Larsen (2005) at Washington State University,
Pullman. Quartz and plagioclase phenocryst separates were analyzed twice to insure
reproducibility. The standard UWG-2 was measured with a difference of 0.2‰ from the
published value of 5.89‰ (Valley et al., 1995; Takeuchi and Larsen, 2005). The oxygen
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isotope data for Uturuncu rocks was particularly informative as comprehensive
phenocryst based laser-fusion data exist for Aucanquilcha and Ollagüe volcanoes on and
just east of the arc front (Feeley and Sharp, 1995; Klemetti and Grunder, 2008). Oxygen
isotope values of lavas from the arc front volcanoes demonstrate, on a local scale, the
strong influence that intrusion of mantle-derived mafic magmas can have on modifying
the composition of pre-existing continental crust in lower and upper crustal regions of
melt production.
Major and trace element compositions of plagioclase micro-phenocrysts and
phenocrysts were determined on a JEOL JXA-8500F field emission electron
microprobe/scanning electron microscope (EMPA) with an acceleration voltage of 15 KV
at Washington State University, Pullman using the methods described in Ellis et al.
(2010). Ten to fifteen phenocrysts and five to ten micro-phenocrysts from 30 lava flows
and domes were selected to reduce sample bias. Transects included the core and any rim
15 microns or larger.
Laser ablation multi-collector inductively coupled plasma mass spectrometry
(LA-MC-ICPMS) analysis to determine in situ Sr isotopic ratios of plagioclase
phenocrysts were performed at Washington State University, Pullman. The analyses were
performed using a New WaveTM UP 213 nm Nd: YAG laser ablation system (Jackson,
2001; Neufeld and Roy, 2004) in conjunction with a double focusing Thermo-Finnegan
NeptuneTM MC-ICPMS equipped with nine Faraday collectors and 10-11 Ω resistors.
Ablation trenches of 80 microns in diameter and 800 microns long by approximately 15
microns deep for each analysis. Precision of Sr isotopic ratios is within 0.00001 (Ramos
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et al., 2004). An in-house reference sample, SRP-1 (87Sr/86Sr= 0.70671) was used for
calibration and corrections. Analytical procedures for in situ Sr isotope analysis and
discussion of data quality and corrections have been addressed by Ramos et al. (2004).
EPMA of zones within plagioclase larger than 80 micron in width containing Sr
concentrations between 300 and 1000 ppm allowed analysis of zones for the highest
quality data (Ramos et al., 2004; Ramos and Tepley, 2008). Whenever possible we
combined NDIC imaging (Anderson, 1983; Feeley and Davidson, 1994; Pearce et al.,
1987a; 1987b) and electron micro-probe traverses with laser ablation pits to relate
textural features, major element chemistry and isotopic compositions.
In chapter 5, we describe the results of crystal- isotope stratigraphy studies
performed on plagioclase phenocrysts in rocks spanning the eruptive history of Uturuncu.
We focused on plagioclase phenocrysts from lava flows and domes for the following
reasons. First, plagioclase is a ubiquitous mineral phase in Uturuncu rocks. Second, the
phase typically crystallizes over a broad temperature range, and, therefore, potentially
records a significant part of the cooling history of the magmas. Third, plagioclase
commonly has high Sr contents (partitioning coefficient of 2.84 to 5.28 for dacite and
andesite respectively; Ewart and Griffin, 1994) allowing for isotopic analysis by laser
ablation inductively coupled plasma mass spectrometry. Lastly, plagioclase crystals are
usually large and display textural features such as growth zones, dissolution surfaces, and
overgrowths that are readily identifiable allowing for detailed micro-sampling strategies
(Sparks et al., 2008; Charlier et al., 2006; Davidson et al., 2007; Ramos and Tepley,
2008).
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Crustal differentiation processes at Cerro Uturuncu, Andean Central
Volcanic Zone, SW Bolivia: Insights from in situ Sr isotopic analyses of
plagioclase phenocrysts
The following work is currently in progress to be submitted for publication
Gary S. Michelfelder; and Todd C. Feeley
Department of Earth Sciences, Montana State University, Bozeman, MT, USA
ABSTRACT
Cerro Uturuncu is an andesitic to dacitic composite volcano located in the backarc of the Andean Central Volcanic Zone, SW Bolivia. We present new major and trace
element and Sr isotopic data of plagioclase phenocrysts combined with whole rock Sr
isotope ratio (87Sr/86Sr= 0.71009-0.71653) from Uturuncu lavas and domes.
The isotopic, textural and compositional characteristic of plagioclase phenocrysts
in Uturuncu magmas suggest that these crystals were inherited from isotopically more
evolved continental crust, which was periodically recharged by higher- temperature,
lower 87Sr/86Sr ratio magmas. We identified distinct plagioclase phenocryst populations
reflecting assimilation of continental crust and mixing with less evolved magmas.
Consistent core to rim decreases in 87Sr/86Sr ratios and coincident increases in Sr
concentrations in plagioclase phenocrysts with maximum 87Sr/86Sr ratios of 0.71390.7276 are found in the cores. Minimum ratios of 0.7105-0.7138 are found in rims in
contact with glass. These data demonstrate that open-system processes operating at
shallow crustal depths modified Uturuncu magmas, regardless of the nature of mantle or
crustal sources. Calculated crystal residence times suggests that observed isotopic crystal
heterogeneities could not have existed for more than a few thousand years (20-5500
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years) at inferred magmatic temperatures (790-920°C). The chemical and isotopic
variability observed in Uturuncu plagioclase phenocrysts within single lava flows or
domes suggest that although shallow crustal assimilation and magma mixing appear to
have had limited effects on whole rock chemistry, a complex, late-stage petrogenetic
history is recorded within the magmatic cargo of crystals and andesite composition
magmatic inclusions.
INTRODUCTION
Volcanism in the central Andes (Central Volcanic Zone, CVZ) of Bolivia, Chile,
Peru and northwestern Argentina constitutes the most dramatic example of volcanic arc
magmas modified by thick, continental crust. Few composite volcanoes in the arc have
been studied in detail, and even fewer studies have focused on back-arc centers where the
continental crust may be as thick as 80 km (Beck and Zandt, 2002) and where volumes of
intruded magmas are drastically less than along the arc-front (Baker and Francis, 1978).
Of the studies that are available on back-arc centers, interpretations of processes, sources
and contaminants have largely relied on bulk-rock isotopic and trace element
compositions (Wörner et al., 1988; Ginibre and Wörner, 2007, Mamani et al., 2008;
2010). Bulk compositions of volcanic rocks represent the sum of the components and
integrated effects that define the magmatic system from the source rock to final
crystallization and eruption (Tepley et al., 1999; 2000; Ramos et al., 2005a; 2005b).
However, bulk rock compositions impose inherent limitations on petrologic
interpretations. While it is straightforward to distinguish components in a suite with bulkmineral or bulk-rock data, it is difficult to determine where in the crust magmatic process
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occurred, time-scales of the process, and order of events when multiple processes and
events are suspected (Tepley, 1999; Davidson et al., 2006; 2007b; Ramos and Tepley,
2008).
Differentiated and hybridized magmas often acquire isotopic signatures prior to,
and during differentiation and hybridization in early formed, well-preserved crystal cores
and rims (Davidson et al., 2005; 2007a; Tepley et al., 1999, 2000; Ramos and Reid, 2005;
Ramos and Tepley, 2008). Studies of crystal isotope stratigraphy (CIS; textural, chemical
and isotopic analyses of single crystals and growth zones within crystals) have shown
that sub-mineral scale-trace element compositions and isotopic ratios express more
variation within a single unit than observed in the entire suite of rocks from individual
centers (Tepley et al., 1999; 2000; Davidson et al., 2001; 2007a; 2007b; Ramos and
Tepley, 2008). Isotopic and trace element analyses of individual mineral components in
volcanic rocks have been shown to be extremely valuable in identifying and isolating the
effects of magmatic processes (Davidson et al., 2007; Wolff et al., 1999; Ramos et al.,
2005; Ramos and Tepley, 2008; Ginibre and Davidson, 2014), and record detailed
information on the processes affecting crystallization relative to bulk-rock analyses
(Francalanci et al., 2012). Until recently, CIS studies have focused on large volcanic
systems (i.e. flood basalts and ignimbrites; Ramos and Reid, 2005; Ramos and Tepley,
2008; Ramos et al. 2013) or systems with simple crystal cargos producing aphyric lava
and pyroclastic flows (Tepley et al., 1999; 2000; Davidson et al., 2005; Ginibre and
Davidson, 2014). The plumbing systems for these systems represent simplistic histories
compared to their complex continental arc counterparts. Nevertheless, CIS studies of
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these systems have revealed hidden complexities and complex internal magmatic
architectures (Font et al., 2008; Jerram and Widdowson, 2008) that were previously
unrecognized through bulk-rock geochemistry alone by incorporating textural
information and variation in trace element and isotopic compositions recorded in a single
mineral (Davidson et al., 2005; 2007a; Ramos and Tepley, 2008; Ginibre and Davidson,
2014).
In this study we present CIS data on plagioclase phenocrysts in volcanic rocks
from Cerro Uturuncu (22.15 ° S) in the back-arc of the Andean Central Volcanic Zone
(Fig. 1). The purpose is to investigate, through the application of in situ Sr isotope
analyses, the differentiation pathways that plagioclase phenocrysts record to help define
the dynamics and time-scales of crystal exchange in a complex continental back-arc
system. This paper presents detailed textural studies of plagioclase phenocrysts in
Uturuncu lava flows and domes, together with in situ Sr isotope ratios, to assess
compositional variability and the process of magma differentiation, generation, and
migration.
TECTONIC AND REGIONAL BACKGROUND
Late Cenozoic to modern volcanic rocks in the CVZ are divided into three groups
based on similarities in composition and eruptive style (Thorpe et al., 1982; Feeley et al.,
1993). First, between 21-24° S, large-volume, regionally extensive (~70,000 km2)
ignimbrites erupted from large caldera complexes on the Altiplano and Western
Cordillera (Coira et al., 1982; de Silva, 1989; de Silva et al., 2006). These rocks are calcalkaline, homogeneous dacites to rhyolites. Second, basaltic andesitic to dacitic lava
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flows erupted from 23 Ma to the present. At 21 °–22 ° S, the largest volumes of these
magmas erupted from composite volcanoes that form the peaks of the Western
Cordillera. Baker and Francis (1978) estimated that the Western Cordillera contains
~3000 km3 of these lavas between 21° and 22° S latitude. Lavas associated with
composite volcanoes extend for ~200 km eastward onto the Altiplano, although volumes
decrease sharply to <800 km3. Uturuncu is associated with this group. Third,
volumetrically minor alkali basalts erupted from small monogenetic centers to the east of
the arc-front on the Altiplano north of 21° S (de Silva et al., 1993; Davidson and de Silva,
1995).
Recent magmatism directly underlying Uturuncu involved the regionally
extensive ignimbrites erupted from calderas associated with the Altiplano-Puna Volcanic
Complex (APVC) of de Silva (1989). Located in the center of the CVZ, the APVC
erupted more ~15,000 km3 of crystal-rich ignimbrite over the last 10 m.y. distributed over
an area of ~70,000 km2 (de Silva et al., 2006; Ward et al., 2014). Geochemical studies of
these ignimbrites suggest they are similar in their processes and generation to magmas
erupted at Uturuncu. Mixing of mantle-derived and crustal melts in the middle crust (1530 km depth) and subsequent mixing at 4-8 km depth created homogeneous composition
dacites (Schilling et al., 2006; de Silva et al., 2006; Kay et al., 2010). Geophysical
studies suggest that at 4-15 km depth a laterally extensive (~60,000 km2) seismic lowvelocity zone (LVZ) is centered beneath the APVC known as the Altiplano-Puna
Magmatic Body (APMB; Chmielowski et al., 1999; Zandt et al., 2003; Leidig and Zandt,
2003; Ward et al., 2013; 2014). The APMB has been argued to be of similar volume to
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the APVC ignimbrites, but could be has large as 500,000 km3 (Ward et al., 2014).
Modern surface uplift directly beneath Uturuncu has been modeled to be related to
magma movement from the APMB to the upper crust (Pritchard and Simons, 2002; 2004;
Fialko and Pearse, 2012; Hickey et al., 2012; del Potro et al., 2013; Muir et al., 2014b).
McLeod et al. (2013) described a series of xenoliths and magmatic inclusions
from the Altiplano north of Cerro Uturuncu expressing the diverse compositions of
crustal basement in the CVZ. Xenoliths described in this study include sillimantegneisses, diorites, garnet granulites, granites and garnet quartzites. Sr isotopic ratios for
these xenoliths range from 0.710 to 0.738. The diorites and granites range from 0.710 to
0.713 and the quartzites and schists range from 0.720 to 0.738. A gap in isotopic
composition exists between 0.724 and 0.730 (McLeod et al., 2013).
Cerro Uturuncu
Cerro Uturuncu is a composite volcano located at 22° 15’ S (Fig. 1) in the CVZ of
southwest Bolivia, 125 km behind the modern arc-front. Eruptions from the center were
effusive, producing ~105 geochemically distinct lava flows and domes over ~800,000year eruptive history (Muir et al., 2014b). The volcano overlies Miocene and younger
volcanic rocks and folded and faulted mid-Miocene and older volcanic and sedimentary
rocks (Sparks et al., 2008).
Sparks et al. (2008), Muir et al. (2014a; 2014b), and Michelfelder et al. (2014)
have discussed the volcanic history of Uturuncu in detail. Uturuncu volcanic rocks are
crystal-rich andesites to dacites that dominantly contain plagioclase and orthopyroxene
(OPX) phenocrysts. Muir et al. (2014a) determined from volatile concentrations of
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plagioclase melt inclusions that magma storage ranged from 50-119 MPa, and these
authors suggested this storage system was well homogenized. Magmatic temperatures for
the shallow crustal chamber ranges from 790 to 920° C calculated using Fe-Ti oxide
geothermometry (Sparks et al., 2008; Muir et al., 2014a).
Magma mixing and mingling dominates the petrogenic processes at Cerro
Uturuncu based on bulk rock major- and trace- element trends (Sparks et al., 2008).
Observations by Sparks et al. (2008) of reversely zoned OPX phenocrysts and complex
chemical zoning in plagioclase provided further evidence to these authors that magma
mixing was important in the generation of Uturuncu magma, but could not constrain the
location or timescales of the events. In combination with geophysical evidence from
current deformation, a hot zone/ MASH zone (Hildreth and Moorebath, 1988; Annen et
al., 2006) beneath the volcano was suggested to be the location where mixing occurred.
These authors suggested that dacitic magmas accumulate at the top of the hot zone and
periodically rise to form shallow chambers at 4-8 km depth (Sparks et al., 2008;
Henderson et al., 2013; Muir et al., 2014a; 2014b).
RESULTS
Petrography and Bulk-Rock Geochemistry of Uturuncu Lavas and Domes
Texturally, Uturuncu lava flows and domes are porphyritic to seriate. Domes are
occasionally hiatal. Some lava flows have ophitic and poikilitic textures observed in
orthopyroxene (OPX) and plagioclase phenocrysts. Glomerocrysts containing OPX, FeTi oxides and plagioclase with rare olivine are present in some lava flows. Modal
compositions of Uturuncu volcanic rocks are variable in crystal content but restricted in
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mineral assemblage (Fig. 2). In all lava flows and domes, phenocrysts volumes range
from 30-53% total volume. Phenocrysts include plagioclase (An 42-94 ) > OPX (En 45-83 ) >
biotite >> quartz, Fe-Ti oxides, and trace clinopyroxene (CPX), and hornblende and
olivine in quenched micro-inclusions (Fig. 2). Nearly all OPX crystals show some
zoning. Chemically unzoned OPX are only associated with glomerocrysts and in
groundmass crystals. OPX crystals are Ca- poor at (Wo 06 or less) and represent two
zoned populations (Sparks et al., 2008). The first contains Mg-poor cores (En 55 ) and
reverse zoned rims (En 65-75 ), and the second population contains Mg- rich cores (En 65-80 )
and normally zoned rims (En 50-705 ). Reaction rims of Fe-Ti oxides and OPX typically
surrounds biotite phenocrysts over 0.5 mm. Quartz and olivine phenocrysts and
microphenocrysts typically exhibit resorption textures suggesting they are most likely
xenocrysts or antecrysts.
Groundmass of the lava flows and domes are hyalopilitic with mineral phases
similar to phenocryst phases. Additional phases in the groundmass include glass, trace
zircon, apatite, and occasional olivine. Groundmass plagioclase (An 45-85 ) crystals do not
exhibit sieving observed in phenocrysts. Groundmass plagioclase and OPX (En 46-75 )
crystals occasionally show zoning and dissolution surfaces. Vesicles comprise
approximately 8-23 % of the mode in domes interiors and 0-12 % in lava flows. Sparks et
al. (2008), Michelfelder et al. (2014) and Muir et al. (2014b) describe the textural
differences between the lava flows and domes in detail, and as such these are not
discussed here.
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Figures 3, 4 and 5 illustrates bulk rock major- and trace- element compositions of
lava flows, domes and inclusions. The suite as a whole define a high-K, calc-alkaline
suite (Figs. 3 & 4). SiO 2 ranges from 61-67 wt.% for the lava flows and domes, 53-64
wt.% for the magmatic inclusions and 78-79 wt.% for the xenoliths (Fig. 3). For the suite
as a whole, contents of CaO, FeO*, MgO, TiO 2 , MnO, Yb, Sr and Cr decrease, whereas
Na 2 O, K 2 O, P 2 O 5 , La, Zr, Ba and Rb increase with increasing SiO 2 contentss (Figs. 4 &
5). LIL-element concentrations for Uturuncu volcanic rocks are enriched compared to
other centers well-studied composite volcanoes in the CVZ (Mamani et al., 2008; 2010;
Michelfelder et al., 2013; 2014).
The compositional variation and trends observed highlight petrologic processes
affecting the evolution of Uturuncu magmas. The linear trends observed in major element
compositions and the divergent linear trends in MgO, La, Sr, Y and Yb suggest multiple
sources during magma evolution (Michelfelder et al., 2014). The linear trends are
interpreted to reflect magma mixing as the dominant process in the generation of
compositional diversity of lavas and domes at Uturuncu. Magmatic inclusion
compositions are an extension of this trend at lower SiO 2 contents.
Table 1 presents and Figure 6 illustrates radiogenic bulk-rock Sr and Nd isotopic
ratios of lavas and domes. The range in 87Sr/86Sr (0.71009-0.71653) and 143Nd/144Nd
(0.51215-0.51225) isotopic ratios for Uturuncu rocks is small compared to the range
observed across the CVZ (Davidson et al. 1990; Mamani et al., 2008; 2010). In
comparison with other individual CVZ composite volcanoes, Uturuncu rocks have
higher 87Sr/86Sr ratios and lower 143Nd/144Nd ratios. These lava flows and domes are more
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similar to ignimbrites erupted from Cerro Panizos on the eastern Altiplano (Ort et al.,
1996; Schmitt et al., 2001; de Silva et al., 2006). The 87Sr/86Sr isotopic compositions for
the inclusions overlap the lowest ratios measured in the host lavas and domes (Fig. 6)
suggesting extensive crustal contamination of the most mafic magmas present at this
volcano.
Magmatic Inclusions
A common occurrence in Uturuncu volcanic rocks is the presence of magmatic
inclusions. Individual lava flows vary greatly in the volume of magmatic inclusions
ranging from ~0- 4%. Three general populations of inclusions exist in Uturuncu lava
flows and domes. Mineralogically and petrographically inclusions exhibit similar modes
to the lavas and domes. With the exception of inclusions defining population 3,
inclusions typically lack quartz and biotite and contain a higher volume of CPX and
olivine compared to the host lava flows and domes.
The first population of inclusions is ellipsoidal with a porphyritic to hiatal texture
and contains a thick, vesicle-free, glassy rim with vesiculated interiors. These inclusions
are characterized by euhedral to subhedral parageneitcally early phenocrysts of OPX and
plagioclase in varying proportions. Plagioclase phenocrysts range in size from 0.25 mm
to 1.5 mm along the long axis. Large plagioclase phenocrysts are interpreted as
xenocrysts or antecrysts because they contain cores riddled with abundant, irregular
shaped glass inclusions and euhedral rims and oscillatory zoning patterns similar to those
observed in the host lava flows and domes. The groundmasses of these inclusions are
hyalopilitic and are composed of microlite- sized (<0.25 mm) plagioclase crystals and Fe-
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Ti oxides in a glassy matrix. These inclusions are the most common type observed, and
range in size from micro-inclusions (<3 mm) to ~5 cm in diameter although occasional
larger inclusions were observed.
The second population of inclusions are non-vesiculated basaltic-andesite clots,
containing plagioclase > OPX > Fe- Ti oxides > olivine > amphibole + clinopyroxene.
Hiatal to intergranular crystal sizes dominate this population of inclusions. The second
population of inclusions lack glassy rims in contact with the host lava flow or dome as
described above. The contacts of the inclusions are angular and defined by crystal
boundaries. Crystal sizes range from microlite- size to crystals ~1.5 mm along the long
axis. Inclusion size varies from micro- inclusions (<3 mm) to ~10 cm in diameter. Hand
specimen size samples of this inclusion population were only observed in two lava flows,
although these inclusions may have been overlooked due to their similarity in color to the
host lavas when weathered. Two additional lava flows and one dome contain microinclusions of this population.
Non-vesiculated micro-inclusions are distinct from the glomerocrysts observed
lava flows and domes due to their crystal size and presence of rare amphibole. OPX
phenocrysts are similar in size to the plagioclase though chemical zoning is not present.
Some plagioclase phenocrysts show sieving and dissolution surfaces and all crystals over
0.5 mm contain growths zones. A reaction rim of OPX typically surrounds olivine
phenocrysts. The groundmasses of the non-vesiculated inclusions are intergranular to
hyalopilitic and are composed of microlite-sized acicular lath of plagioclase and blocky
OPX.
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Vesiculated and non-vesiculated magmatic inclusions (population 1 and 2) are
common features observed in CVZ volcanic rocks as well as at other intermediate
composition volcanic systems around the world (Bacon, 1986; Feeley et al., 1993; 2008).
Magmatic inclusions, with or without vesiculation, are suggested to represent blobs of
mafic magma quenched in cooler, more silicic magma due to the processes of magma
mixing and mingling (Bacon, 1986; Michelfelder et al., 2014).
The third population of inclusions observed does not exhibit the same mineralogy
as the host lavas and domes. This population is dominantly hypidiomorphic to
allotriomorphic granular with trace to rare glass (0-0.5 %). Plagioclase and quartz
dominate the mode of these inclusions with trace OPX and biotite. Plagioclase crystals
are clear with no growth zones or dissolution surfaces observed. Quartz crystals show
resorption along the corners of the crystals. Margins of these inclusions are angular and
defined by the crystal boundaries. Textures observed in this population of inclusions
suggest the inclusions are xenoliths (Michelfelder et al., 2014).
Sparks et al. (2008) described two additional xenolith populations have a similar
textures to inclusions in population 3 of this study. These authors interpreted observed
quartz-rich xenoliths to represent crustal partial melting of rocks trapped in a MASH
zone (Annen et al., 2006). It is our interpretation that xenoliths observed in this study
represent basement rocks interacting with Uturuncu magmas during migration and
differentiation. These xenoliths may represent the residue of a granodiorite or Paleozoic
sedimentary crustal contaminant beneath Uturuncu.
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A fourth inclusion population described by Sparks et al. (2008) and was not
observed in this study. These authors describe a noritic composition xenolith population
found in multiple lava flows sampled in the study. These xenoliths contain mineral
assemblages and a similar mineral composition to those observed in the lava flows and
domes (Sparks et al., 2008). The adcumulate textures observed in these xenoliths
suggested to these authors that these xenoliths represent adcumulates of early-formed
crystals that segregated from hotter, less evolved residual magma related to the Uturuncu
magmas (Sparks et al., 2008).
Nomarski Interferometry
Nomarski interference contrast imaging (NDIC) is a powerful tool for visualizing
textural and zoning patterns in plagioclase phenocrysts and microphenocrysts (Anderson,
1983). The imaging techniques uses plane polarized reflected light to enhance surface
relief created by etching plagioclase with compositional zoning. NDIC images of typical
Uturuncu plagioclase phenocrysts presented in Figure 7. They reveal four textures
common in the crystal history (1) crystal growth zones, (2) resorption surfaces
characterized by rounding of edges and corners and partial to complete removal of
growth surfaces, (3) partial resorption (sieving) in the core or rim of a phenocryst, and (4)
partial resorption in both the core and rims of the phenocryst. Dissolution surfaces in
plagioclase phenocrysts are characterized by a sequence of crystal boundaries with
rounding of euhedral crystals to complete removal of crystal faces. Incomplete
dissolution results in a sieved-texture where micrometer- scale channels of glass cut
through the crystal, resulting in the appearance of pitting or glass in the crystal (Tepley et
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al., 1999; 2000; Davidson and Tepley, 2003). Growth zones reflect crystallization under
equilibrium or near equilibrium conditions.
Three examples of plagioclase phenocrysts from a single lava flow represent the
variety of textures observed in plagioclase phenocrysts from Uturuncu volcanic rocks.
The largest crystal of the three [DM15P5; 2.3 mm] exhibits complete and incomplete
dissolution surfaces and subsequent growth zones. Dissolution surfaces are irregular, and
on some surfaces, truncation of growth zones by dissolution creates an asymmetrical
appearance to the crystal (Fig. 7). Sieving in the core represents partial dissolution
immediately following the crystal being added to the melt or growth of the crystal. The
growth zone in contact with surrounding glass is clear and sharp (no sieve textures) and
with only minor dissolution at the corners of the crystal.
The medium sized crystal [DM15P9; 0.4 mm] exhibits multiple irregular
dissolution surfaces suggesting multiple periods in thermal disequilibrium with the host
melt (Fig. 7). Micron-scale growth rims are only present in the rims closest to the glass.
No sieving is present in the core of the crystal. A single dissolution surface is observed
between the core and clear growth rims in the smallest crystal of the three [DM15P3;
0.25 mm]. Closer examination, however, reveals rolling crystal surfaces overlain by
faceted growth zones that tend to restore a euhedral to subhedral crystal shape (Fig. 7).
Electron-Microprobe Analysis (EMPA)
One of the most distinctive features observed in EMPA traverses across zoned
plagioclase crystals is punctuated changes in anorthite (An) content (McGee et al., 1987;
Tepley et al., 2000). Figure 8 illustrates and Table 2 presents a compilation of
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representative traverses across plagioclase phenocrysts. Most crystals show sharp
variations in An content along the traverse (Fig. 8). Variation is randomly spaced and
variable in magnitude. There is no correlation between crystal size, number of zones and
magnitude of An variation.
Compositions of phenocryst cores range from An 42 to An 94 and are heterogeneous
within a single lava flow or dome (Fig. 9) and show no correlation of size of the crystal
core and An composition (Fig. 8). Phenocryst rims typically show more variation in a
single lava flow or dome than is observed in cores from the same unit ranging from An 39
to An 87 . Plagioclase phenocrysts can be assigned to one of four textural and
compositional types: (1) normally zoned; (2) reversely zoned; (3) oscillatory zoned; or
(4) unzoned. Normally zoned phenocrysts have cores ranging from An 46 to An 94 and
decrease in An content toward the rims (An 39 to An 80 ). Reversely zoned crystals contain
the lowest An contents in the cores (An 42 to An 75 ) and higher An content toward the rim
in contact with glass (An 60 to An 87 ). Crystals exhibiting an oscillatory zoning pattern
range in composition from An 46 to An 94 and show no trends in composition from core to
rim.
87

Sr/86Sr Crystal Isotope Stratigraphy
Table 2 and Figures 8, 10 and 11 presents Sr isotopic variation in Uturuncu

plagioclase phenocrysts. Plagioclase phenocrysts from Uturuncu lava flows and domes
have variable Sr concentrations, and 87Sr/86Sr ratios are in disequilibrium with the bulk
rock and across the volcanic history (Table 2; Fig. 11). Similar studies of large magmatic
systems, plagioclase phenocrysts cores, show more variation within a unit than is seen in
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bulk-rock analyses for the volcanic suite (Davidson et al., 2007b). The variation observed
is remarkable because Sr isotope ratios in Uturuncu phenocrysts exhibit in a single lava
flow than is observed in the suite of Uturuncu bulk-rock Sr isotope compositions (Fig.
11; Feeley and Davidson, 1994; Grunder et al., 2008; Mamani et al., 2008; 2010; Ginibre
and Wörner, 2007). Bulk-rock Sr isotopic ratios typically fall in the range observed in the
phenocryst cores for a given unit (Fig. 11).
Two units show a unique relationship of the bulk-rock Sr isotopic composition to
the plagioclase Sr isotopic composition. Units UTDM90 (Figs. 10 & 11) and GSM29
(Fig. 11) contain plagioclase cores and rims that are restricted ranging
from 87Sr/86Sr=0.7123 to 0.7135 and 87Sr/86Sr=0.7131 to 0.7140 respectively. The bulkrock ratios for these units are 87Sr/86Sr= 0.710088+11 and 87Sr/86Sr= 0.711490+09. The
rims of these crystals exhibit the greatest range of isotopic disequilibrium with the bulkrock observed. Each of the crystals analyzed by EMPA and LA-MC-ICP-MS exhibit
dissolution surfaces with no new growth zones on the outer edge of the crystal. This unit
also contains abundant micro-inclusions and glomerocrysts containing olivine and CPX.
Olivine and CPX are phases that are rare Uturuncu lava flows and domes. The second
distinct population of crystals, observed in unit UTDM108, displays a bimodal
distribution of isotopic ratios within the crystals rims and cores. The populations are
distinct from the bulk-rock and each other, and contain only minor variation within a
population. The first population contains lower Sr isotopic ratios ranging from 87Sr/86Sr=
0.7105-0.7107 with the core and rim for each crystal within analytical error (Fig. 10). The
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second population contains higher 87Sr/86Sr ratios (87Sr/86Sr= 0.7130-0.7139) with the
cores and rims of each crystal within analytical error.
Four different core to rim profiles are observed. Core Sr isotopic compositions
range from 87Sr/86Sr=0.7098 to 0.720 with a dominant population ranging
from 87Sr/86Sr=0.7129 to 0.7139 (Fig. 12). Observed in phenocryst rim profiles are four
general trends: normal zoned, reverse zoned, oscillatory zoned, and isotopically unzoned.
Normal zoned profiles contain the lowest 87Sr/86Sr ratio in the close to the core and ratios
become higher towards the rim in contact with the melt. Reverse zoned profiles are
opposite of normally zoned profiles with the highest ratio close to the core and the lowest
ratio in contact with the melt. Oscillatory zoned profiles oscillate between higher and
lower ratios from the core to the rim in contact with the melt. The final profile trend are
isotopically unzoned phenocrysts that are within analytical error between the core and the
rim. These four trends do not necessarily correlate to the trend observed in the major
elements for the same crystal; and suggest that the trends observed in both the major
elements and the Sr isotopic ratios are produced by magmatic process and not as a result
of diffusion.
DISCUSSION
Assimilation Fractional Crystallization and Magma Mixing/ Mingling Modeling
Whole Rock Modeling
The lavas and domes have a large range of 87Sr/86Sr ratios for a narrow range
of 143Nd/144Nd ratios (Fig. 6). Assimilation of crustal rocks with high 87Sr/86Sr ratios but
similar 143Nd/144Nd ratios explains the observed trend. Figure 13 illustrates six scenarios
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using different composition contaminants and different partition coefficients dependent
on the crustal composition.
There is very little information about the composition of the crust beneath Cerro
Uturuncu. Michelfelder et al. (2013) suggest that the composition must be old (Paleozoic
or older), felsic composition crust that is plagioclase-stable and garnet-unstable. These
conclusions were based on high bulk-rock 87Sr/86Sr ratios (0.71009-0.71653),
low 143Nd/144Nd ratios (0.51215-0.51225) and low LIL/HFS element ratios (ex. Sr/Y<20;
Michelfelder et al., 2013). Based on these conclusions, two crustal contaminants were
selected, one representing a lower crustal composition and the second an upper crustal
composition. The compositions of these contaminants used in the model are presented in
Table 3. The lower crustal contaminant composition used is a garnet-sillimanite-gneiss
xenolith described by McLeod et al. (2013) from the southern CVZ. This composition
was selected because of petrographic and geochemical similarities to the sillimanitegneiss xenoliths described by Sparks et al. (2008) in Uturuncu lavas. The upper crustal
contaminant used in the models is Paleozoic granite from Sierra de Moreno described by
Lucassen et al. (1999). These granites are petrographically similar to a xenolith described
by Michelfelder et al. (2014) and expresses crustal isotopic signatures and LIL/HFS
element ratios that are within the compositional range required by the Michelfelder et al.
(2013) model for the contamination of Uturuncu magmas. Two primitive basalt
compositions were contaminated with lower and upper crustal compositions: one from
Davidson and de Silva (1995) for basalts from the central Altiplano. The second basalt
composition was reported by Hernando et al. (2014) for pre-caldera basalts from the
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Payún Matrú volcanic field in western Argentina’s Southern Volcanic Zone (SVZ).
Primitive mafic volcanic rocks in the southern CVZ are extremely rare, but some lava
flows and dikes have been described in the central Altiplano by Davidson and de Silva
(1995). This study described a primitive basalt from the Chiar Kkollu sill north of Uyuni,
Bolivia. This sill is the geographically closest primitive mafic composition rock to
Uturuncu, but is much older in age at 22.16 Ma (Davidson and de Silva, 1995). Mafic
compositions from the same area that are closer in age to Uturuncu (~1 Ma) are basaltic
andesite in composition. When modeled with the compositions described for the upper
and lower crust above similar curvilinear trends to the Chiar Kkollu sill forms. The Payún
Matrú volcanic field lava described by Hernando et al. (2014) is representative of mafic
lava flows and domes erupted in the SVZ. It is assumed that there is little or no along arc
variation in the composition of mantle melts between the CVZ and the SVZ in the model.
Model curves labeled AFC (D=1.7) and AFC (D=1.5) simulate the effects of
differentiation of two potential parental magma compositions contaminated by a highly
evolved crustal contaminant (Fig. 13). Bulk distribution coefficients of 1.5 and 1.7 are
high for andesites, but the decrease of Sr content with increasing SiO 2 content and in
increase of Rb/Sr ratios with increasing 87Sr/86Sr ratios suggest that Sr was compatible
during differentiation. The curve AFC (D=0.1) simulates the effects of differentiation in
the lower crust compared to curves for the upper crust. A bulk distribution coefficient of
0.1 is considered appropriate for this composition. We suggest this based on regional
studies that have shown that increases in Sr/Y ratio associated with decreases in 87Sr/86Sr
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ratios reflects incompatibility of Sr in garnet- stable/ plagioclase- unstable- hybridized
crust (Feeley, 1993; Kay et al., 2010; Michelfelder et al., 2013).
87

Sr/86Sr and 143Nd/144Nd ratios for Uturuncu lavas and domes form an array

consistent with assimilation of radiogenic basement rocks with relatively non-radiogenic
Nd and radiogenic Sr (Fig. 13). High Rb/Sr ratios suggest that these basement rocks were
also felsic in composition as opposed to noritic, as suggested by the presence of noritic
composition xenoliths described by Sparks et al. (2008). Subsequent magma mixing
between the hybrid magmas after contamination events can account for the limited
compositional range observed in Uturuncu lavas and domes and incomplete
mixing/mingling accounts for the presence of the magmatic inclusions observed in this
study and by Sparks et al. (2008) that are similar in composition to Uturuncu lavas. High
silica, quartz-feldspathic xenoliths, observed in this study, and similar to xenoliths
interpreted by Sparks et al. (2008) to be remnants of a crustal hot zone could represent
this contaminant. However, isotopic compositions of these xenoliths are too similar to the
lava and dome ratios for Sr isotopes for this to be a viable hypothesis.
Origin of Major-Element Zonation in Plagioclase Phenocrysts
Variations of An content in plagioclase are a well-documented phenomena that
have been described at many CVZ volcanic centers and other arc magmatic systems
globally (Feeley and Hacker, 1995; Feeley and Dunagen, 1996; Tepley et al., 2000;
Singer et al., 2008; Davidson et al., 2008; Ginibre and Davidson, 2014). Small-scale
changes in An content have been proposed to be related to diffusion associated growth at
near equilibrium conditions (Singer et al., 1995; Davidson et al., 2001; Zellmer et al.,
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1999; 2000; 2003; 2011); while larger-scale variations have been related to open system
processes or changes in pressure or volatile contents (Pearce et al., 1987a; Muir et al.,
2014a; Davidson et al., 2001; Zellmer et al., 1999; 2000; 2003; 2011). Muir et al. (2014a)
suggested that the variation of An content and crystal size distribution of phenocrysts in
Uturuncu lavas and domes reflect crystal nucleation and growth in the upper crust,
producing crystal compositions that have many short periods of undercooling followed
by equilibration. These authors concluded that these processes remained relatively
constant throughout the eruptive history of Uturuncu (Muir et al., 2014a).
In principle, closed system processes of fractional crystallization and magma devolatilization can produce the zoning textures described above and by Muir et al. (2014a)
during magma migration through the crust.Without additional information, open system
processes cannot be definitively determined by the zoning and An content variation alone
(Tepley et al., 2000). However, Sr isotopic ratios, Sr concentration variation across
plagioclase phenocrysts and linear bulk rock compositions suggest it is unlikely that
closed system processes created the geochemical diversity observed in Uturuncu volcanic
rocks and plagioclase phenocrysts. The repetitive large-scale fluctuations in An content
across plagioclase phenocrysts indicate open-system, magma mixing and mingling in
conjunction with or in isolation of AFC events. The closed system processes suggested
by Muir et al. (2014a) may play a role in An content variations but only in response to a
magma mixing event on a localized scale.

71
Origin of Single-Crystal Isotopic Variation
Core- to rim variation of 87Sr/86Sr isotopic ratios are observed in many plagioclase
phenocrysts from Uturuncu lavas and domes. Few crystals show no variation within
analytical error and these are typically found in an individual sample (UTDM90 and
GSM29). The presence or lack of isotopic zoning seems to be independent of crystal size,
bulk rock composition, or 87Sr/86Sr ratios in the core of the phenocryst (Fig. 8).
Explanations for these variations between crystals in a single lava flow or dome must
account for disequilibrium with the whole rock and explain the textural and
compositional features created during crystal growth. Core to rim variation in 87Sr/86Sr
can be explained three ways: (1) crystal growth in magma periodically recharged with
magmas with a lower 87Sr/86Sr ratio; (2) crystal growth in a magma contaminated by
country- rocks with differing 87Sr/86Sr isotopic ratios; and (3) self-mixing of the magma
through convection in a heterogeneous magma reservoir.
Crystal Growth in a Periodically Recharged Chamber
Some isotopic variation found in plagioclase phenocrysts record crystal growth in
magma with higher 87Sr/86Sr ratios to which periodically magma with lower 87Sr/86Sr
isotopic ratios was added (Fig. 14). The addition of magma with lower 87Sr/86Sr ratios
could be the cause of the change of volatile concentrations observed in melt inclusions
and temperature fluctuations observed by Muir et al. (2014a; 2014b).The same model
could also be used for a second crystal population nucleated in the magma with
lower 87Sr/86Sr isotopic ratios recharging the chamber producing a normally zoned
phenocryst population. Major element variations across the crystals record the rapidly
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changing magmatic conditions of this mixing process and the dissolution surfaces record
that these magmas were in thermal and chemical disequilibrium. Spikes in An content are
often interpreted to reflect changes in the compositional and thermal environment during
crystallization. These spikes record recharge events with hotter more mafic magma
(Tepley et al., 1999; 2000). If the hypothesis that intra-crystalline isotopic variations are
the result of crystal growth in a progressively recharged magmatic system is correct, it is
reasonable to assume that the largest crystals with the most complex zoning patterns have
longer residence times in a shallow magmatic system. In addition to having the longest
residence times, the largest, most complex crystals may record processes taking place
prior to the recharge event that introduced the crystal to the hybridized chamber such as
contamination by the country rock or tracer diffusion and self- mixing in a larger
magmatic reservoir. Crystals that are smaller or show less variation nucleated and grew
later in the development of the magma relating to a volcanic unit (just prior to eruption)
and record the conditions under which that crystal nucleated.
Tepley et al. (2000) proposed a similar model for El Chichón Volcano in Mexico.
The magmas that erupted in the 200 ka and the 1982 eruptions are similar in bulk rock
compositions, but contain heterogeneous plagioclase phenocrysts that are in
disequilibrium with bulk rock compositions. These authors concluded that magma mixing
was efficient prior to eruption, and multiple chambers each acted independently in the
system then mixed into a single chamber just prior to eruption. The pathways of
individual crystals record the isotopic heterogeneity of the zones. Similar to Uturuncu,
each unit is unique at El Chichón, but the processes of early wall rock contamination
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followed by rapid magma mixing are consistent throughout the lifespan of the volcano
(Tepley et al., 2000; Davidson et al. 2007a).
Crystal Growth in Magma Progressively Contaminated by Country-Rock
An alternative explanation to the recharge model is that the core- to rim changes
in 87Sr/86Sr isotopic ratios result from phenocryst growth in a magma progressively
contaminated by an assimilant with higher or lower 87Sr/86Sr ratios compared to the
magma. The known and plausible contaminants beneath Uturuncu have compositions that
vary widely. High-silica quartz-rich xenoliths with bulk rock isotopic ratios ranging from
0.71368 to 0.71455 have been described by Michelfelder et al. (2014) while other
xenoliths described by Sparks et al. (2008) and Muir et al. (2014a; 2014b) range from
norite to sillimanite gneiss. Currently, no isotopic data is available for these xenoliths.
Additionally, pressures of homogenization and storage calculated by Muir et al. (2014a)
suggest local ignimbrites with 87Sr/86Sr ratios range from 0.7059 to 0.7083 (Schnurr et
al., 2007) as a possible contaminant source during ascent. Populations of crystals with an
increase in 87Sr/86Sr ratios from core to rim could have been produced by assimilation
fractional crystallization processes. Fluctuations of these ratios could have been produced
by multiple contaminants interacting with the magmas during migration. This process
does not account for the dissolution surfaces observed in rims or the sieving textures that
occur late in the crystals residence time. The dissolution surfaces between the core and
growth zones and sieving in the core would require the cores to be xenocrysts, added to
the magma from the contaminant early in the contamination event.
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Self-Mixing
An alternative argument is that these crystals nucleated in a large compositionally
homogeneous, but isotopically heterogeneous crystal mush reservoir. Crystals migrated
slowly through this compositionally zoned body and would require incorporation of the
crystals into a shallow hybridized chamber just prior to eruption creating the diversity
found in each unit. Crystals that contain these profiles commonly contain dissolution
surfaces and sieving in the rims that would require incorporation of the crystal into a
hotter isotopically unique magma throughout the crystals residence in the system.
Muir et al. (2014a) attributed local variations in matrix glass and melt inclusion
chemistry within Uturuncu lavas and domes to variability in the crystallization pathway
of plagioclase, biotite and orthopyroxene in an andesitic crystal mush. These authors
attributed this local variation to distributed pockets of melt that do not communicate
chemically. Annen et al. (2006) proposed this model for the formation of mid-crustal hot
zones. Melt inclusion and glass compositions in Uturuncu lavas and domes determined
by Muir et al. (2014a; 2014b) and Sparks et al. (2008) suggest that the glass and mineral
compositions reflect only local smaller scale processes while bulk rock trends reflect
larger scale processes at greater depths.
Timescales of Magmatic Processes at Cerro Uturuncu
We now address the question of whether repeated sampling of the magma system
took place throughout the eruptive history of Uturuncu. Diffusion of Sr acts to eradicate
isotopic disequilibria between crystals and melt. Good spatial resolution of 87Sr/86Sr ratio
and Sr concentration variation may also provide information about time as well as
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process. Zellmer et al. (1999; 2003; 2011) suggest that Sr concentrations in plagioclase
can be used to determine maximum crystal residence times and similar arguments have
been suggested to apply for Sr isotopes (Davidson et al., 2001; Ramos et al., 2005b) with
the additional assumption that equilibrium conditions across a crystal are uniform. This
method measures the width of the zone across which 87Sr/86Sr ratios or Sr concentrations
change, and given reasonable estimates of diffusion coefficients; it is possible to obtain
residence time (Davidson et al., 2001; equation on page 441). Temperatures of Uturuncu
volcanic rocks, measured by Fe-Ti oxide geothermometry, range from 790-920 °C (Muir
et al., 2014a). Appropriate Sr diffusion coefficients (D Sr ) for andesite to dacite melts are
between 9.92 x 10-15 and 1.42 x10-13 cm2s-1 (Giletti and Casserly, 1994; Cherniak and
Watson, 1994) for plagioclase compositions ranging from An 40 to An 90. Using the
relationship between D Sr , time and distance between compositional variation, residence
times between magma mixing events (represented by dissolution surfaces) range from
20-1500 years for zoned plagioclase phenocrysts in Uturuncu lavas and dome. A
calculated total residence for the crystals are between 5000 and 6000 years which is in
agreement the calculated repose interval between eruptions suggested by Michelfelder et
al. (2014) of ~6000 years. The variability in estimates reflects uncertainty in magmatic
temperatures between events and therefore variation in D Sr . It is possible that these
crystals could have been held at magmatic temperatures for hundreds of years prior to
local equilibration resulting in a more defined dissolution surface and marked change
in 87Sr/86Sr ratios and subsequent shorter calculated timescales. These residence times
though constrain plagioclase to a maximum of a few thousand years at magmatic
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temperatures and suggest that assimilation of thermally mature crust occurs on short
timescales. These timescales agree with the conclusions by Muir et al. (2014a; 2014b)
that mixing events occurred on short timescales. These authors concluded that the
variable temperatures recorded in Fe-Ti oxides require mixing triggering eruption within
weeks to months of the event to prevent re-equilibration of the Fe-Ti oxides.
Short timescales between magmatic events with or without eruptions associated
with complex mineral zoning patterns particularly in plagioclase is common. Other young
silicic centers in the CVZ have similar short timescales producing large crystals. Crystal
residence times a few hundred years based on Sr diffusion in potassium feldspar
megacrysts were described at Taapaca Volcano in northern Chile (Zellmer, 2003). Ramos
et al. (2013) found that residence time for plagioclase in the various members of the
Columbia River Flood Basalts exists for only 5-50 years prior to eruption.
Model of Contamination and Recharge
A model for the magmatic plumbing system beneath Cerro Uturuncu requires
changing isotopic conditions between eruptive units and the plagioclase compositional
and isotopic data. The simplest explanation for the similarity in bulk rock isotopic ratios
and heterogeneity in plagioclase phenocrysts is that phenocrysts resided in multiple
interconnected magma chambers and mixed into a single shallow chamber just prior to
eruption. Isotopic disequilibrium between zones within a single phenocryst and between
multiple phenocrysts in the same unit reflect nucleation, growth and dissolution at
various times in magma of changing isotopic and chemical composition as the magma
migrates through the crust.

77
An implication of this model is that processes within each chamber are similar
and that each is initiated and maintained for a finite time, by similar composition
recharging magmas. We assume that mafic recharge magmas with low 87Sr/86Sr ratios,
similar to mafic lava flows observed at volcanic centers north of 21 °S, continually
migrate through the crust, reach buoyancy equilibrium, and starts the contaminationhybridization process anew. The plumbing system beneath Uturuncu is a system with
multiple magma chambers, some active, and some in repose as the system evolves. The
diversity of the crystal compositions requires that some of these chambers are
interconnected with magma passing through one to another creating a complex magmatic
system while maintaining restricted bulk rock compositions.
Given that crustal heating must have accompanied more than 25 m.y. of
volcanism in the CVZ, significantly more evolved and more radiogenic Uturuncu lavas
and domes bulk rock compositions relative to the arc-front centers suggest greater
amounts of differentiation. Highly radiogenic plagioclase phenocryst core and rim
compositions observed in multiple lava flows and domes across the eruptive history
require the presence of a radiogenic contaminant throughout the migration pathway. Such
materials are rare for APVC ignimbrites, but common are in Paleozoic granites in NW
Argentina and northern Chile (Lucassen et al. 1999; 2001). Plagioclase isotopic
signatures, however, indicate the transition between less radiogenic 87Sr/86Sr ratios and
more radiogenic signatures and vice versa. Bulk-rock isotopic ratios of Uturuncu lavas,
domes and inclusions overlap the range of plagioclase phenocrysts for all but two lava
flows and are presumably the result of assimilation of radiogenic crust prior to and during
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mixing. This observation supports the assertion that Uturuncu magmas represent a
continuation of geochemical and isotopic modification of CVZ magmas resulting from
continued crustal assimilation (Fig. 13; Michelfelder et al., 2013).
Ramos et al. (2013) suggests that plagioclase phenocrysts are predictive in nature,
and more radiogenic phenocryst compositions become signatures of the future bulk rock.
Short residence times of phenocrysts support a petrogenic history in which Uturuncu
magmas did not spend sufficient time at shallow depths that would allow for significant
crystal fractionation. In contrast to plagioclase phenocrysts with short residence times and
complex zoning textures, crystals with homogeneous internal 87Sr/86Sr ratios (UTDM90;
Fig. 10) experience greater residence times at crustal depths where diffusional reequilibration of 87Sr/86Sr ratios occurred and eliminated pre-existing 87Sr/86Sr variations,
if a variation existed at all.
It is also possible that heterogeneity in crystal compositions could be created by
one single, irregularly shaped, partially crystalline chamber with pockets of isolated
magmas that are not in good communication with each other. Pockets of magma isolated
from contact with other parts of the chamber have been suggested to be remobilized by
injection of mafic melt into the base of crystal mushes due to additional heat and volatiles
added to the system (Bachman et al., 2002). Muir et al. (2014a) suggested this model for
the magmatic system beneath Uturuncu and has been suggested for other intermediate
magmatic systems based on detailed petrographic and stratigraphically constrained
geochemical observations (Gamble et al., 1999; Hobden et al., 1999; Tepley et al., 2000).
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Figure 15 presents a schematic model for the magmatic plumbing system beneath
Uturuncu. We envision that, during the early stages of emplacement of differentiated
basaltic andesite into the crust, assimilation of continental crust with high 87Sr/86Sr ratios
raised the 87Sr/86Sr ratios of the magma. Recharge of magma with lower 87Sr/86Sr ratios
from deeper levels of the magmatic system systematically lowered the 87Sr/86Sr ratios of
the contaminated magma.
The introduction of volatiles with recharge may be responsible for ultimately
triggering eruption, but in any case would likely disturb plagioclase crystallization
equilibria. The associated changes in plagioclase 87Sr/86Sr ratios cannot, however, be
naturally produced by eruption-associated changes in pressure,temperature or XH 2 O, but
instead require a simultaneous recharge by a magma distinct in isotope composition from
which the crystals are growing. We suggest that this recharge suppresses the solidus of
plagioclase, which in turn causes dissolution of the existing crystal population(s),
modifying the Sr concentrations and 87Sr/86Sr ratios of the magma accordingly. Growth
recommences from this modified magma crystallizing crystal rims and a new population
of crystal cores that is representative of the new hybridized magma. Because there is no
isolation of magma from wall rock interaction during migration, it is suggested that
subsequent assimilation in chambers between magma mixing events introduces a
higher 87Sr/86Sr source into the system, recording core-to- rim increases in 87Sr/86Sr
ratios. Similar models have been proposed for El Chichón volcano and Lassen Volcanic
Center for plagioclase phenocrysts that exhibit similar textures (Tepley et al., 1999; 2000;
Davidson et al., 2001; 2007a).
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CONCLUSIONS
Plagioclase phenocrysts from Uturuncu lavas and domes show large- magnitude
changes in An content, textural discontinuities, and variation of 87Sr/86Sr ratios from core
to rim. The observed variation result from open-system processes that occur during
residence in or transport through continental crust and could not have existed at
magmatic temperatures for more than a few thousand years. It is likely that different
compositions of phenocrysts derive from different locations in the magmatic system and
mixed just prior to eruption. We infer that Uturuncu magmas initially assimilated country
rock with a higher 87Sr/86Sr ratio than the magmas and the magmas evolved subsequently
through frequent recharge events of magmas with lower 87Sr/86Sr ratio. A typical
Uturuncu andesitic or dacitic magma (melt plus crystals) therefore only attain its final
geochemical identity just before and during eruption. Though Sr isotopic plagioclase
isotopic data for the central Andean crustal basement and APVC ignimbrites is not
currently available, it is clear that shallow-level mixing is an important process producing
differentiated magmas. This process was only interrupted by the process of quenching
due to eruption.
APPENDIX 1- METHODS
Bulk-rock samples of Uturuncu volcanic rocks were analyzed for major and trace
element compositions at Washington State University, Pullman. Major and trace element
compositions for 121 samples were acquired by X-ray fluorescence spectrometry (XRF)
on a ThermoARL Advant'XP+ automated sequential wavelength spectrometer. Methods
and errors for XRF analyses are described in Johnson et al. (1999). Additional trace
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element compositions, including the rare earth elements, for 45 samples, were acquired
by inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent 7700 ICP-MS.
Methods and errors for trace element analyses are presented in detail in Jarvis (1988).
Methods for bulk rock major- and trace- element and Sr and Nd isotopic analyses are
present in Michelfelder et al. (2013). Major and trace element compositions of
plagioclase microphenocrysts and phenocrysts were determined on a JEOL JXA-8500F
field emission electron microprobe/scanning electron microscope with an acceleration
voltage of 15 KV at Washington State University, Pullman using the methods described
in Ellis et al. (2010). Ten to fifteen phenocrysts and five to ten microphenocrysts from
each eruptive unit were selected to reduce sample bias. Transects included the core and
any rim 15 microns or larger.
In this paper, we describe the results of crystal-isotope stratigraphy performed on
various crystals in rocks spanning the eruptive history of Uturuncu. We focused on
plagioclase phenocrysts from lava flows and domes for the following reasons. First,
plagioclase is a ubiquitous mineral phase in Uturuncu rocks. Second, the phase typically
crystallizes over a broad temperature range, and, therefore, potentially records a
significant part of the cooling history of the magmas. Third, plagioclase commonly has
high Sr contents (partitioning coefficient of 2.84 to 5.28 for dacite and andesite
respectively; Ewart and Griffin, 1994) allowing for isotopic analysis by laser ablation
inductively coupled plasma mass spectrometry. Lastly, plagioclase crystals are usually
large and display textural features such as growth zones, dissolution surfaces, and
overgrowths that are readily identifiable allowing for detailed micro-sampling strategies
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(Sparks et al., 2008; Charlier et al., 2006; Davidson et al., 2007; Ramos and Tepley,
2008).
Laser ablation multi-collector inductively coupled plasma mass spectrometry
(LA-MC-ICPMS) analysis to determine in situ Sr isotopic ratios of plagioclase
phenocrysts were performed at Washington State University, Pullman. The analyses were
performed using a New WaveTM UP 213 nm Nd: YAG laser ablation system (Jackson,
2001; Neufeld and Roy, 2004) in conjunction with a double focusing Thermo-Finnegan
NeptuneTM MC-ICPMS equipped with nine Faraday collectors and 10-11 Ω resistors.
Ablation trenches of 80 microns in diameter and 800 microns long by approximately 15
microns deep for each analysis. Precision of Sr isotopic ratios is within 0.00001 (Ramos
et al., 2004). An in-house reference sample, SRP-1 (87Sr/86Sr= 0.70671) was used for
calibration and corrections. Analytical procedures for in situ Sr isotope analysis and
discussion of data quality and corrections have been addressed by Ramos et al. (2004).
EPMA of zones within plagioclase larger than 80 micron in width containing Sr
concentrations between 300 and 1000 ppm allowed analysis of zones for the highest
quality data (Ramos et al., 2004; Ramos and Tepley, 2008). Whenever possible we
combined NDIC imaging (Anderson, 1983; Feeley and Davidson, 1994; Pearce et al.,
1987a; 1987b) and electron microprobe traverses with laser ablation pits to relate textural
features, major element chemistry and isotopic compositions.
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FIGURES

Figure 1. Map showing location of Andean Central Volcanic Zone (CVZ). Shaded area
shows the region where crustal thickness exceeds 60 km (James, 1971; Beck and Zandt,
2002); stippled region illustrates distribution of Quaternary volcanic rocks. Modified
from Feeley and Hacker (1995).
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Figure 2. Modal percent of mineral phases in select Uturuncu volcanic lava flows and
domes.
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Figure 3. Total alkali versus silica (TAS) diagram for Uturuncu volcanic rocks.
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Figure 4. Major-element oxide concentrations versus SiO 2 for Uturuncu lavas and domes,
inclusions and xenoliths.
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Figure 5. Trace-element concentrations versus SiO 2 for Uturuncu lavas and domes,
inclusions and xenoliths.
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Figure 6. 143Nd/144Nd ratios versus 87Sr/86Sr ratios for Uturuncu volcanic rocks. Shaded
areas represent compositions from CVZ igneous and metamorphic rocks (de Silva et al.,
2006). Analytical errors are with the size of the data point.
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Figure 7. Nomarski differential interference contrast (NDIC) images and interpretative
line drawings of representative plagioclase crystals from rocks of Cerro Uturuncu. The
images demonstrate the variety of equilibrium and disequilibrium textures associated
with this complex magmatic system. The line drawings illustrate dissolution surfaces or
zones. See text for description for each crystal.
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Figure 8. Laser ablation and EMPA data shown for traverses across five Cerro Uturuncu
plagioclase phenocrysts. Black lines represent approximate traverse by EMPA. Grey
lines represent approximate laser ablation troughs. Graphs are comparison diagrams
of 87Sr/86Sr ratios and molar % An. Grey shaded areas in graphs represent approximate
core of the crystal. Molar percent An= . 87Sr/86Sr ratios are approximate width of trough
on plot. 87Sr/86Sr= . Uncertainty in the 87Sr/86Sr ratios are represented by the thickness
of the bar.
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Figure 9. Histograms of anorthite mole percent showing the distribution of plagioclase
rim and core anorthite compositions for representative lava flows and domes.
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Figure 10. Plot of 87Sr/86Sr ratios versus 1/Sr ratios for microanalysis traverses in
plagioclase phenocrysts and bulk-rock analyses. Analytical errors are with the size of the
data point.
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Figure 11. Bulk rock 87Sr/86Sr ratios compared to the range of 87Sr/86Sr ratios measured in
the plagioclase phenocrysts contained in the bulk rock sample. Diamonds represent the
bulk rock 87Sr/86Sr ratio. Grey bars represent the range in 87Sr/86Sr ratios observed in
phenocryst cores and rims. Analytical errors are with the size of the data point.
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Figure 12. Histograms of Sr isotopic ratios of plagioclase rims and cores from
representative lava flows and domes.
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Figure 13. (A) Nd Isotope and Sr isotope constraints on bulk mixing and assimilation
fractional crystallization (AFC; DePaolo, 1981) models for Uturuncu lava flows and
domes. (B) 87Sr/86Sr ratios versus Rb/Sr ratios for Uturuncu lavas, domes and inclusions
with AFC models primary melts discussed in text. Analytical errors are with the size of
the data point.
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Figure 14. Cartoon model illustrating possible processes creating the isotopic diversity
observed in the crystal cargo and lack of diversity observed in bulk-rock isotopic
compositions. R1 and R2 represent hypothetical isotopic ratios. L1 and L 2 represent the
starting magmatic compositions and C 1 and C 2 in the circles represent the composition of
the contaminant and C n and r in the polygons represents the compositions of the cores in
the crystal cargo in each melt.
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Figure 15. Cartoon illustrating a hypothetical magmatic plumbing system beneath Cerro
Uturuncu that would account for the diversity of compositions in the crystal cargo.
Modified for Cerro Uturuncu from Gardner et al. (2013).
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Table1. Representative bulk-rock major-, trace- element concentrations and isotopic
ratios analyses of Uturuncu lavas and domes.
SiO 2

Sr

87

Sr/86Sr

144

Nd/143Nd

UTDM05

66.35

398

0.712520

0.512166

UTDM10

65.55

305

0.714570

0.512148

UTDM15

64.95

309

0.714317

UTDM28

63.33

417

0.712956

UTDM29

62.76

420

0.711270

UTDM52

64.27

384

0.712358

UTDM58

62.30

474

0.711294

UTDM60

62.39

476

0.711207

UTDM63

61.95

498

0.710976

0.512193

UTDM66

62.51

416

0.712519

0.512232

UTDM73

63.04

325

0.712738

0.512159

UTDM90

62.45

501

0.710088

UTDM93

63.85

371

0.712920

0.512162

UTDM101

65.61

360

0.714300

0.512172

UTDM106

64.73

381

0.713126

0.512135

UTDM108

63.20

389

0.712073

0.512167

UTDM112

64.54

331

0.713576

GSM10

65.53

358

0.714343

GSM13

67.07

251

0.715303

GSM14

66.10

340

0.714519

GSM15

64.24

342

0.713687

GSM16

66.24

209

0.716530

GSM17

66.59

338

0.713850

0.512135

GSM18

66.14

397

0.713551

0.512164

GSM20

65.59

403

0.713106

GSM21

66.26

394

0.713125

GSM22

65.00

327

0.713692

0.512202

GSM23

64.78

384

0.712928

0.512212

GSM24

64.62

376

0.713649

0.512150

GSM28

63.52

387

0.711591

GSM29

63.65

391

0.711409

0.512227

GSM49

64.15

503

0.711002

0.512247

GSM50

64.84

388

0.712468

0.512163

GSM60

63.24

383

0.712446

0.512227

GSM69

65.48

382

0.713075

0.512246

0.512179

0.512189
0.512163
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Table 2. EMPA and LA-MC-ICPMS analyses of select plagioclase phenocrysts.
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Table 2 Continued. EMPA and LA-MC-ICPMS analyses of select plagioclase
phenocrysts.
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Table 3. Bulk-rock trace element concentrations and isotopic ratios of basement rocks
and primary basalts used in geochemical modeling.
Sample
Type

Location
Payún
Matrú
volcanic
field
Sierra de
Moreno

87

Sr/86Sr

143

Nd/144Nd

Rb

Sr

Nd

Reference

27

751

24.4

0.703813

0.512834

Hernando et al.
(2008)

173

40

11.7

0.76261

0.512456

Lucassen et al. (1999)

Py-5

Basalt

4/23

Granite

BC93PAX12

Grt-sill
gneiss

Bolivia

27.3

18.5

22.8

0.717314

0.511966

McLeod et al. (2013)

BC9016a

Basalt

Central
Altiplano

23

936

40.1

0.704052

0.512801

Davidson and de Silva
(1995)
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CHAPTER SEVEN

CONCLUSIONS

The manuscripts presented here examine the petrogenic processes and magmatic
evolution of Cerro Uturuncu and the connection of the volcanic center to the central
Andes. This project sought to answer three primary questions about the evolution of
Cerro Uturuncu and the centers role in the CVZ. First, how did the magma chamber
evolve over time and what processes affected magma composition during the magmatic
evolution of the system? Second, what extent does Uturuncu represents a manifestation
of Altiplano-Puna Volcanic Complex (APVC) magmatism and is large-scale
hybridization of the continental crust by intrusion beneath long-lived volcanic centers a
continental dynamic phenomenon of general importance? Finally, how does this volcanic
center relate to the big picture of magmatism in the CVZ?
This work shows that over the 800,000 year lifespan of Uturuncu bulk-rock
magma chemistry is highly restricted, and eruptions from the center occurred roughly
every 6000 to 8000 years. Linear trends in bulk-rock chemistry suggest that magma
mixing played a major role in the evolution of the bulk-rock major- and trace-element
and isotopic trend, but the crystal cargo, specifically plagioclase, provides more
information about magmatic processes that occurred prior to the final mixing event.
The chapters presented in this dissertation provides and important perspective on
the evolution of a continental back-arc volcanic system, and provides the first application
of micro-analytical isotopic techniques to a CVZ system that has been significantly
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modified by the continental crust. The work also provides a first attempt in applying
these micro-analytical techniques to the entirety of a complex continental back-arc
system. While a quantitative model of the evolution of the system was not able to be
presented, the work does provide more detailed information about processes occurring
prior to the final mixing event producing a variety of textures and compositions in the
plagioclase crystal cargo of an individual eruptive unit and a across the evolution of the
system. The significant conclusions of this work about this work are as follows:
1. Cerro Uturuncu erupted uniform, crystal-rich orthopyroxene, biotite dacite and
andesite lavas for ~800,000 years. Field relationships between the lava flows and
domes suggest eruptions are effusive with an average repose interval between
6000 and 8000 years. Sparks et al. (2008) identified 50 lava flows; we have
identified an additional 45 lava flows and 10 domes with the total number of
erupted units to 105. Erupted volumes ranged between 0.1 km3 and ~10 km3 per
eruption with a total volume erupted of ~89 km3. Construction of the edifice took
place in one stage in the volcanic history.
2. Typical phenocryst assemblage is plagioclase > OPX > biotite >> Fe-Ti oxides
and quartz. Micro-inclusions and glomerocrysts contain trace olivine. Lava flows
and domes were erupted with a limited compositional range (61 wt% -67 wt%
SiO 2 ) of magma for ~800,000 years. Xenocrysts/antecrysts of olivine and quartz
in both the magmatic inclusion and the lava flows and domes, and the presence of
quartz-rich xenoliths suggest crustal contamination is an important process in
magma genesis. Lavas and domes at Uturuncu show abundant evidence for
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thermal and chemical disequilibrium through the presence of sieved and zoned
phenocryst phases and magmatic inclusions.
3. Magma mixing controlled the limited compositional range observed in Uturuncu
volcanic rocks. It is possible to explain the geochemical trends of the andesite and
dacite volcanic rocks by differentiation in old, Sr radiogenic, Nd non-radiogenic
felsic basement rock. The variation in isotopic composition suggests large
amounts of assimilation fractional crystallization during differentiation.
4. Plagioclase phenocrysts from Uturuncu lavas and domes show large- magnitude
changes in An content, textural discontinuities, and variation of isotopic ratios
from core to rim. The observed variation result from open-system processes that
occur during residence in or transport through continental crust and could not
have existed at magmatic temperatures for more than a few thousand years. It is
likely that different compositions of phenocrysts derived from different locations
in the magmatic system and mixed just prior to eruption. Cerro Uturuncu magmas
initially assimilated country rock with a higher 87Sr/86Sr ratio than the magmas
and the magmas evolved subsequently through frequent recharge events of
magma with a lower 87Sr/86Sr ratio. A typical Uturuncu andesitic or dacitic
magma (melt plus crystals) therefore only attain its final geochemical identity just
before and during eruption. Though currently, Sr isotopic plagioclase isotopic
data for the central Andean crustal basement and APVC ignimbrites is not
available, it is clear that shallow-level mixing is an important process producing
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differentiated magmas. This process was only interrupted by the process of
quenching because of eruption.
5. In the regional context of the CVZ, Cerro Uturuncu contains systematically higher
K 2 O, P 2 O 5 , TiO 2 , Rb, Th, Y, REE and HFSE contents; Rb/Sr elemental ratios;
and Sr and O isotopic ratios. In contrast, the lavas display systematically lower
Al 2 O 3 , Na 2 O, Sr, and Ba contents; Ba/Nb, K/Rb, and Sr/Y elemental ratios; and
Nd isotopic ratios compared to volcanic centers of similar age, composition, and
eruptive at the same latitude (21-22° S) at the arc-front. In addition, Eu anomalies
become progressively more negative toward Uturuncu.
6. These variations are interpreted to indicate that mid- to deep-crustal source rocks
for the lavas become progressively older and more feldspar-rich with increasing
distance from the arc front. In this regard, silicic magmas erupted along the arcfront reflect melting of relatively young, mafic composition amphibolitic source
rocks with garnet-rich, but feldspar-poor residual mineralogies. Towards the east,
the lower crust becomes increasingly older with a more felsic bulk composition in
which residual mineralogies are progressively more feldspar-rich. The implication
of this interpretation is that large-scale regional trends in magma compositions at
continental volcanic arcs may reflect a process wherein the continental crust
becomes strongly hybridized beneath frontal arc localities due to protracted
intrusion of subduction-derived basaltic magmas, with a diminishing effect behind
the arc front because of smaller degrees of mantle partial melting and primary
melt generation.
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7. An intriguing result of this study is that on first inspection across-arc geochemical
variations at volcanic arcs constructed over thick continental crust, such as
increasing K 2 O and incompatible trace element contents, resemble those observed
at island arcs and arcs constructed over thin continental crust. However, on closer
inspection there are significant differences, particularly involving systematic
variations in isotopic ratios and other geochemical features that reflect interaction
with variable composition continental crust with distance from the arc-front. This
contrasts with the results of studies of island arcs where the occurrence of K 2 Orich magmas in back-arc regions is often ascribed to decreasing additions of slabderived, LILE-rich hydrous fluids to mantle source regions with concomitant
decreases in the degree of mantle partial melting and volumetric production of
primary mafic magmas. However, we argue based on the geochemical data
presented in this paper and geologic relationships (Baker and Francis, 1978) that
although across-arc geochemical variations at island arcs and arcs constructed
over thick continental crust are produced by apparently fundamentally different
processes, ultimately they are both related, directly and indirectly, respectively, to
mantle processes associated with the subduction process itself. Specifically, at
continental volcanic arcs greater time-integrated primary melt production beneath
frontal arc regions has the potential to produce younger, more mafic crustal
compositions due to repeated intrusion and hybridization by primary mantlederived melts. Smaller degrees of mantle partial melting and volumetric melt
production in back arc regions results in progressively less hybridized or modified
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continental crust that retains to a larger degree its more silicic, isotopically
evolved composition. Production of intermediate to silicic composition magmas
in continental arcs with more “arc-like” chemical (e.g., higher LILE/HFSE) and
isotopic features (lower 87Sr/86Sr) in frontal-arc localities relative to back-arc
magmas is therefore ultimately linked to higher degrees of mantle partial melting
and melt production, as is inferred for island arcs as well. Thus, although
subduction zone magmas may be substantially modified by the continental crust
resulting in systematic across-arc geochemical trends, these trends are a
manifestation that the continental crust has also been substantially modified by
fundamental subduction zone processes similar to those proposed for island arcs.
In short, the crust thus modifies the compositions of subduction zone magmas, but
complimentary to this, subduction zone magmas modify the composition of the
continental crust.
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To obtain the supplementary data for chapters 4 and 6 please click on the DOI for
the published manuscript. The supplementary data for chapter 5 can be obtained by
contacting the author at garymichelfelder@missouristate.edu.

