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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 crystal-
rich 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, **0/*°0 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 VVolcan
Uturuncu exhibit large variations in An contents, textures, and core to rim &’Sr/%°Sr 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 /Sr/%°Sr ratios. The magmas were subsequently
modified by frequent recharge of more mafic magmas with lower ®’Sr/%®Sr 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 21°S and 22°S (Aucanquilcha, Ollagle, and Uturuncu)
display systematically higher K,0, LILE, REE and HFSE contents and 'Sr/*Sr ratios
with increasing distance from the arc-front. In contrast, the lavas have systematically
lower Al,O3, Na,O, Sr, and Ba contents; LILE/HFSE ratios; “**Nd/***Nd 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 km®)
and formation of calderas (e.g., de Silva, 1989; de Silva et al., 2006a). Fortunately, these
super-eruptions (defined as more than 300 km?® 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 km®), 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 VVolcanic 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 CVVZ 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 CVVZ. 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 back-
arc composite volcano and broadly assess petrogenetic processes affecting magma
composition in the back-arc of the CVVZ. 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 bulk-

mineral 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 crystal-
isotope 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 CVVZ 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,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 VVolcanic 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 (NV2), ranging from Columbia to Peru; the Central VVolcanic 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 CVVZ 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 km? of these lava flows. Lava flows
associated with composite volcanoes extend for ~200 km eastward onto the Altiplano,

although volumes decrease sharply to <800 km?®. 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 ***Nd/***Nd ratio (<0.5123) and higher ' Sr/®Sr
(<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 (Worner et al., 1992; Mamani et al.,
2008; 2010).

The Altiplano-Puna Volcanic Complex (APVC) extends from 21°-24°S covering
more than 70,000 km?. 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 km?® 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; 2001Db).

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 89km?® 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 VVolcan Aucanquilcha (Klemetti and
Grunder, 2008) and Volcan Ollagie (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 VVolcanic 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 CVVZ 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
lonization 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 #7Sr/%°Sr ratios was calculated using the %°Sr/%Sr 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 ***Nd/***Nd = 0.7219 and results for
INDi-1 were ***Nd/***Nd = 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 1IN HBr and 7N HNO3. Purified samples were then dried and re-dissolved in
1 mL of 2% HNO3 containing 0.01 ppm TI. Samples were analyzed on a
ThermoFinnigan Neptune multi-collector ICP-MS equipped with nine Faraday collectors
and an ion counter. The standard NBS 981 (*®Pb/**Pb ~ 36.662 + 0.002, 2"Ph/***Pb ~
15.462 + 0.001, “®Pb/?**Pb ~ 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.

8'%0 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%o 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 Ollagiie 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 Wave™ UP 213 nm Nd: YAG laser ablation system (Jackson,
2001; Neufeld and Roy, 2004) in conjunction with a double focusing Thermo-Finnegan
Neptune™ MC-ICPMS equipped with nine Faraday collectors and 10™ Q 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 (3'Sr/*°Sr= 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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Abstract

Cerro Uturuncu, southwest Bolivia, is a high-K, calc-alkaline, composite volcano constructed upon
extremely thick continental crust approximately 125 km behind the arc-front of the Andean Cen-
tral Volcanic Zone (CVZ). Eruptive activity occurred between 890 - 271 ka in a single phase of vol-
canism lasting ~620,000 years. The edifice consists of a central cone and several flank vents where
dacitic and andesitic lava flows and domes erupted. Volumes of individual eruptive units range
from 0.1 to ~10 km?; the composite volume of Uturuncu is ~89 km?. In this paper, we present new
field, petrographic, and geochemical data in an effort to understand the volcanic and magmatic
evolution of Uturuncu. Lava flows and domes have a restricted range in whole rock compositions
ranging from 61 wt% - 67 wtlp 5i02; magmatic inclusions contained within these units have a
larger range from 53 wt% - 64 wt% SiOz. Typical phenocryst assemblages are plagioclase > ortho-
pyroxene > biotite >> quartz and Fe-Ti oxides. Pb isotope ratios are characteristic of the southern
CVZ by containing high 207Ph/204Pb and 2%Pb/24Pb and moderate to high 208Pb/2MPh. Sr and Nd
isotope ratios indicate that Uturuncu magmas were modified by high 87Sr/865r and low #3Nd /1Nd
felsic basement lithology during magma migration and differentiation. In all eruptive units, there
is petrographic and geochemical evidence for magma mixing and mingling. In this regard, magma
mixing and mingling is considered to be responsible for the small range in lava flow and dome
compositions throughout the eruptive history of the center.

Keywords

Utrunucu, Volcanic Evolution, Central Volcanic Zone, Magmatic Inclusion

*Corresponding author.

How to cite this paper: Michelfelder, G.S., Feeley, T.C. and Wilder, A.D. (2014) The Volcanic Evolution of Cerro Uturuncu: A
High-K, Composite Volcano in the Back-Arc of the Central Andes of SW Bolivia. International Journal of Geosciences, 5,

1263-1281. http://dx.doi.org/10.4236/ijg.2014.511105



29

G. 5. Michelfelder et al.

1. Introduction

Volcanism 1n the Central Volcanic Zone (CVZ) of the Andes 1s a prime example of active continental arc mag-

matism Young (e.g., <6 Ma) volcanic rocks in the CVZ are dominantly andesitic to dacitic in composition with

geochemical and petrographic features indicative of extensive crustal contamination duning magma differentia-
tion (e.g.. [1]-[3]). Previous studies of CVZ volcanic rocks have greatly contributed to our understanding of the
regional setting of the magmas [4] [5]; and references therein in addition to ignimbrite forming eruptions [6]-[9];
among others and volcamism along the modern arc-front [3] [10]. However, comprehensive studies of back-arc
composite volcanoes are scarce, due in part, to their rarity and remote locations. As a result, studies of these
systems are typically reconnaissance i nature and associated with regional studies [4] [5] [11]-[13].

The lack of comprehensive studies on individual back-arc composite volcanoes in the CVZ prompted a de-
tailed field, petrologic and geochemical study of the back-arc center Cerro Uturuncu (6010 m; 22°15'S, Figure 1).
The objectives of this study are to discuss the volcanic evolution of an individual back-arc 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 ef al. [16]. These

authors concluded Uturuncu exlubits stages of volcanism separated by periods of quiescence common at other

intermediate composite centers in the CVZ. Currently, the system 1s 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

been observed at other intermediate composition systems in the CVZ and elsewhere such as at Soufriére Hills
Volcano, Montserrat [3] [17] [18]. In this paper, we build on the reconnaissance investigation of Sparks ef al.
[16] by furthering discussion of the volcanic history, field relationships, and petrography of volcanic rocks at
Uturuncu. We also present a broad geochemical model to account for the restnicted compositional diversity of
magmas erupted at the volcano. More detailed discussion of the petrology and petrogenesis of Uturuncu mag-
mas will ensue 1n a forth-coming paper.
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2.Regional and Tectonic Setting

The Andes are considered the classic example of a modem Cordilleran-type orogen formed by long-term sub-
duction of oceanic lithosphere beneath continental lithosphere. The central Andes represents the type locality for
this process owing to the great width of the orogen, immense crustal thickness (up to 70 - 80 km) [19] and high
elevations (~4 - 6 km above sea level) [19] that occur over a vast area (Figure 1). The region composes one of
the youngest and largest active silicic volcanic provinces with recent caldera formation. The CVZ contains ~20
calderas that have erupted ignimbrites (large ash flow sheets) less than 10 Ma and over 1100 late Cenozoic vol-
canic edifices [6] [7] [20].

The southem central Andes between 21°S - 24°S 1s divided into three N'W to SE trending geologic provinces
based on structural similanities [19]. From east to west, these are the Eastern Cordillera (Cordillera Orental), the
Altiplano. and the Western Cordillera (Cordillera Occidental). The Eastern Cordillera comprises a classic thin-
slanned fold and thrust belt. The Altiplano 1s a broad plateau where undeformed late Miocene and younger 1g-
mimbrites overlie vanably deformed mid-Miocene and older volcanic and sedimentary rocks. The Western Cor-
dillera consists of a westward dipping monocline and the modemn volcanic arc-front [19] [21]. Depths to the
subducting slab at these latitudes range from 130 km at the arc-front to ~250 km along the eastern boundary of
the Altiplano [22] [23].

Late Cenozoic to modem volcanic rocks in the CVZ 15 divided into three groups based on sinmlarities in
composition and eruptive style [21] [24]. First, between 21°S - 24°5, large-volume, regionally extensive ignim-
brites erupted from large caldera complexes on the Altiplano and Western Cordillera [6] [7] [25]. These rocks
are calc-alkaline, homogeneous dacites to rhyolites. Second, basaltic andesitic to dacitic lava flows erupted from
23 Ma to the present. At 21°S - 22°S, the largest volumes of these magmas erupted from composite volcanoes
formmng the peaks of the Western Cordillera. Baker and Francis [12] estimated the Western Cordillera contains
~3000 km’ of these lavas between 21°S and 22°S latitude. Lavas associated with composite volcanoes extend for
~200 km eastward onto the Altiplano, although volumes decrease sharply to <800 knr’. 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 [13] [26].

3. Methods

New whole 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 spec-
trometer. Methods and errors for XRF analyses are described i Johnson et al. [27]. 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 m detail in Jarvis [28]. Whole rock Nd and St isotopic ratios, for 30 samples, were acquired by ther-
mal ionization mass spectrometry (TIMS) on a VG Sector 54, analyzed by five Faraday collectors in dynamic
mode at New Mexico State Umversity, Las Cruces. Pb 1sotopes were analyzed on a Thermo Finmgan Neptune
multi-collector ICP-MS equipped with nine Faraday collectors and an 10on counter at the University of Califorma
at Santa Barbara. Michelfelder et al. [29] describe in detail the methods for radiogenic isotopic analyses. Geo-
logic mapping was performed using commercially purchased ASTER satellite imagery and field mapping.

4. Geology and Eruptive History of Cerro Uturuncu

In this section, we summarize the volcanic and petrographic features of the lava flows and domes at Cerro Utn-
runcu. Cerro Uturuncu 1s classified as a composite volcano [20] resulting from volcanism over ~620,000 years
[16]. Construction of the edifice of Cerro Uturuncu took place the back-arc of the CVZ approximately 125 km
behind the modem arc front in the Altiplano region (Figure 1). The volcano 1s built upon a series of 5 Ma to 1
Ma ignimbrites erupted from large calderas complexes m the area [8] [9] [30] [31]. The eruptive history of Utu-
runcu 15 dominantly effusive with no evidence of explosive activity. Eruptive activity at Uturuncu predates the
last glacial episode (~11,000 ky [26]) in the area as evident by glacial valleys incising lava flows and the re-
formed southern and northern flanks mantled in places by moraines (Figure 2). Glacial incision has allowed for
access to the potentially oldest lava flows erupted from Uturuncu.
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Figure 2. Simplified geologic map of Cerro Uturuncu based on field mapping and satellite imagery
interpretation. Modified from Sparks et al. [16].

Active fumaroles producing hydrothermally altered volcanic rocks are present in the saddle between the two
peaks of Uturuncu. Hydrothermal alteration, mining of altered rocks for sulfur and erosion of the stratigraphi-
cally youngest volcanic rocks has removed the interpreted location of the central vent. The presence of fuma-
roles suggests current activity beneath Cerro Utnruncu. Pritchard and Simmeons [32] identified a 70 km diameter
regional uplift centered on Uturuncu. This uplift, suggested to be the result of diapiric rise of new magma into a
shallow chamber beneath the center [33], could lead to new activity at Uturuncu in the future.

Relatively few radiometric ages are available for Uturuncu lavas and domes. The available ages suggest two
stages of volcamism between 890 - 271 ka [16] and a period of quiescence from 540 - 470 ka. The stages de-
scribed by Sparks ef al. [16] are compositionally and petrographically similar, though erupted volumes of vol-
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canic tocks decrease with younger age.

4.1. Morphology and Volume of Cerro Utrunucu

Considered dormant, Cerro Uturuncu has not been the focus of intense study until recently. Fernandez er al. [34],
Kussmaul ef al. [11], Baker and Francis [12] and Hildreth and Moorebath [35] mncluded Uturuncu in regional
studies but did not investigate the volcanic lustory. Reconnaissance geologic mapping performed by Sparks ef al.
[16] identified ~50 lava flows and domes with volumes ranging from 0.1 - 10 km’. Based on new mapping
(Figure 2), as well as geochemical and stratigraphic criteria, the eruptive history of Uturuncu represents a single
stage of activity spanning ~620.000 vears with an additional 45 lava flows and 10 domes identified as part of
this study. Newly identified lava flows and domes observed during mapping and verified geochemically are
stratigraphically between the 540 ka and the 470 ka lava flows. Volumes of these newly identified lava flows
and domes are similar to those reported by Sparks er al. [16] with a total estimated volume of ~89 km® The
suggested repose interval based on radiometric age dates and the number of erupted units 1s between 6000 and
8000 years.

The predonunant rock types at Cerro Uturuncu are medium-grey, blocky to platy, orthopyroxene, biotite an-
desites and dacites. Dacites of relatively uniform compositions were the dominant magmas erupted. although
significant volumes of andesite lava flows were erupted throughout the life span of the volcano. Flow fronts of
lava flows range i thickness from <5 m to over 200 m thick. Widths of flows vary with slope and are wider
than thick for gentler slopes (Figure 2 & Figure 3). Some lava flows extend for more than 10 km and traced
back to the central vent (Figure 2), while smaller volume flows rarely extend more than 2 - 3 km from the vent.
Many flows have internal flow folds and are autobrecciated at the terminus showing several meters of oxidation
(Figure 3).

Domes occur throughout the volcano and suggest the activity was not restricted to a central vent, though lava
flows cannot be trace to these flank vents. Piles of glassy, prismatically jointed blocks making up the exterior
walls identified domes. Rare exposures of the interiors of domes are vesiculated ranging from 8% - 23% of the
total volume (Figure 3). Vesicles ranged in size from millimeter to centimeter scale.

4.2. Petrography

Mineralogically and petrographically, Uturuncu lava flows and domes are porphyritic to seriate. Domes are oc-
castonally hiatal Some lava flows have ophitic and poikilitic textures. Glomerocrysts containing orthopyroxene
(OPX) and plagioclase common with occasional olivine observed in some lava flows. Modal compositions of
Uturuncu volcanic rocks are vanable in crystal content, but similar in mineral assemblage (Figure 4). Crystal
contents range from 30% - 53% total volume for all lava flows and domes with domes contaiming the highest
crystal volumes. Phenocryst phases mclude plagioclase (Anyeq) = OPX (Engsgs) = biotite == quartz, Fe-Ti
oxides, and trace clinopyroxene (CPX), hornblende and olivine in micro-inclusions (Figure 4).

Plagioclase and OPX phenocrysts exhubit multiple textures. In the same eruptive unit, plagioclase phenocrysts
textures mnclude a combination of sieving, dissolution surfaces, growth zones, and clean crystals (Figure 5).
Sieving occurs in both cores and rims of phenocrysts and dissolution surfaces commeonly separate clear or sieved
cores from zoned nims (Figure 5(B) & Figure 5(C)). Large plagioclase phenocrysts (=0.5 mm) are interpreted
as xenocrysts becanse they contain cores nddled with abundant, irregular shaped glass inclusions and euhedral
to subeuhedral rims with oscillatory chemical zoning from core to rim (An.., = 46 - 92: An_. =44 - 88). Near-
ly all OPX crystals show some zoning. Chemically unzoned OPX are only associated with glomerocrysts and in
groundmass crystals (Figure 5(A) & Figure 5(D)). OPX crystals are Ca-poor at (Wogs or less) and represent
two zoned populations [16]. The first contains Mg-poor cores (Enss) and reverse zoned rims (Engs 5). and the
second population contains Mg-rich cores (Enss.gp) and normally zoned nims (Ensgqgs). Reaction rims of Fe-Ti
oxides and OPX typically surrounds biotite phenocrysts over 0.5 mm. Quartz and olivine phenocrysts, and mi-
crophenocrysts 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 (Anysgs) crystals do not exlubit sieving seen in phenocrysts. Groundmass plagioclase and OPX
(Ens.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.
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Figure 3. Representative views of Cerro Uturuncu geology. (A) View southeast towards
the edifice of Uturuncu; (B) Typical flow folding in lava flows: (C) Hydrothermally al-
tered remains of the edifice of Utumncu produced by fumaroles; (D) Tvpical prismatically
jointed block from exterior wall of a collapsed dome; (E) Andesite inclusions in an Uto-
mncu lava flow; (F) Typical flow front of an Uturuncu lava flow overlying APVC ignim-
brite; (G) Oxidized autobrecciation found at the terminus of lava flows: (H) Pressure ridge
found commonly found in lava flows over 20 m thick.

4.3. 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 nclu-
sions 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, mclusions 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 1s ellipsoidal with a porphyritic to hiatal texture and contams a thick, ve-
sicle-free, glassy nm with vesiculated mteriors. These inclusions are characterized by euhedral to subhedral pa-
rageneitcally early phenocrysts of OPX and plagioclase in varying proportions. Plagioclase phenocrysts range m
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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 nims
and oscillatory zomng 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-Ti
oxides 1n 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 > amplibole + clinopyroxene. Hiatal to intergranular crystal sizes dominate this
population of inclusions. The second population of inclusions lack glassy nms in contact with the host lava flow
or dome as described above. The contacts of the nclusions are angular and defined by crystal boundanes. Crys-
tal sizes range from microlite-size to crystals ~1.5 mm along the long axis. Inclusion size varies from micro-in-
clusions (~3 mm) to ~10 cm 1n diameter. Hand specimen size samples of this inclusion population was only ob-
served in two lava flows, although these inclusions may have been overlooked due to their similanity in color to
the host lavas when weathered. Two additional lava flows and one dome contain micro-inclusions of this popu-
lation.

Non-vesiculated micro-inclusions are distinct from the glomerocrysts observed lava flows and domes due to
their crystal size and presence of rare amphbole. OPX phenocrysts are similar in size to the plagioclase though
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Fizure 5. Back-scattered electron micrographs of Uturuncu volcanic rocks. (A) Plagioclase
phenocryst exhibiting resoption surfaces and growth zones; (B) Glomerocryst composed of
zoned OPX phenocrysts around a single sieved and zoned plagioclase phenocryst; (C) Dacite
lava flow with a sieved, unzoned plagioclase phenocryst; and (D) a glomerocryst composed
of unzoned OPX phenocrysts around zoned and unzoned plagioclase phenocrysts.

chemical zoning 1s 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 mtergranular to hyalopilitic and are composed of micro-
lite-sized acicular lath of plagioclase and blocky OP3X.

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 [21] [36]-
[38]. Magmatic inclusions, with or without vesiculation, represent blobs of mafic magma quenched in cooler,
more silicic magma [36] due to the processes of magma mixing and mingling. This 1s our interpretation of in-
clusion populations 1 and 2 observed in Utnruncu lavas and domes.

The third population of inclusions observed does not exhibit the same muneralogy as the host lavas and domes.
This population 15 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 cor-
ners of the crystals. Margins of these inclusions are angular and defined by the crystal boundaries. Textures ob-
served in this population of mnclusions suggest the same process does not produce these inclusions as popula-
tions 1 and 2. It 15 likely that inclusions in population 3 are xenoliths.

Sparks ef al. [16] described two xenolith populations have a similar petrographic description to inclusions in
population 3 of this study. These authors interpreted observed quartz-rich xenoliths to represent crustal partial
melting of rocks trapped mn a MASH zone [35]. It 1s our interpretation that xenoliths observed in this study
represent basement rocks interacting with Uturuncy magmas during migration and differentiation. These xeno-
liths may represent the residue of a granodiorite crustal contaminant beneath Uturuncu.

A fourth inclusion population described by Sparks ef al. [16] and was not observed in this study. These au-
thors describe a nomtic composition xenolith population found mn multiple lava flows sampled in the study.
These xenoliths contain mineral assemblages and similar muneral compositions to those observed i the lava
flows and domes [16]. The adcumulate textures observed in these xenoliths suggested to these authors that these
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xenoliths represent adcumulates of early-formed crystals that segregated from hotter. less evolved residual
magma related to the Uturuncn magmas [16].

5. Whole Rock Geochemistry
5.1. Major and Trace Elements

Figures 6-8 illustrate major- and trace-element compositions of lava flows, domes and inclusions. Table 1 and
Table 2 present representative analyses of these data. These compositions define a high-K, calc-alkaline suite
(Figure 6). 510, ranges from 61 wt% - 67 wt% for the lava flows and domes, 53 wt% - 64 wt% for the mag-
matic inclusions (population 1 & 2), and 78 wt% - 79 wt% for the xenoliths (inclusion population 3). For the
suite as a whole, contents of CaO, FeO', MgO, T10;, MnO, Yb, Sr and Cr decrease, and concentrations of Na,O,
K0, P,0;, La, Zr, Ba and Rb increase with increasing S10, concentrations (Figure 7 & Figure 8). Compared to
other centers in the CVZ [29], hugher concentrations of are observed in LIL-element concentrations for Uturun-
cu voleanic rocks.

Consistent with petrography, xenolith samples do not exhibit the same geochemical trends observed in the la-
vas, domes, or inclusions (Figure 7 & Figure 8) suggesting these xenoliths are trapped residue in a MASH zone
or represent a crustal contaminant. Compared to other volcanic rock compositions at Uturuncu, compositions of
the xenoliths are significantly lower for elements not compatible with quartz or plagioclase (Figure 7 & Figure 8).

The compositional vanation and trends observed versus 510; ghlight the petrologic processes affecting the
evolution of Uturuncu magmas. The linear trends observed m all major element compositions and the divergent
linear trends 1n MgO, La, S, Y and Yb suggest multiple components in magma evolution. These linear trends
reflect magma mixing as a dominant process in the generation of the limited compositional diversity observed of
lavas and domes at Uturuncu. Magmatic inclusion compositions are an extension of this trend at lower S10;
contents.

5.2. Radiogenic Isotopes

Table 1 and Table 2 present, and Figure 9 illustrate radiogenic isotopic ratios for ¥Sr/%Sr. *Nd/**Nd, and Pb
isotopes of lavas and domes. inclusions and xenoliths. The range in ¥'St/**Sr and *Nd/**Nd isotopic ratios for
Uturuncu rocks 1s small compared to the range observed across the CVZ (Figure 9(B)) [4] [37]. In comparison
with other individual CVZ composite cones, Utnruncu rocks have higher *7Sr/**Sr ratios and lower **Nd/"**Nd
ratios and are more similar in companison to 1gnimbrites erupted from Cerro Panizos on the eastern Altiplano or
the 5 Ma to 1 Ma Altiplano ignimbrites Uturuncu overhes (Figure 9(B)) [30] [39]. When compared to pre-
viously report 1sotopic analyses in reconnaissance or regional studies mcluding volcanic rocks from Uturuncu,
this study reports more isotopic variation [11] [12]. The ¥'S/*%Sr isotopic compositions for the inclusions over-
lap the lowest ratios measured in the host lavas and domes (Figure 9(A) & Figure 9(B)) suggesting extensive
crustal contamination of the most mafic magmas observed in this study.
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Figure 6. Total alkali concentrations versus Si0; for Utumuncu lavas, domes and inclusions.
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6. Petrogenesis of Cerro Uturuncu Magmas

In this section, we describe a simple working model to explain the limited compositional diversity observed in
Uturuncu volcanic rocks. The mtent of the proposed model 1s not a rigorous description of the petrogenesis of
the magmas nor 1s the vanables and compositions selected for assimilation-fractional crystallization and mag-
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Figure 8. Trace-element concentrations versus Si0, for Uturuncu lavas and domes. inclusions and xenoliths.

mamixing models intended to quantify the magmatic system beneath Uturuncu. The intent 1s to constrain the
processes affecting compositional diversity of the rocks and serve as a point of reference mn future studies of

Uturuncu volcanic rocks.
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Table 1. Representative whole rock major-, trace-element concentrations and isotopic ratios analyses of Uturuncn lava flows

and domes.
DMIGA DMISA DMS58A2 DMT3A2 DMI01A2 GSMI14 GSM22 GEMH49 GSM-50
5i0; 63.55 63.33 6230 63.04 65.61 66.10 65.00 64.15 6484
TiO; 1.08 1.16 1.13 117 121 1.18 112 1.09 1.08
ALO; 16.16 17.26 17.19 17.10 15.90 15.89 16.24 16.37 16.25
FeO™ 481 529 5.73 357 485 4.65 510 479 493
MnO 0.07 0.08 0.09 0.08 0.06 0.06 0.07 0.07 0.07
MgO 187 227 2.60 246 185 1.73 1.86 230 211
Ca0 414 465 495 4.63 414 395 405 444 411
Nax0 237 215 22 207 2328 229 246 248 229
K0 3.70 354 349 361 379 387 EX) ] 395 401
P:0s 025 027 030 028 031 029 0.28 036 032
LOI (%) 099 0.65 043 147 0.00 030 093 124 095
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
La 53.18 63.26 5850 66.88 62.42 62.12 67.41 79.14 70.02
Ce 108.68 126.92 11834 138.06 129.40 128.55 137.37 15436 141.18
Pr 13.05 15.17 1396 16.62 15.65 15.23 16.73 17.80 16.69
Nd 49852 56.99 52.67 62.32 59.33 57.58 62.93 65.53 62.11
Sm 9.64 10.84 10.19 11.50 1141 11.08 11.43 11.71 11.42
Eu 1.80 2.10 198 1.88 204 20 1.88 213 197
Gd 7.68 236 823 795 848 825 216 244 236
Th 111 122 125 111 117 1.15 1.11 1.14 1.18
Dy 3.89 6.50 6.96 559 596 583 5.62 576 6.07
Ho 1.03 115 131 0.94 099 0.96 097 1.00 1.04
Er 244 284 329 224 2328 218 229 242 240
Tm 033 038 045 0.30 029 029 030 032 031
1 1.90 227 272 171 1.66 1.60 1.76 1.89 1.76
Lu 027 033 040 024 0.23 0.22 0.25 0.28 0.25
Ba 636 870 776 T84 807 791 809 942 866
Th 194 214 187 247 219 218 245 252 249
Nb 182 20.7 208 184 n1 217 183 26.5 221
Y 27 29 33 24 26 25 26 26 27
Hf 6.6 72 6.4 74 73 7.1 73 7.1 73
Ta 14 15 15 13 16 15 13 16 15
U 44 37 37 45 39 4.0 44 47 45
Ph 209 n7 204 234 217 218 225 216 227
Rb 167 131 146 177 171 175 179 181 184
Cs 79 43 52 63 52 49 54 65 64
Sr 303 417 474 325 360 340 327 503 388
Ir 2498 2710 2411 266.0 2770 2639 2782 266.7 2764

FT5r/MSr 0714570 0712956 0711294  0.712738 0.714300 0.714519 0713692 0711002  0.712468
MNdWNd 0512148 0512246 0512179 0512159 0512172 0512163 0512202 0512247 0512163
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Table 2. Representative whole rock major-. trace-element concentrations and isotopic ratios analyses of Uturuncu magmatic
inclusions and xenoliths.

UTU UTU 56N UTU UTU UTU UTU

UTUIIN UTUI'N UTU28N1 28N 3§81 §ON3 28% 36N

Inclusion  Inclusion  Inclusion  Inclusion Inclusion Inclusion Inclusion  Xenolith  Xenolith

50, 54.0 56.6 597 58.6 58.9 371 63.7 786 78.6
Ti0: 120 128 1.06 1.08 119 127 107 029 034
AlLO; 1359 16.81 16.41 16.26 1724 18.28 1581 10.00 8.62
FeD” 735 162 6.43 6.78 6.62 6.89 441 146 3.66
MnO 011 0.10 0.10 011 011 011 0.05 0.02 012
MgO 554 231 433 471 348 349 1.83 0.46 224
Ca0 155 510 518 527 561 6.03 394 jon 421
Na,0 225 220 199 191 193 195 236 128 044
K0 179 224 308 297 287 2353 3.80 094 032
P05 020 023 026 026 029 028 029 0.07 007
Total 9555 9450 98.56 97.92 98.19 9781 97.28 97.03 98.58
La 2955 3730 57.16 4982 45.62 49.09 63.06 3654 26.25
Ce 5198 64.02 113.16 98.03 91.52 9821 13097 7927 56.03
Pr 750 862 1347 1192 11.13 1211 15.01 10.10 731
Nd 2971 3290 50.06 4550 4326 46.75 5564 3870 2764
Sm 6.62 6.80 9.60 802 877 9.65 1038 8.06 6.77
Eu 152 186 178 187 182 207 185 138 091
Gd 621 6.00 725 761 801 859 732 585 6.10
Th 097 091 1.03 112 130 139 098 0384 113
Dy 5355 502 541 6.30 785 830 4380 421 698
Ho 1.08 093 1.00 122 158 167 079 071 143
Er 269 226 250 320 418 441 172 1.63 390
Tm 037 033 036 046 0.60 0.62 023 021 0.39
b 226 198 116 283 368 379 128 1.21 370
Lu 034 031 033 04 0.36 0.39 0.18 0.17 035
Ba 739 325 786 745 701 687 825 189 126
Th 7 9 21 14 13 15 23 14 13
Nb 14 16 18 17 18 19 19 10 10
Y 28 24 25 32 40 42 20 17 37
Hf 4.06 4389 6.24 548 599 6.38 6.96 313 430
Ta 107 122 129 111 119 129 129 112 112
U 307 342 4.06 259 226 230 44 348 5.63
Ph 10 10 18 15 15 16 2 12 4
Rb 64 91 158 109 106 91 170 42 14
Cs 449 612 6.08 2.68 24 2.80 5.89 191 0.35
Sr 34 260 399 421 448 483 303 204 199
Ir 151 180 228 202 7 238 251 1 149
TS/ 0.710339 0.710456 0713682 0.714533
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Figure 9. (A) Nd isotope and Sr isotope ratios for Uturuncu lavas and domes; (B) “*Nd/***Nd ratios versus *’Sr/*%Sr ratios
for Uturuncy volcanic rocks.

The lavas and domes have a large range of 'St/*Sr ratios for a narrow range of "Nd/"**Nd ratios (Figure 9(B)).
Assimilation of crustal rocks with high ¥'St/**Sr ratios but similar "*Nd/***Nd ratios explains the observed trend.
Figure 10 illustrates six scenarios using different composition contaminants and different partition coefficients
dependent on the crustal composition. The lower crustal contaminant 1s a gamet-sillimanite-gneiss xenolith de-
scribed by McLeod et al. [40] from the southern CVZ. We selected this composition because of petrographic
similarities to a sillimanite-gneiss xenolith described by Sparks er al. [16] from Uturuncu lavas. The upper crus-
tal contaminant used in the models 1s Paleozoic granite from Sierra de Moreno described by Lucassen et al. [41].
These granites are petrographically similar to the xenolith observed in this study. We contaminate two primitive
basalt compositions with lower and upper crustal contaminants: one from Davidson and de Silva [13] for basalts
from the central Altiplano, and a second from Hemando ef al. [42] for pre-caldera basalts from the Payin Matm
volcanic field in western Argentina’s Southern Volcanic Zone. Table 3 presents concentrations and i1sotopic ra-
t1os of the contaminants and basalts.

Model curves labeled AFC (D = 1.7) and AFC (D = 1.5) were constructed to simulate the effects of differen-
tiation on two potential parental magmas compositions contaminated by a highly evolved crustal contanmnant
(Figure 10). Bulk distribution coefficients of 1.5 and 1.7 are high for andesites, but the decrease of St content
with increasing $i0; content and in increase of Rb/St ratios with increasing ¥'S1/*°St ratios suggest St was com-
patible during differentiation. The curve AFC (D = 0.1) was constructed to simulate the effects of differentiation
in the lower crust compared to curves for the upper crust. A bulk distribution coefficient of 0.1 1s considered ap-
proprate for this composition based on regional studies that have shown an increase in St/Y ratio with a de-
crease in ¥'S1/*%Sr ratios reflects incompatibility of St in garnet-stable/plagioclase-unstable-hybridized crust [29]
[44] [45].

¥51/%5r and "*Nd/""*Nd ratios for Uturuncu lavas and domes create an array consistent with assimilation of
old radiogenic basement rocks with relatively non-radiogenic Nd and radiogenic Sr. High Rb/Sr ratios suggest
these basement rocks were also felsic in composition as opposed to noritic as could be interpreted from the
presence of noritic composition xenoliths described by Sparks ef al. [16]. High silica, quartz-feldspathic xeno-
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Figure 10. (A) Nd Isotope and Sr isotope constraints on bulk mixing and assimilation fractional
crystallization (AFC) [43] models for Utiruncu lava flows and domes. (B) ¥St/**Sr ratios ver-
sus Rb/Sr ratios for Umiruncu lava flows, domes and inclusions with AFC models of primary
melts discussed in text and in Table 3.

I_able.‘i. Trace element concentrations and isotopic ratios of basement rocks and primary basalts used in geochemical mod-

Sample Type Location Rb St Nd Tor®sr  Nd/M™Nd Reference
Pys Basalt PoylmMamio 2 71 244 070813 051834 Hernando st al. [42]
ans Granite  SiemadeMoreno 173 40 1165 076261 0512456 Lucassen et al. [41]
BC93PAX1? Grisillgneiss  Bolivia 273 185 228 071734 0511966 McLeod ef al. [40]
BC9016a Basalt  Central Altiplano 23 936 401 0704052 0512801 Davidson and de Silva [13]

liths, observed in this study, and similar to xenoliths interpreted by Sparks et al. [16] to be remmnants of a crustal
hot zone could represent this contaminant.
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7.Volcanic Hazards

Cerro Uturuncu has historically been mactive and glacial erosion suggests that the volcano is in a peniod of
dormancy. However, new geophysical data has shown a concentric uplift centered on Uturuncu for the past 20
years with the potential to mitiate future eruptions [32] [33]. According to the spatial distribution of previously
erupted lava flows, it 15 difficult to predict the likeliness of where a lava flow will occur during a future potential
eruption. In addition, the injection of new magma beneath the central vent could cause instability of the highly
altered hydrothermal rocks composing the summit potentially leading to partial collapse of the vent and debris
avalanches towards the north. This event has precedence in other CVZ composite cones [10] [21] [26], but has
not been described in volcanic history of Cerro Uturuncu. These events at other intermediate centers have also
been associated with pyroclastic flows and volcanic blasts [46]-[48]. The only village within the possibly af-
fected area 15 Quetena Chico approximately 30 km to the northeast potentially affecting the community with ash
fall in the event of one of these more explosive eruptions.

8. Conclusions

In this study we combine field. petrographic and geochemical data to describe the volcanic evolution of Cerro
Uturuncu, at 22°15'S, in the CVZ. The volcano has erupted vmiform, crystal-rich orthopyroxene, biotite dacite
and andesite lavas for ~620,000 years. Hydrothermal activity and glaciation resulted 1n the removal of the main
vent suggesting a long period of dormancy since the last eruption. 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.
[16] wdentified 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 km® and ~10 km® per eruption with a total volume
erupted of ~89 km’. Construction of the edifice took place in one stage in the volcanic history.

Typical phenocryst assemblage 1s plagioclase = OPX = biotite == Fe-T1 oxides and quartz. Micro-inclusions
and glomerocrysts contamn trace olivine. Phenocrysts of plagioclase and OPX show multiple textures consistent
with thermal disequilibrivm. Lava flows and domes were erupted with a limited compositional range (61 wit% -
67 wit% 510,) of magma for ~620,000 years. Magmatic inclusions and xenoliths observed in nearly all lava
flows and domes record the magmatic system beneath Uturuncu. Repeated mjections of contaminated parental
magma produce the compositional diversity observed in these magmatic inclusions. Xenocrysts/antecrysts of
olivine and quartz in both the magmatic mclusion and the lava flows and domes, and the presence of quartz-rich
xenoliths suggests crustal contamination is an important process in Magma genesis.

Lavas and domes at Uturuncu show abundant evidence for thermal and chemical disequilibrivm through the
presence of sieved and zoned phenocryst phases and magmatic inclusions. Magma mixing controlled the limted
compositional range observed in Uturuncu volcanic rocks. It 15 possible to explain the geochemical trends of the
andesite and dacite volcamic rocks by differentiation in old, St radiogenic. Nd non-radiogenic felsic basement
rock. The variation in isotopic composition suggests large amounts of assimilation fractional crystallization dur-
ing differentiation.
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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 back-
arc 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 (2'Sr/%°Sr= 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 &’Sr/%°Sr 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 ’Sr/%°Sr ratios and coincident increases in Sr
concentrations in plagioclase phenocrysts with maximum &Sr/®®Sr ratios of 0.7139-
0.7276 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 VVolcanic 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 (Worner et al., 1988; Ginibre and Worner, 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 bulk-

mineral 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



53
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 VVolcanic 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 km?)
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 calc-

alkaline, 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 km® 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 km?®. 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 km® of crystal-rich ignimbrite over the last 10 m.y. distributed over
an area of ~70,000 km? (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 (15-
30 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 km?) seismic low-
velocity 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 km® (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 sillimante-
gneisses, 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 ~800,000-
year 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, Fe-
Ti 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



57
mineral assemblage (Fig. 2). In all lava flows and domes, phenocrysts volumes range
from 30-53% total volume. Phenocrysts include plagioclase (Angz-g4) > OPX (Engs.g3) >
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 (Wogg or less) and represent two
zoned populations (Sparks et al., 2008). The first contains Mg-poor cores (Enss) and
reverse zoned rims (Enes.75), and the second population contains Mg- rich cores (Engs-go)
and normally zoned rims (Ensp.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 (Angs.gs) crystals do not
exhibit sieving observed in phenocrysts. Groundmass plagioclase and OPX (Engs.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, 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,, MnO, Yb, Sr and Cr decrease, whereas
Na,O, K,0, P,0s, La, Zr, Ba and Rb increase with increasing SiO, 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, contents.

Table 1 presents and Figure 6 illustrates radiogenic bulk-rock Sr and Nd isotopic
ratios of lavas and domes. The range in 8'Sr/*°Sr (0.71009-0.71653) and “**Nd/***Nd
(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 8/Sr/%Sr ratios and lower ***Nd/***Nd 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 2’Sr/*®Sr 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 micro-
inclusions 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 CVVZ 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 Ang, to Ang, 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 Ansg
to Ang;. 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 Angs to Angs and
decrease in An content toward the rims (Ansg to Angg). Reversely zoned crystals contain
the lowest An contents in the cores (Ang, to Anss) and higher An content toward the rim
in contact with glass (Angp to Angy). Crystals exhibiting an oscillatory zoning pattern
range in composition from Angs to Ang, and show no trends in composition from core to
rim.
¥Sr/*®Sr 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 ®'Sr/*®Sr 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 Worner, 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 ®'Sr/%*Sr=0.7123 to 0.7135 and ®'Sr/**Sr=0.7131 to 0.7140 respectively. The bulk-
rock ratios for these units are &’Sr/*°Sr= 0.710088+11 and ®'Sr/**Sr= 0.711490+09. The
rims of these crystals exhibit the greatest range of isotopic disequilibrium with the bulk-
rock 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 &Sr/®°Sr=

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 8’Sr/*®Sr ratios (3'Sr/*°Sr= 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 ®/Sr/%®Sr=0.7098 to 0.720 with a dominant population ranging
from ®'Sr/%*Sr=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 8’Sr/®Sr 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 8'Sr/*Sr ratios for a narrow range
of “*Nd/***Nd ratios (Fig. 6). Assimilation of crustal rocks with high ®’Sr/®®Sr ratios but

similar **Nd/***Nd 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 'Sr/*Sr ratios (0.71009-0.71653),
low **Nd/***Nd 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 CVVZ. This composition
was selected because of petrographic and geochemical similarities to the sillimanite-
gneiss 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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Payun Matru 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 Payun
Matri 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, content and in
increase of Rb/Sr ratios with increasing ®’Sr/®°Sr 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 8'Sr/%Sr
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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).

87Sr/%°Sr and **Nd/***Nd 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 de-
volatilization 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.
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Origin of Single-Crystal Isotopic Variation

Core- to rim variation of 8’Sr/**Sr 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 8’Sr/%Sr 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 8Sr/%°Sr
can be explained three ways: (1) crystal growth in magma periodically recharged with
magmas with a lower 8'Sr/%®Sr ratio; (2) crystal growth in a magma contaminated by
country- rocks with differing ®’Sr/*®Sr 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 ®’Sr/%°Sr ratios to which periodically magma with lower 8'Sr/®°Sr
isotopic ratios was added (Fig. 14). The addition of magma with lower ®'Sr/*Sr 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 #’Sr/%°Sr 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 EI Chich6n 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 Chichon, 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 8Sr/®sr isotopic ratios result from phenocryst growth in a magma progressively
contaminated by an assimilant with higher or lower 8 Sr/*°Sr 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 ®Sr/®°Sr 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 8'Sr/%°Sr 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 unigue 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 %’Sr/%°Sr 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 8’Sr/%°Sr 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 (Ds;) for andesite to dacite melts are
between 9.92 x 10 and 1.42 x10™ cm?™ (Giletti and Casserly, 1994; Cherniak and
Watson, 1994) for plagioclase compositions ranging from Ango to Angg. Using the
relationship between Dsg,, 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 Dg,. 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 8Sr/%sr 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 CVVZ 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.
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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 ®’Sr/%°Sr 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 contamination-
hybridization 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 #Sr/®°Sr 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 8’Sr/*Sr ratios (UTDMO0;
Fig. 10) experience greater residence times at crustal depths where diffusional re-
equilibration of 8'Sr/**Sr ratios occurred and eliminated pre-existing ®’Sr/*®Sr 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).



79

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 8’Sr/®®Sr ratios
raised the %'Sr/*°Sr ratios of the magma. Recharge of magma with lower ®’Sr/%°Sr ratios
from deeper levels of the magmatic system systematically lowered the ' Sr/*°Sr 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 ®'Sr/®°Sr ratios cannot, however, be
naturally produced by eruption-associated changes in pressure,temperature or XH,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 ’Sr/%®Sr 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 8/Sr/%°Sr source into the system, recording core-to- rim increases in ®’Sr/%°Sr
ratios. Similar models have been proposed for EI Chichdn volcano and Lassen Volcanic
Center for plagioclase phenocrysts that exhibit similar textures (Tepley et al., 1999; 2000;

Davidson et al., 2001; 2007a).



80

CONCLUSIONS

Plagioclase phenocrysts from Uturuncu lavas and domes show large- magnitude
changes in An content, textural discontinuities, and variation of %’Sr/*Sr 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 8Sr/®Sr ratio than the magmas and the magmas evolved subsequently
through frequent recharge events of magmas with lower 8Sr/®°Sr 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 APV C 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 Wave™ UP 213 nm Nd: YAG laser ablation system (Jackson,
2001; Neufeld and Roy, 2004) in conjunction with a double focusing Thermo-Finnegan
Neptune ™ MC-ICPMS equipped with nine Faraday collectors and 10™** Q 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 (3'Sr/*°Sr= 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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Tablel. Representative bulk-rock major-, trace- element concentrations and isotopic
ratios analyses of Uturuncu lavas and domes.

SiO, Sr ¥Sr/f°sr  MNd/MNd
UTDMO5 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  0.512246
UTDM29 62.76 420  0.711270
UTDM52 64.27 384  0.712358
UTDMS58 62.30 474 0.711294  0.512179
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 0713126  0.512135
UTDM108 63.20 389  0.712073  0.512167
UTDM112 64.54 331  0.713576
GSM10 65.53 358  0.714343  0.512189
GSM13 67.07 251  0.715303
GSM14 66.10 340 0714519  0.512163
GSM15 64.24 342 0.713687
GSM16 66.24 209  0.716530
GSM17 66.59 338 0713850  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
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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 Locaton Rb  Sr Nd  ¥Srsr  Nd/MNd Reference
Paydn
Matru Hernando et al.
Py-5 Basalt i 27 751 244 0703813 0512834 0
field
4123 Granite S,\'Ae;zndoe 173 40 117 076261  0.512456  Lucassen et al. (1999)
BCI3PAX12 (;:efs'l' Bolivia 27.3 185 228 0717314 0511966 McLeod et al. (2013)

Central Davidson and de Silva
BC9016a Basalt Altiplano 23 936 40.1 0.704052 0.512801 (1995)
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Abstract: To better understand the origin of across-strike K70 enrichments in silicic
voleanic rocks from the Andean Central Voleanic Zone, we compare geochemical data for
Quaternary volcanic rocks erupted from three well-characterized composite volecanoes
situated along a southeast striking transect between 21° and 227 S latitude (Aucanquilcha,
Ollagiie. and Uturuncu). At a given S10; content, lavas erupted with increasing distance
from the arc front display systematically higher K;O. Rb. Th, Y, REE and HFSE contents;
Rb/Sr ratios: and Sr isotopic ratios. In contrast. the lavas display systematically lower
Al,05, NayO. Sr, and Ba contents; Ba/La, Ba/Zr, K/Rb. and Sr/Y ratios: Nd isotopic ratios;
and more negative Eu anomalies toward the east. We suggest that silicic magmas along the
arc front reflect melting of relatively young. mafic composition amphibolitic source rocks
and that the mid- to deep-crust becomes inereasingly older with a more felsie bulk
composition in which residual mineralogies are progressively more feldspar-rich toward
the east. Collectively, these data suggest the continental crust becomes strongly hybridized

beneath frontal arc localities due to protracted intrusion of primary. mantle-derived basaltic
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magmas with a diminishing effect behind the arc front because of smaller degrees of

mantle partial melting and primary melt generation.

Keywords: across-strike geochemical variation; Central Voleanic Zone: Aucanquilcha;

Ollagiie: Uturunecu

1. Introduction

Continental are voleanoes represent a dramatic surface expression of one of the most significant and
fundamental phenomena in global tectonics: subduction of an oceanic plate beneath a more buoyant
continental plate. The subduction of an oceanic plate results in recycling of crustal material into the
convecting mantle, partial melting, and primary basalt production. Moreover, during passage through
thick continental erust. subduction zone magmas may substantially differentiate and melt crustal rocks
giving rise to the great diversity of igneous lithologies characteristic of Earth. These are important
processes that must be understood in detail in order to interpret the long-term evolution of subduction
zone systems on Earth and the generation of continental crust.

Although exceptions exist, one of the most remarkable features of arc magmatism is the systematic
increase in the contents of K>O and other incompatible trace elements in voleanic rocks erupted with
inereasing vertical distance to the Benioff zone [1—4]. Understanding the significance of these trends
has long been a major objective of petrologists due to the broader implications for regional tectonic
complexities and magma generation processes, in addition to advancing understanding of are
magmatism. Despite decades of intense study, the origins of across-strike geochemical variations in
intra-oceanic arcs are still vigorously debated: they are considerably less understood in continental
arcs. As emphasized by Dickinson [5]. interpreting the origin of these variations is inherently difficult
in continental ares due to the scarcity of primary, or near-primary basalts and the complicating effects
of crustal contamination. For these reasons most of the better studied examples are from ares underlain
by relatively thin and. or. young continental crust where the potential for contamination is
reduced [3.6-19].

Much has been learned about arec magmatism sinee publication of Gill's [2] classic book on the
subject. although much remains to be learned. Because of its exceptionally thick continental crust and
numerous well preserved voleanic centers. the Central Volcanic Zone (CVZ) presents a unique
opportunity to advance understanding of fundamental problems such as how silicie magmas are
generated in continental ares, how the continental erust may modify the compositions of primary are
magmas in space and time [7.17.20-22]. and how arc magmas may. in turn, spatially and temporally
modify the composition of the crust through which these magmas ascend and differentiate [23-27].

In this study we examine and interpret across-arc geochemical trends of <1 Ma silicie voleanic
rocks (andesites to dacites) erupted from three composite voleanoes in the Andean Central Volecanic
Zone (CVZ) of northern Chile and southwest Bolivia (21°-22% S latitude: Figure 1) and use this
information to shed light on how the continental erust may influence across-are trends in magma
chemistry. Associated with active eastward subduction of the oceanic Nazea plate beneath the

continental South American plate. the CVZ represents an end member in subduction zone systems on
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Earth because the continental crust is thicker (70-80 km) than at any other convergent margin
setting [28-35]. The centers examined in this study 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 voleanic 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. Other volcanic centers are present within the study area that fit some of the above
mentioned criteria, but no other centers were identified that fit all three of the controls. These
restrictions allow for a more focused examination relative to larger regional studies (i.e.. [22,36.37]).
Previous regional-scale studies of magmatism in the southern Altiplano region documented eastward
increases in KO 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 [38—45].

Figure 1. Map showing location of Andean Central Volcanic Zone (CVZ). Shaded area
shows the region where crustal thickness exceeds 60 km [30.32,33.46]: stippled region
illustrates distribution of Quaternary voleanic rocks. Modified from Feeley and Hacker [47].
Red box highlights the region illustrated in Figure 2.

BOLIVIA

-120°5
\
a - -
20°5) =TTy
PACIFIC Y
OCEAN
“125°5

ygocl [ Crust>60km

Quaternary
s volcanic series
- = — . International
Border
A Active
Stratovolcanoes




116

Geosciences 2013, 3 0636

Figure 2. Simplified geologic map of the southern Altiplano and surrounding region
(modified from Sparks er al. [48]). Only potentially active voleanoes as defined by
de Silva and Francis [49] and volcanoes on the southern Altiplano are illustrated. Labeled
voleanic centers are those considered in this study due to the quality of data sets available
for other voleanie centers within the study area. The thick dashed line trending NW-SE
across the Bolivian-Argentine border is interpreted from Allmendinger ef al. [28] and is
considered to be the general boundary between the Bolivian Altiplano (north) and the
Argentine Puna (south).
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2. Background: Tectonic and Geologic Setting
2.1. Regional Setting

The Andes are generally considered the classic example of a modern Cordilleran type orogen
formed by long-term subduction of oceanie lithosphere beneath continental lithosphere. The central
Andes, in particular. represent the type locality for this process owing to the great width of the orogen
and immense crustal thicknesses (up to 70-80 km: [29]) and high elevations (~4-6 km: [50]) that
occur over vast areas (Figure 1). The region composes one of the youngest and largest active silicic
voleanic provinees on Earth with recent caldera formation. It contains over 20 calderas and numerous
ignimbrites (large ash flow sheets) less than 10 Ma as well as an estimated 50 active or recently active
composite voleanoes [51-53].

The modern central Andes at 21°—-227 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 voleanic 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 voleanic rocks overlie
variably folded and faulted mid-Miocene and older sedimentary and wvoleanic rocks: and (3) the

Eastern Cordillera: a major east-verging thrust complex involving Paleozoic to Mesozoic sedimentary
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and metamorphic rocks. The largest volumes of intermediate composition lavas at 21°-22° § latitude
erupted from composite voleanoes that form the peaks of the Western Cordillera. Baker and Francis [53]
estimated that the Western Cordillera contains ~3000 km® 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 km’ [53]

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 Nazea plates. which increased the rate of subduction beneath the
South American plate [16.54-56]. Between 157 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° [57]. 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 [16.58.59]. In this study we focus
on compositional variations of rocks on and behind the Quaternary arc-front that erupted after the last

major episode of regional crustal thickening and shortening in the region.
2.2. Individual Volecanic Centers

Aucanquilcha 1s a long lived (11 Ma) voleanic complex located on the volecanic front in northern
Chile (Figures 1 and 2: [27]). The Aucanquilcha Volcanic Complex consists of 4 distinct voleanic
groups: the Alconcha Group (11 to 8 Ma). the Gordo Group (6 to 4 Ma). the Polan Group (~4 to 2 Ma),
and Volcan Aucanquilcha (<1 Ma: [27.60]). There are long hiatuses between the Aconcha and Gordo
Groups and between the Polan Group and Volean Aucanquilcha. This paper focuses exclusively on the
eruptive products of Volean Aucanquilcha.

Eruptive products from Volecan Aucanquilcha range in age from 1.04 to 0.24 Ma [60]. Volcan
Aucanquilcha experienced four stages of growth as defined by Klemetti and Grunder [60]: the
Azufrera. Rodado, Cumbre Negra and Angulo stages. These stages are not uniquely distinguished on
the basis of location or time, and all are dominantly dacitic in composition. Eruptive units of the
Avzufrera stage (1.04 to 0.94 Ma) make up the main edifice of the volcano [60]. These units are mainly
blocky two-amphibole (with the exception of the Rodado Stage) plus biotite dacitic lava flows [60.61].
Nearly all lavas contain undercooled basaltic andesitic to andesitic magmatic inclusions that compose
1%—10% of the total volume of the lavas [27.60].

Volean Ollagiie straddles the Bolivia-Chile border approximately 25 km to the east of the arc front
(Figures 1 and 2: [41]). It is a composite volcano with no Holocene eruptions [62]. Feeley er al. [63]
deseribed four eruptive series (Vinta Loma, Chasca Orkho, La Celosa. and post-collapse) and a debris
avalanche deposit resulting from sector collapse of the western flank of the volcano. These series were
subsequently sub-divided into ten sequences by Womer er al. [64]. Clavero et al. [65]. and
Vezzoli et al. [66].

Ollagiie was primarily active between 1.2 Ma and 130 ka. Currently the voleano shows signs of
activity through active degassing of fumaroles that vent from a young dacitic dome on the upper
western flank [63.65]. Compositions of eruptive produets range from basaltic andesitic to dacitic lava
flows and domes covering an estimated area of ~230 km” with a volume of ~85 km’ [63]. In addition.

basaltic andesitic to andesitic magmatic inclusions are present in varying proportions in nearly all lava
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flows. although they are more abundant in younger units. The volcano is built upon 8 to 5 Ma
ignimbrite deposits [47].

Cerro Uturuncu 1s an andesitic to mainly dacitic composite voleano located in the southern Altiplano
region of the CVZ in southwest Bolivia, approximately 120 kin east of the arc front (Figures 1 and 2: [48]).
The volcano was primarily active between 890 and 271 ka. Eruptive products define two series as
deseribed by Sparks et al. [48]. The first series is more extensive older material ranging from 890 to
549 ka. These flows and domes rest directly on approximately 5 Ma ignimbrites [49]. The second
series consists of younger flows covering about 10 km?’, mostly located on the upper flanks of the
edifice. These flows range from 427 to 271 ka and are built upon the first series flows and domes [48].
Most flows and domes sampled by Sparks ef al. [48] 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 [48]. This relationship is similar to that seen at Aucanquilcha [60]

and Ollagiie [63] where magmatic inclusions are typically more abundant in younger lavas.
3. Methods

New whole rock analyses for Uturuncu rocks were performed at Washington State University,
Pullman. Major and trace element analyses on 121 samples were performed by X-ray Fluorescence
Spectrometry (XRF) on a ThermoARL Advant’XP+ automated sequential wawvelength spectrometer
(ThermoARL, Waltham, MA. USA). Methods and errors for the XRF analyses are described in
Johnson et al. [67]. 65 distinet geochemical samples were further analyzed for trace elements,
including the rare earth elements, by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) on an
Agilent Technologies 7700 ICP-MS (Agilent Technologies, Conesus. NY, USA). Methods and errors
for trace element analyses are detailed in Jarvis [68].

Whole rock Nd and Sr isotopic analyses on 30 samples were acquired by Thermal Tonization Mass
Spectrometry (TIMS) on a VG Sector 54 (VG. Santa Clara, CA, USA) and analyzed by five Faraday
collectors in dynamic mode at New Mexico State University, Las Cruces. Calibration of ¥151/%81 ratios
was calculated using the %51/%5r ratio analyzed at 3.0 V aiming mtensity 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 [69]. Nd was separated
using REE resin column chromatography using the digested split of prepared sample for Sr
chromatography. Nd isotopes were normalized to MONAMNd = 0.7219 and results for INDi-1 were
MeNd™Nd = 0512137 = 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 HNOs. Purified samples were
then dried and re-dissolved in 1 mL of 2% HNO; containing 0.01 ppm T1. Samples were analyzed on a
ThermoFinnigan Neptune multi-collector ICP-MS (ThermoFinnigan, Waltham, MA, USA) equipped
with nine Faraday collectors and an ion counter. The standard NBS 981 (**Pb/**Pb = 36.662 = 0.002.
207 2Mph = 15.462 = 0.001. 2°Pb2™Pb = 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 [70] and therefore corrections were not applied to unknown sample
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ratios. Given the young ages of all rocks examined 1n this study. no age corrections were performed for
the radiogenic isotope data.

5'%0 values were determined for 30 Uturuncu samples by the laser fluorination method deseribed
by Takeuchi and Larsen [71] 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%c [71.72]. Data are illustrated in
figures and presented in Table 1 in permil using standard delta notation relative to Vienna Standard
Mean Ocean Water (VSMOW).

Table 1. Representative new whole rock samples from Cerro Uturuncu.

Sample DM10A  DMSSA2 GSM17  GSM29  GSM-50

510, 65.55 62.30 66.59 63.65 64.84
Ti0» 1.08 1.13 1.00 0.99 1.08
AlLO; 16.16 17.19 15.84 16.11 16.25
FeO* 481 573 4.47 524 493
MnO 0.07 0.09 0.06 0.07 0.07
MgO 1.87 2.60 1.61 3.07 211
CaO 414 4.95 3.64 4.69 4.11
Na,O 237 221 241 223 2.29
K>O 3.70 349 411 3.67 4.01
P05 0.25 0.30 0.28 0.28 0.32

LOI (%) 099 0.43 0.53 0.51 0.95
Sum 100.00 100.00 100.00 100.00 100.00
La 53 59 69 61 70
Ce 109 118 140 120 141
Pr 13 14 17 15 17
Nd 50 53 61 54 62
Sm 10 10 11 10 11
Eu 1.80 1.98 1.89 1.90 1.97
Gd 7.68 823 8.10 179 3.36
Tb 1.11 1.25 111 1.10 1.18
/ 5.89 6.96 5.65 574 6.07
Ho 1.03 1.31 093 1.03 1.04
Er 244 3.29 2.18 2.63 240
Tm 033 0.45 0.29 0.37 0.31
Yb 1.90 272 1.64 225 1.76
Lu 0.27 0.40 0.24 0.33 0.25
Ba 686 776 850 814 866
Th 19 19 25 20 25
Nb 18 21 19 19 22
Y 27 33 25 27 27
Hf 6.6 6.4 73 6.4 73
Ta 14 1.5 14 13 1.5
Rb 167 146 193 161 184
Sr 305 474 338 391 388
Zr 250 241 277 230 276

Note: Total Fe reported as FeO*.
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4. Results
4.1. Summary of Petrology and Pefrogenetic Processes at 21°-22° 5 Latitude

Rocks from all three centers are porphyritic with 30% to 60% by volume phenocrysts (average
~40%). Plagioclase is the most abundant phenoeryst phase in all samples, accounting for 50% to 75%
of the mineral assemblage in many of the samples. Other phenocryst phases are present in variable
amounts and include orthopyroxene, clinopyroxene, amphibole, biotite. quartz, magnetite, and
ilmenite. In general, phenoeryst assemblages are similar for rocks from the three centers. except that
amphibole and clinopyroxene are typically more abundant in young rocks from Aucanquilcha, whereas
biotite is progressively more abundant in young rocks from Ollagiie and Uturuncu. The latter probably
reflects the higher KO contents of Ollagiie and Uturuncu rocks relative to rocks from Aucanquilcha.

Petrographic similarities such as those described above and the presence of undercooled magmatic
inclusions that are slightly more mafic than the host lavas. suggest that Utnruncu magmas experienced
similar petrogenetic processes to magmas erupted at Ollagiie and Aucanquilcha. Specifically, recent
geochemical modeling of Uturuncu rocks suggests that the magmas were produced by complex
processes involving magma mixing and mingling with more mafic magmas following assimilation of
crustal rocks coupled with fractional erystallization (AFC) in multiple reservoirs within both the
mid-deep and shallow erust [73.74]. This is consistent with the work of Sparks ef al. [48] who. on the
basis of geochemical and petrologic data, concluded that dacitic magmas at Uturuncu formed by
fractional crystallization of andesite forming norite cumulates and involving partial melting and
assimilation of the continental crust. Furthermore, phenocryst compositions and zoning patterns
indicate that more detailed compositional variations of the dacites reflect magma mixing with silicie
andesite at shallow ecrustal levels. The latter conclusion is supported by geophysical evidence that
mndicates magma accumulation and seismicity clusters at sea level beneath Uniruncu (6 km depth: [75-77]).

The petrologic model for Uturuncu rocks [48.73.74] is nearly identical to those proposed by Feeley
and Davidson [25] and Feeley and Hacker [47] for production of magmas at Ollagiie and
Klemetti and Grunder [60] and Walker er al. [78] for production of magmas at Aucanquilcha. These
authors argue that magma mixing with a component of mid-deep crustal AFC were responsible for
producing the rock compositions observed at these two centers. Therefore, mid-deep erustal AFC i1s
considered the dominant process in producing the dacitic rocks erupted at the three centers followed by
mixing and mingling with more mafic melts and undercooled inclusions. respectively. in shallow
reservoirs to produce rocks lower in Si0; contents. The most silicie rocks erupted at the three centers
are thus all considered to contain a significant crustal component derived from melting and

assimilation of mid-deep crustal local basement lithologies.
4.2, Across-Are Geochemical Variations

In this section we deseribe across-arc geochemical and isotopic variations of silicic volcanic rocks
(i.e., >60 wt % S10;) erupted from the three centers. We focus on silicic rocks because more mafie rocks
are generally rare or non-existent at the three centers and the silicic rocks better record the compositions
of crustal rocks through which the magmas ascended and interacted. Data for magmas erupted at Ollagiie

and Aucanquilcha are in Feeley and Davidson [25]. Feeley and Hacker [47]. Feeley and Sharp [26].
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Mattoli et al. [79], Grunder et al. [27], Klemetti and Grunder [60]. and Vezzoli et al. [66]. New whole
rock and isotopic data are illustrated in this paper for Uturuncu rocks with representative analyses
presented in Tables 1-3. A complete dataset for new analyses is available in the supplementary

information. Additional major and trace element data for Uturuncu rocks are in Sparks et al. [48].

Table 2. Representative new whole rock trace element ratios from Cerro Uturuncu.

Sample DM10A  DMSSA2  GSMI17  GSM29  GSM-50
K,0 + Na,O 599 5.68 6.46 5.87 620
Rb/Sr 0.55 0.31 0.57 0.41 047
StY 11.48 14.25 13.59 14.48 14.54
Ce/Y 4.09 3.56 5.63 443 5.29
Ce/YDb 57.24 43.43 8538 53.23 80.06
Ba/La 1291 13.27 12.34 13.34 12.37
Ba/Zr 275 322 3.07 3.53 313
K/Rb 18442 199.17 176.59 189.74 180.83
Nb/Zr 0.07 0.09 0.07 0.08 0.08
Dy/Dy* 0.81 0.73 0.80 0.68 0.81
Dy/Yby 201 1.66 2.24 1.66 223
La/Yby 18.87 14.47 28.36 18.29 26.75
Eu Anomaly 0.57 0.58 0.56 0.58 0.63

Note: Dy/Dy* = Dyy/(Lay* Yy ©).

Table 3. Representative new whole rock Sr. Nd. Pb whole rock isotopic ratios and *0/'%0

ratios from mineral separates from Cerro Uturuncu.

Sample  DMIOA DM58A2 GSMI17 GSM29  GSM-50
Ysr/sr 071457 0.711294  0.71385 0.71141  0.71247
NN 051215 0512179 051214 051223 051216
08204ppy 38.94 38.92 38.94 389 38.93
0720 py, 15.65 15.65 15.65 15.65 15.64
206204py, 18.87 18.84 18.84 18.34 18.86
5%0-Q1Z 7.26 8.95 - 7.60 7.98
5'*0-PLG - 932 - - 8.75

Notes: 5'%0-QTZ represents mineral separate analyses of quartz phenocrysts; 5'%0-PLG represents mineral
separate analyses of plagioclase phenocrysts.

Volcanic rocks at Aucanquilcha, Ollagiie. and Uturunen are high-K. calc-alkaline

andesites/trachyandesites and dacites/trachytes, together with less abundant basaltic andesites
(Figure 3). Total alkali concentrations of rocks from Aucanquilcha and Ollagiie with 61-68 wt % S10,

are restricted, ranging from 5.1 to 7.9 wt %. such that they plot along the border of the

andesite-dacite/trachyte-trachyandesite fields (Figure 3: [27.60]). Ollagiie also contains a few rocks
that plot in the trachyte and trachyandesite fields, but these are rare (Figure 3: [23.25]). Silicic rocks at

Uturuneu with $10: contents from 61 to 68 wt % have lower total alkali concentrations of 3.5-6.7 wt %
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{as a result of low NaxO concentrations: see below): classifying them as andesitic to dacitic
(Figure 3: [23.25.48]).

Figure 3. Total alkalis vs. SiO; contents and classification of silicic rocks from

Aucanquilcha. Ollagiie and Uturuncu [80].
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Systematic differences exist in the major and trace element compositions of rocks erupted with
increasing distance from the arc front. At a given Si0; content, K>O. FeQ. P20s, and Ti0» concentrations
merease toward the east. particularly in the most silicic composition rocks, with the highest
concentrations in rocks at Uturuneu (Figure 4). In contrast. contents of CaO, Al,Os. and. particularly.
NayO. decrease in concentration toward the east, with very low concentrations of the latter in Uturuncu
rocks (Figure 4). In more detail. trends for P,Os and T10; decrease with increasing Si0, for lavas from
Aucanquilcha and Ollagiie. whereas they increase with inereasing Si05 for lavas from Uturuncu.

At a given S10, content, all trace elements analyzed increase in rocks erupted progressively toward
the east with the exception of Sr and Ba (Figure 5). In contrast. Sr (and to a lesser degree, Ba)
concentrations decrease toward the east at a given S10; concentration (Figure 5). Chondrite-normalized
REE patterns for rocks from Aucanquilcha and Ollagiie have similar slopes. although Ollagiie rocks
hawve higher concentrations of REE compared to Aucanquilcha (Figure 6). In contrast, Uturuncu REE
patterns have steeper slopes for middle to heavy REE compared to patterns for Ollagiie or
Aucanquilcha rocks and higher concentrations (Figure 6). In these regards, with increasing Si10;
contents, (La/Yb), (when “n” refers to chondrite normalized values) ratios increase for rocks from all
centers and broadly overlap (although the most silicic rocks from Uturuncu have the highest ratios:
Figure 7). In contrast, with increasing SiO; concentrations, trends for (Dy/Yb), ratios are variable: they
decrease in Aucanquilcha rocks, are roughly constant for the Ollagiie suite. and inerease for Uturuncu

rocks (Figure 7). Furthermore. negligible Eu anomalies are observed in REE patterns for rocks from
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Aucanquilcha (0.8-0.85) compared to small negative Eu anomalies in Ollagiie rocks
(0.61-0.88; ratios close to one are considered small). Relatively large negative Eu anomalies
(0.49-0.69) are observed for all Uturuncu rocks (Figures 6 and 7: Table 2).

Figure 4. Major element diagrams for voleanic rocks from Aucanquilcha, Ollagiie and

Uturuncu rocks vs. Si0a.
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Figure 5. Plots of sclected trace element compositions of Aucanquilcha. Ollagiie, and
Uturuncu rocks vs. S105.

300 & Aucanguilcha
800 + Ollagiie
o Uturuncu
o
200 o = ne'-'c ol
0g @hthgt o 600
oo o5, 0 o
o, Unnﬁun el E &
L . b
o . ey ¥
100 o ® b4 PRI 2y
. .. L a% & & & 400
sl e il aoa sy R &
. o 4
Rb
04 200
1,300
160 5 o go o
140 o o 9% G @
- oo o a 100
120 L] :j;n“'l,-,”r_n foo L
- o =]
100 o
a -
80 - + . A 4 e
TR . o sy &
&0 ten o . n_; LS
A B4 Y a4 B8 o
0 L a4 & o, 700
w0 -
Ce
[ | 500
ago
& g L
2 I:n n:&:ﬁhul?h.% n_% - a5
o .
- =]
T vty o e
&
1 a e g 15
a a
4
Eu
i B & 5
Nb
o 30
25 =
&
Gp @ g5 o 30
o o
o o o
15 o o
a * - ’ ‘Q«
. ., . o 56 - il 30 g “h -
» = : o2 s s s . o gh Y n’ifn “!.-fm at 3 a “
b s 3 * " LT 3 A
& A & T
5 0
o
o
250 3 -
o
a
L% g
200 2 o
L
-
LA
1 +
150 ~ 1 .- A
" 4
r ¥b
100 — , . " " 0 + - . .
60 62 64 66 68 G0 62 64 56 [:]
Sio, $i0;




125

Geosciences 2013, 3 045

Figure 6. Rare earth element fields for whole rock samples from each voleanic center.

Chondrite normalization values from Sun and Medonough [81].
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LILE to HFSE ratios (e.g.. Ba/Zr and Rb/Nb: the latter not illustrated), K/Rb. Ba/La, and EwEu*
decrease toward the east for a given SiOz (Figure 7). Nb/Zr and Rb/Sr ratios increase toward the east
with the highest ratios observed in Uturuncu rocks for a given Si0; (Figure 7). Aucanquilcha rocks
contain the highest Sr/Y ratios for a given Y concentration (Figure 8). This ratio 1s lower in Ollagiie
rocks and the lowest ratios are observed in Uturuncu rocks. Ratios of La/Ta show no correlation with
distance from the are front with the exception that there are no observed ratios for Aucanquilcha that
fall below La/Ta = 40. Ba/Ta ratios decrease towards the east. Ba/La ratios for all observed rocks from
Aucanquilcha and most rocks for Ollagiie are above the Ba/La = 20 ratio indicative of their are
affiliation [17.82].

Across-are variations in Sr, Nd, and O isotope ratios generally parallel those observed for K30 and
incompatible trace elements (with the exceptions of Sr and Ba), particularly for the most silicie rocks
erupted at any given center. In this regard, 51/%s1 and *0/'%0 ratios of Uturuncu rocks (Table 3) are
highly elevated and become progressively lower in rocks erupted towards the arc front, whereas
“INd/"Nd ratios increase (Figure 9). In detail. with inereasing Si0O» contents, Sr and Nd isotopic
ratios of rocks from Aucanquilcha decrease and increase. respectively. show small variations for rocks
from Ollagiie. and increase and decrease, respectively. for rocks from Uturuncu.

On a plot of NAMNG vs. ¥se/*Sr. rocks from all three centers form a slightly scattered
curvilinear array. becoming isotopically more “crustal-like” (i.e.. plotting lower and further to the right
from Bulk Earth (BE: INA/M™Nd = 0.51263: ¥'se/*sr = 0.7052: [83])) with mereasing distance from
the are front (Figure 10). This is a long observed trend in the CVZ as outlined by Kay ef al. [17] and
references within, Furthermore, on Figure 10, there is a distinet gap between magmas erupted at
Uturuncu versus those erupted on or just to the east of the arc front. In a similar manner, 50 values
tor the rocks as a group are elevated relative to generally accepted mantle values [24.84-86]. thus
requiring the incorporation of a significant crustal component during the petrogenesis of all studied
suites. 5'°0 values of mineral separates are extremely variable for Uturuneu rocks (61s0 = 7.3%0—9.6%o0)
compared to Ollagiie (3'°0 = 7.3%0—8.3%0) and Aucanquilcha rocks (3'%0 = 7%0—7.3%o). in part
reflecting that values for both plagioclase and quartz are illustrated for Uturuncu rocks. Nevertheless,
Aucanquilcha rocks contain the lowest 8'*0 values and., while values for Uturuncu and Ollagiic

overlap. '*0/"0 ratios become on-average more crustal-like toward the east (Figure 9).
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Figure 7. Plots of selected trace element abundance ratios for Aucanquilcha, Ollagiie, and
Uturuneu rocks vs. S10;. Lines through data points without arrowheads illustrate iferred

trends for individual eruptive centers.
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Figure 8. Plots of trace element ratios for Aucanquilcha, Ollagiie, and Uturuncu rocks vs.
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Y. La contents and La/YDb ratios.
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Figure 9, Plots of F51/%sr, " NdM*Nd. and *0/'°0 (as 5'°0 values of mineral separates)
ratios of Aucanquilcha. Ollagiie and Uturuncu rocks vs. Si0s. Lines through data points

illustrate inferred trends for individual eruptive centers.
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Figure 10. (a) NAM™Nd vs. ¥se/*Sr ratios of Aucanquilcha, Ollagiie and Uturuncu
rocks. Arrow labeled BE illustrates direction toward position of “Bulk Earth™, which plots
off of figure: (b) ¥751/%Sr vs. St/Y ratios of Aucanquilcha, Ollagiie and Uturuncu rocks.
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Rocks from Aucanquilcha and Ollagiie have extremely variable Pb isotopic ratios and show no
distinet arrays with varyving SiO» coneentrations (not shown). Uturuncu rocks (Table 3) have very
restricted P/ ™Pb, 2*pb*%Pb, and *Pb/™Pb ratios. although they are higher on average than for
Ollagiie or Aucanquilcha rocks (Figure 11).

Pb isotopic ratios for all three centers lie within the southern sector Pb isotopic domain defined by
Wérner et al. [22]. Aucanquilcha and Ollagiie Pb isotopic values lie in the Southern Altiplano Pb
isotopic domains (QOTPb “¥pp > 15.64. “®*pb*™Pb < 38.89 but >38.5 and “*Pb/¥Pb > 18.6) defined
by Aitcheson ef al. [87] and Uturuncu lies within the Eastern Cordilleran domain (mTPb 204pp > 15.64.
2%pp 2P > 38.9 and Pb/*¥Pb > 18.6).
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Figure 11. 221 2%Pb vs. °Pb2™Pb and *"Pb/ P vs. *°Pb™Pb. Pb isotopic ratios for
all three centers lie within the southern Altiplano Pb isotopic domain defined by
Womer ef al. [22] and Aitcheson ef al. [87]. Grey field defines the boundary between the

Eastern Cordilleran domain and the Southern Altiplano domain [87].
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5. Discussion: Origin of Across-Arc Geochemical Variations in the Central Andes at
21°-22° § Latitude

Major and trace element across-arc variations at 21°-22° S latitude deseribed in the previous
section are similar in several respects to trends observed at many other convergent margin settings
where there is thin (Southern Andes) or no overlying continental crust (oceanic arcs: as described by
Gill [2]: p. 209, and Tatsumi and Eggins [4]: pp. 80-81). These include inereases in KyO and most
mncompatible trace elements with increasing distance from the active arc front. Notable exceptions are
that whole rock NajO. Sr. and Ba contents decrease to the east for a given SiO: concentration
(Figures 4 and 5). These trends are contrary to the across-arc behavior of these elements observed at
other oceanic arcs (e.g.. New Zealand, Java. Japan. and the Aleutians: [2-5.88]).

It has been repeatedly demonstrated that K and incompatible trace elements tend to increase in arc
magmas with distance behind the voleanic front (there is. however, no general rule for isotopic
ratios [2-5.89]). Much of our perspective on the origin of these trends comes from study of

intra-oceanic arcs or arcs constructed over young. thin continental crust [6.90-92]. In these settings.
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across-are geochemical trends are nearly always linked to systematic changes in mantle source
compositions, degrees of partial melting. and. or, slab dehydration reactions. This is because they are
typically expressed in the most primitive rocks of any given suite and they frequently correlate with
other petrologic features such as inferred primary magmatic H>O contents [11.12.93-95].

The Andean CVZ offers the opposite perspective to 1sland ares: thick continental crust producing or
enhancing across-are trace element variations in subduction zone magmas. A result of the anomalously
thick crust beneath the CVZ is that the across-arc inereases in K)O and incompatible trace element
concentrations do not directly reflect variations in mantle source compositions or degrees of partial
melting. Baseline Sr and O isotopic ratios of the voleanic rocks are highly elevated relative to primitive
mtra-oceanic arc magmas, implying a contribution from the continental crust during magma
petrogenesis [96]. Furthermore. *'Sr/*%Sr and '0/'°0 ratios become more variable and inerease
towards the cast for a given SiO, concentration while **Nd/"*Nd ratios decrease (Figure 9). These
trends parallel the incompatible trace element trends for each of the three voleanic centers (Figures 5-7).
This suggests that the sources become more variable/complex towards the east. The thick continental
crust thus modifies primary are magmas generated across the transect (Figures 10 and 11), yet many of
the universal across-arc trace element trends observed at oceanic ares are maintained (Figure 5). How
15 this possible?

A variety of models have been proposed to account for the across-arc trace element trends at
21°-22° S latitude. However, until recently these models have been difficult to test due to the absence
of a comprehensive data set on magmas erupted from suitable back-arc locations. This is important in
order to constrain the processes and contaminants that influence magmatic differentiation to a singular
location rather than wsing multiple locations that may have undergone different processes or assimilated
different crustal contaminants. Using data from multiple centers representing a “zone” would require
additional analyses and comparison of the centers. Fernandez er al. [42]. Kussmaul er al [44].
Avila-Salinas [38]. and Feeley [41] demonstrated that rocks with the highest K0 contents also have
the highest ¥'Sr/*Sr ratios. These authors proposed that the castward enrichments of incompatible
trace elements require the involvement of some form of erustal melting or contamination. Further to
the south, Kay er al. [17] suggested that the ignimbrites located on the Puna plateau are controlled by
basement contaminants during the earliest stages of voleanism. Overtime. this contribution diminishes
and compositions become increasingly controlled by mantle source compositions. Fernandez et al. [42]
and Kussmaul er al. [44] suggested that the observed compositional trends may reflect crustal melting
or contamination of more mafic magmas at increasingly shallower depths eastward. These conclusions
were reached without comprehensive trace element data. which was later suggested to play key roles in
modeling the mineralogies and source compositions during magma differentiation and
migration [41,97.98]. Avila-Salinas [38] suggested the trends may reflect an eastward inerease in the
degree of upper-crustal contamination, although little evidence was discussed to support this idea.
Feeley [41] argued the trends may reflect assimilation of progressively less hybridized mid-deep
crustal rocks eastward (e.g.. Figure 5). Diminishing hybridization of the continental crust east of the
voleanic front was inferred to reflect diminishing intrusion of subduction-derived basaltic magmas due
to progressively lower degrees of mantle partial melting. In contrast to these models, Dostal e al. [99]
suggested a more traditional model where the across-arc spatial variations were attributed to the degree

of mantle partial melting with increasing depths to the Benioff zone and possibly systematic variations
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mn mantle source compositions as a result of hydrous fluid fluxing. The temporal geochemical
evolution of the Central Andes was discussed by Mamani ef al. [36.37]. These authors used Sr/Y,
Dy/Yb and Sm/YDb to deseribe changes in arc magma composition from the Triassic to the recent and
discussed the observed changes these ratios have during arc migration. These authors suggested that
along-strike variations from 187 to 287 S over time were caused by the onset of erustal thickening and
changes in the depth of assimilation at ~30 Ma and again at ~3 Ma. The variation caused by the onset
of crustal thickening at ~30 Ma resulted in higher ratios of Dy/Yb and Sm/Yb reflecting inereased
lithospheric pressures at the time of differentiation and crust-magma interaction. These depths were
suggested to be where garnet and amphibole are stable [37].

The model by Kay ef al. [17] 15 a hybrid model. In the early stages of eruption of the Puna
ignimbrites the composition of the ignimbrites are controlled by variation in the crustal composition.
Ower time, these authors suggest that the composition of the crust becomes less important, and the
controlling factor in the compositional variation between the back arc and the arc front voleanic rocks
1s variation in the mantle source and slab fluxes. Early stages of this model suggest hybridization and
crustal assimilation similar to the model presented by Feeley [41]. but does not suggest how
geochemical variation oceurs at a single point in time. The model of Kay er al. [17] requires a temporal
component to observe similar across arc variations seen at 21°-22°,

Our preferred explanation for the across-are geochemical and isotopic trends described in the
previous section is that magmas assimilate continental crust that becomes increasingly more mafic
toward the arc-front because of relatively recent intrusion and hybridization by primary,
subduction-derived basaltic magmas. Several lines of evidence collectively support this hypothesis.
First, the curvilinear array formed by ¥’Sr/*Sr and ¥Nd/*Nd ratios on Figure 10. with magmas
becoming isotopically more crustal-like with inereasing distance from the arc front, cannot reflect a
continuous differentiation trend formed by a common petrogenetic process given the similar bulk
compositions (i.e., S10; and MgO contents) of the rocks at the three centers (a similar argument can be
made for the across-arc trend in Sr vs. O isotope ratios). Instead, it is more likely related to local
isotopic differences in the composition of the mid- deep-continental erust. In this regard. it is possible
that magmas at Uturuncu assimilated crustal rocks similar in composition to un-hybridized Paleozoic
granites and gneisses exposed in northwestern Argentina. These rocks have ¥'Sr/®Sr ratios between
0.71 and 0.80 [100-104]. Assimilation fractional crystallization modeling of Uturuncu magmatie
mclusions and contaminants of similar composition to the Paleozoic granites described by
Lucassen [36.37.73.100.102.103.105-110] suggest that very little contamination is required to produce
the high Sr icotopic ratios while maintaining the moderate Sr coneentrations observed at Uturuncu.
Increasing Rb/Sr ratios (Figure 7) toward the east can thus be directly related to assimilation of
progressively older. less-hybridized crustal rocks toward the east with high ¥51/%Sr ratios due to
protracted in-growth of radiogenic 151 in assimilated lithologies.

Second. across-are inereases in KyO, Rb, Th. Y. REE and HFSE contents can be interpreted to
reflect assimilation of more silicic lithologies with higher incompatible trace element contents in which
residual mineralogies are progressively more feldspar-rich. In the latter regard it is important to note
that contrary to across-arc geochemical trends commonly observed at other ares, the CVZ rocks display
systematically lower NaxO, CaO, ALOs. Sr, and Ba contents toward the east: stoichiometric components or

trace elements with relatively high partition coefficients in feldspar-rich assemblages [83]. Furthermore,
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with increasing distance from the arc-front. the rocks have progressively more negative Eu anomalies
(Figure 7). also consistent with more feldspar-rich residual mineralogies. In a similar manner.
across-arc increases in O can be interpreted to indicate assimilation of rocks with increasingly
higher proportions of more silicie, 1130-::oncwm‘[rating minerals toward the east,

Third, more feldspar-rich residual mineralogies toward the east are supported by experimental
studies. Specifically, Huang and Wyllie [111] demonstrated in tonalite melting experiments at
low-H>0 and high pressures (~15 kbar). similar to conditions assumed for the mid-deep crust beneath
the southern CVZ. that K;O-rich silicic melts are produced with residual plagioclase and gamet. In
contrast. during melting of mafic amphibolite under similar conditions, plagioclase becomes unstable.
increasing Sr concentrations in the melt [20.98]. Moreover, high-pressure (e.g.. =15 kbar) melting
experiments by Litvinovsky et al. [112] on a variety of Archean silicic rock compositions (e.g..
charnokite, granodiorite. and leuco-granite) under both wet and fluid-absent conditions in all cases
produced silicic melts in equilibrium with residual garnet, Na-rich feldspar. and clinopyroxene. At low
to moderate melt fractions (e.g.. 5%—25%). derivative melts are characterized by low Na,O. but high
K,O contents, Collectively, these experiments demonstrate that partial melting of mafic protoliths at
high pressures leads to production of melts with high St/Y ratios. whereas high pressure melting of
more silicic compositions leads to production of melts with low Str/Y ratios (largely due to low Sr
contents) and Na,O contents. but high KO contents. The smooth. curvilinear array on Figure § with
St/Y ratios decreasing with increasing Y contents to the east is therefore consistent with a progressive
change to melting of more silicic bulk composition crustal rocks eastward and more feldspar-rich
residual mineralogies (alternatively, this trend has also been aseribed to melting at progressively lower
pressures in the absence of residual garnet. but we discount this below).

Kav et al [17] suggested that the low NaxO concentrations observed in the Puna
ignimbrites (Grandada-Orosmayo, Panizos. and Vilama) combined with high %'Sr/*SSr ratios
(0.709861-0.715048; [113.114]) and &'%0 (9.05-10.24; [113.114]) ratios are the result of crustal
contamination by old shale-like components with similar interpretations for the Altiplano ignimbrites
(e.g., Morococala: [115]). This 1s a possible alternative to the model described above, but still supports
the model that the composition of the continental erust changes eastward.

Finally. observations by Baker and Francis [53] indicate that the greatest volumes of late Cenozoic,
subduction-related rocks are located along the arc-front and decrease systematically toward the east.
This may indicate that recent intrusion of subduction-derived mafic melts has been greatest in the
mid- to deep-crust beneath the arc front and diminishes in a regular manner toward the east. A
straightforward interpretation of this result is that the continental crust is likely younger and more
mafic beneath the are-front as a result of hybridization due to protracted intrusion of
subduction-derived. primary basaltic magmas. A further implication of the higher magma volumes
along the arc-front is that the degree of mantle partial melting and thus melt production may be
greatest along the are-front.

We discount other models to explain the observed across-are geochemical trends. For example,
Fernandez et al. [42] and Kussmaul ef al. [44] suggested the trends may reflect crustal melting or
contamination of more mafic magmas at increasingly shallower depths eastward. This hypothesis is
unlikely because Y and Yb contents, although high in Uturuncu rocks, probably as a result of

assimilation of more incompatible element-enriched silicie crustal source rocks. decrease with
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increasing Si0:> contents for rocks from all centers (Figure 5). This suggests that garnet was in the
high-pressure melt residue after assimilation for all three suites. consistent with the experimental
studies cited above invelving a wide-range of erustal source rock compositions [17]. Furthermore, with
mereasing S10; contents, (La/Yb), ratios increase for rocks from all centers and broadly overlap or are
higher i Uturuncu rocks, consistent with similar amounts of garnet in the residue during crustal
melting for all centers and. by extension. comparable depths of differentiation (Figure 7: [116]). This is
also consistent with the similar petrographic features of the rocks from all centers. which indicates
comparable petrogenetic histories, There is thus no evidence for shallower depths of melting toward
the east. In contrast, with increasing Si03 contents. (Dy/Yb), ratios (calculated by the method of [116])
decrease in Aucanquilcha rocks. are roughly constant for the Ollagiie suite, and inerease for Uturuneu
rocks (Figure 7). Similar trends are seen for Ti0; vs. Si0, for rocks from Aucanquilcha and Uturuneu
(Figure 4). Furthermore, FeO contents inecrease eastward at a given S10; content. Collectively these
trends can be explained by more mafic, Ti- amphibole-rich lithologies (and residual mineralogies) in
the mid-deep crust beneath the arc-front relative to the mid- to deep-crust beneath the back-are, given
that partition coefficients for middle-REE (e.g.. Dy) are higher than for heavy-REE (e.g.. Yb) in
amphibole (see [116.117]). As a result. the trend of smoothly decreasing Sr/Y ratios with increasing Y
contents and mereasing Eu anomalies from west to east (Figures 5 and 8) are best explained by
assimilation in the mid- to deep-crust of progressively more felsic. incompatible trace element enriched
crustal compositions (e.g.. [118]), as opposed to progressively shallower depths of assimilation.

The presence of plagioclase, either in the source as a residual phase or as a result of fractionation
during melt migration. plays a key role in controlling the variations observed in the Sr contents for all
three centers. By normalizing Sr to an element such as Y we can observe the effects of plagioclase in
the source or during melt migration. The increasing Eu anomalies observed from west to east suggest
that beneath the arc front plagioclase is neither retained in the source or fractionated during melt
migration. This can be explained by either the stability of plagioclase in the melt or in the source. As
suggested by the middle-REE patterns for rocks from Aucanquilcha, a mafic amphibole-rich source
explains why fractionation or retention of plagioclase is not observed in either the Sr/Y ratio or the Eu
anomaly for these rocks. In contrast. at Uturuncu more pronounced Fu anomalies. lower Sr/Y ratios
and middle-REE patterns are observed suggesting fractionation or retention of plagioclase is present
either in the source or during migration of the melt.

La/Ta ratios show little correlation with distance from the arc front at 21°-22° S similar to the
model proposed by Kay er al. [17] for the Puna ignimbrites, When Ba/Ta ratios are compared to Ta
concentrations for the three centers, the highest Ba/Ta ratios coincide with the lowest Ta
concentrations (Figure 12). Uturuncu rocks for a given Si0; have lower Ba concentrations than
observed at Aucanquilcha. This relationship further supports the inference made from the St/Y ratios
that the source beneath Uturuncu is compositionally different than beneath Aucanquilcha. Ba/Ta ratios
for Ollagiie overlap with both Uturuncu and Aucanquilcha suggesting that the variation may be more

controlled by the Ta concentration of the rocks than the Ba concentration.
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Figure 12. Ba/Ta ratios vs. La/Ta ratios. The Ba/La ratio for rocks sampled at the three centers
decreases with distance from the arc front. The grey shaded area labeled arc are the lower
limits of ratios among La. Ba and Ta in mafic southern Andean voleanic are rocks as
wterpreted by Hickey et al. [82] as inferred from Kay er al. [17]. Ratios observed at Unuruncu

are similar to ratios observed by Kay er al. [17] for northern Puna small volume ignimbrites,
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Finally. Dostal ef al. [99] suggested a more traditional model to explain the across-arc geochemical
variations at 21°-22% S latitude. This model is similar in many respects to models often invoked for
oceanic island arc settings or arcs constructed over thin continental crust [6.94.118]. Specifically.
Dostal et al. [99] suggested that the proportion of a LILE-enriched hydrous fluid added to the mantle
source region for the volcanic rocks decreases across the strike of the arc. Ultimately. this fluid 1s
derived from the subducting. dehydrating Nazca plate. Concomitant with the across-arc decrease in the
proportion of a slab-derived fluid is a decrease in the degree of mantle partial melting. This suggestion
stems from the well-documented decrease in mantle solidus temperatures with progressive hydration
(e.g.. [119-121]). This model is initially attractive because it can account for the strongly west to east
decreasing primary magma production rates as reflected in decreasing eruption volumes of the
composite cones at 21°-22° S latitude, This. of course. assumes that magma production rates in the
mantle and eruption rates at the surface correlate with the degree of mantle partial melting.

The geochemical implications of decreasing west to east fluid fluxing are two-fold. First, because
contents of trace elements with low erystal/liquid partition coefficients (e.g.. LILE. REE. HFSE) in
primary basaltic melts are a strong function of the degree of partial melting of the mantle source,
primary melts generated behind the are-front will have progressively higher contents of mecompatible
elements. relative to arc-front magmas, because they derive from smaller degrees of partial melting
(this accounts for the K-h relationship). Second. superposed on these first-order variations will be
across-are variations in the LILE contents of the mantle source due to their selective transport and
enrichment in slab-derived hydrous fluids [12.122.123]. The LILE enrichments are highest at the
arc-front where the proportion of fluid is greatest and they diminish behind the arc. The net effect of
these two processes is to produce primary melts with relatively low incompatible trace element
contents but high LILE/HFSE and LILE/REE along the arc-front where the mantle is fluxed by larger
amounts of slab-derived fluid and partially melts to a greater extent than behind the are (e.z.. [8]).
Further, there may also be additional complexities introduced by inherent across-are variations in mantle
source compositions, particularly radiogenic isotopic ratios. prior to or during slab dehydration- or
melt-related metasomatism [124].

Any suberustal model such as that described above is inherently difficult to test and quantitatively
model, given the strongly crustal isotopic compositions of the volecanic rocks at 21°-227 S latitude and
lack of knowledge of deep-crustal compositions in the CVZ. Interaction of the silicic magmas with
thick continental erust is thus expected to mask most of the influence of the slab dehydration fluids and
any pre-metasomatic isotopic variations [118]. Geochemical variations consistent with such a model
meclude lower LILE/HFSE and LILE/REE ratios at a given Si0: content toward the east at the three
centers (Figure 7). However, in more detail this model cannot account for numerous other features
such as lower NayO. Ba, and Sr contents (Figures 4 and 5) and higher St/Y (where Sr is considered to
be more fluid-mobile than Y) and 0/%0 ratios (Figure 8) ratios in Uturuncu rocks relative to those
erupted on or slightly behind the are-front. A suberustal model invoking an across-are variation in
degrees of mantle partial melting also cannot account for relatively high Nb/Zr ratios in Uturuncu
rocks relative to those at Aucanquilcha and Ollagiie, as the degrees of incompatibility between Nb and
Zr in mantle solid assemblages are very small (Dyp and Dz are estimated to be 0.04 and 0.08,
respectively: [125]). Thus, this ratio is not expected to vary strongly with different degrees of mantle

partial melting and is instead controlled by the crustal contaminant. Therefore, although decreasing
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degrees of mantle partial melting with increased distance from the arc front are expected to produce
geochemical variations in parental magmas at 21°-22° S latitude (i.e. [126]), we consider the
across-are geochemieal and isotopic variations documented for silicic rocks in this study to be largely,
if not mostly. crustal in origin. We acknowledge, however, that the more “arc-like” nature (e.g.. higher
LILE/HFSE ratios) of the silicic rocks erupted on or just east of the arc-front may, in fact. partially
reflect greater volumetric intrusion of primary mafic magmas with high LILE/HFSE beneath the
arc-front relative to the back-arc. lowering the compositional distinctions between primary magmas
and the are-front crust with time.

Woérner ef al. [22] and Harmon et al. [127] observed similar along-strike geochemical trends within
the CVZ to the across strike trends. The northern CVZ has been shown to be more radiogenic
compared to the south. These authors proposed that this relationship 1s a function of thicker erust and
varying composition of the crust beneath the arc front of the northern CVZ compared to the southern
CVZ. Across-arc geochemical variation at 21°-22° S latitude shows a similar relationship to the
along-arc variations described by previous authors [22.36.37.96.128] in that variation in the
continental crust composition and thickness of the crust is expressed in the voleanic produets with
increasing distance away from the arc front. Toward the east as the continental erust thickens the
voleaniec rocks record more radiogenic isotopic signatures inherited from the assimilation of older. less
hybridized basement rocks. The source rock composition at the are-front is less radiogenic as a direct

result of intrusion of mafic magmas during the formation of the modern are-front.
6. Broader Implications

An intriguing result of this study is that on first inspection across-arc geochemical variations at
voleanic ares constructed over thick continental erust, such as increasing KoO and incompatible trace
element contents, resemble those observed at island arcs and ares constructed over thin continental
crust. However, on closer inspection there are significant differences, particularly involving systematic
variations in isotopie ratios and other geochemical features that reflect mteraction 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 KjO-rich magmas in back-arc regions is often ascribed to
decreasing additions of slab-derived, LILE-rich hydrous fluids to mantle source regions with
concomitant decreases in the degree of mantle partial melting and volumetric production of primary
matic magmas. However, we argue based on the geochemical data presented in this paper and geologic
relationships [53] that although across-arc geochemical variations at island ares 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 voleanic arcs greater time-integrated primary
melt production beneath frontal arc regions has the potential to produce younger. more mafie crustal
compositions due to repeated intrusion and hybridization by primary mantle-derived melts. Smaller
degrees of mantle partial melting and volumetric melt production in back arc regions results in
progressively less hybridized or modified continental crust that retains to a larger degree its more
silicic, isotopically evolved composition. Production of intermediate to silicic composition magmas in

continental ares with more “arc-like™ chemical (e.g., higher LILE/HFSE) and isotopic features (lower
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Tse 136Sr) in frontal-are 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 erust 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.
7. Conclusions

In an effort to better understand the origin of systematic across-arc geochemical variations in silicic
voleanic rocks (60—68 wt % Si0;) from the Andean Central Volcanic Zone. we compared geochemical
and isotopic compositions of Quaternary (<1.0 Ma) lava flows erupted at three well-characterized
composite volcanoes situated along a narrow southeast striking transect between 21° and 22° S. Trends
observed include the following. At a given SiOs content lavas erupted with increasing distance from
the arc-front display systematically higher K20, P20s, TiOa, Rb. Th. Y, REE and HFSE contents:
Rb/Sr elemental ratios; and Sr and O isotopie ratios. In contrast. the lavas display systematically lower
AlOs, NayO. Sr. and Ba contents: Ba/Nb, K/Rb. and St/Y elemental ratios: and Nd isotopic ratios. In
addition. Eu anomalies become progressively more negative toward the east.

These variations are interpreted to indicate that mid- to deep-crustal source rocks for the lavas
become progressively older and more feldspar-rich with inereasing distance from the are front. In this
regard. silicic magmas erupted along the arc-front reflect melting of relatively voung. 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 felsie 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 voleanic arcs may reflect a
process wherein the continental erust becomes strongly hybridized beneath frontal are 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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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 CVVZ. 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.

2.

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 km® and ~10 km® per
eruption with a total volume erupted of ~89 km®. Construction of the edifice took
place in one stage in the volcanic history.

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%
Si0;) 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



150
thermal and chemical disequilibrium through the presence of sieved and zoned
phenocryst phases and magmatic inclusions.
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.
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 8’Sr/**Sr ratio than the magmas
and the magmas evolved subsequently through frequent recharge events of
magma with a lower %’Sr/%°Sr 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 APV C 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
guenching because of eruption.
In the regional context of the CVZ, Cerro Uturuncu contains systematically higher
K70, P,0s, TiO2, 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,03, Na,0, 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.
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 arc-
front 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. Anintriguing 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,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,0-
rich magmas in back-arc regions is often ascribed to decreasing additions of slab-
derived, 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 mantle-
derived 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 8’Sr/%°Sr) 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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the published manuscript. The supplementary data for chapter 5 can be obtained by

contacting the author at garymichelfelder@missouristate.edu.



	Dissertation Title Page
	Copyright Page - No PAGE NUMBER REQUIRED
	Dissertation Intro Pages
	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 increasin...

	Dissertation complete
	THE VOLCANIC EVOLUTION OF CERRO UTURUNCU: A HIGH-K, COMPOSITE VOLCANO IN THE BACK-ARC OF THE CENTRAL
	ANDES OF SW BOLIVIA
	Michelfelder, G.S., Feeley, T.C., and Wilder, A.D., 2014, The Volcanic Evolution of Cerro Uturuncu: A High-K, Composite Volcano in the Back-Arc of the Central Andes of SW Bolivia: International Journal of Geosciences, v. 5, no. 11, p. 1263-1281.


