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The interaction of magma with continental crust at convergent margins is fundamental to
understanding if and how continents grow. Isotopic and elemental data constrain the
progressive stages of development of the magmatic underpinnings of the long-lived
Aucanquilcha Volcanic Cluster (AVC), situated atop the thick continental crust of the
central Andes in northern Chile. Whole rock data are used in conjunction with mineral
compositions to infer processes that gave rise to eleven million years of intermediate,
dominantly dacite, arc volcanism. A pulse of volcanic activity at the AVC between ~5
and 2 Ma is bracketed by more sluggish rates. We document chemical changes in the
lavas that accompany this eruptive evolution. Trace element data suggest that crystal
fractionation and magma mixing were the dominant mechanisms generating the diversity
observed in the AVC whole rock data. Fractionation was dominant during early and
waning stages of magmatism, and magma mixing was an important process during the
high flux period. Peak thermal maturity of the AVC underpinnings coincided with the

high magma flux and likely promoted open system processes during this time. Mineral



compositions from zircon, amphibole, pyroxene, and Fe-Ti oxides confirm the
importance of material recycling in the production of evolved AVC rocks. Various
geothermometers were employed to calculate the pre-eruptive conditions of AVC magma
using mineral compositions. Pressure estimates from amphibole and two-pyroxene
barometry indicate crystallization depths of 1 — 5 kb and 4 — 6 kb, respectively.
Temperature estimates from zircon, Fe-Ti oxides, amphiboles, and pyroxenes indicate
temperatures ranging from ~700°C to 1100°C. Zircon temperatures are always the
lowest (700°C - 950°C), and pyroxene temperatures are always the highest (1000°C -
1100°C), with Fe-Ti oxide and amphiboles temperatures falling in between. U-Pb ages
from zircons and thermometry from individual samples evidence the thermal maturation
and consolidation of the underpinnings below the AVC, presumably culminating in a
large, crystal-rich mush zone where magmas were trapped and processed. It is in these
middle to upper crustal zones where magmatic diversity is attenuated and giant, relatively
homogeneous batholiths are formed. Isotopes of AVC lavas are similar to values
observed from other central Andes volcanic centers. Lead isotopes are consistent with
the AVC’s location within a Pb isotope transition zone between the Antofalla and
Arequipa basement terranes. Oxygen and Sr isotopic ratios are high and Nd isotopic
ratios low with respect to a depleted mantle. Through time, *’Sr/**Sr values of AVC
lavas progressively increase from lows of ~0.70507 to ~0.70579 (upper values of 0.70526
to 0.70680), and eng values decrease from highs of -1.0 to -4.6 (lows of -1.6 to -7.3).
Similarly, O isotopes (8'*0) show a slight increase in base level through time from lows
0f 6.5%o to 7.0%o (highs of 6.75%0 — 7.5%0). Dy/Yb and Sm/YD ratios also increased
systematically from highs of 2.11 to 3.45, and 2.76 to 6.67, respectively. Despite the
temporal isotopic variation, there is little isotopic variation with indices of fractionation,
suggesting this signal is the consequence of deep magmatic processing, here attributed to
an expanding zone of melting, assimilation, storage, and homogenization (MASH) of
mantle-derived magma in the deep crust. Upward expansion brought the MASH zone
into contact with rocks that were increasingly evolved with respect to Sr and Nd isotopes,
explaining the isotopic shifts. Downward expansion of the MASH zone enhanced garnet

stability during basalt fractionation, explaining the increased Dy/Yb and Sm/Yb ratios.



Mass balance calculations involving Sr, Nd, and O isotope modeling are consistent with a
crustal component making up 10 - 30% of AVC lavas, implying that although the history
of central Andean magmatism is replete with large scale crustal recycling, the current

phase is largely a crust formation event.
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The Geochemical evolution of the Aucanquilcha Volcanic Cluster: prolonged

magmatism and its crustal consequences

CHAPTER 1

General Introduction

Argument

Magmatism is manifested on the earth’s surface in two fundamentally different ways.
Plutons are physical “fossil” specimens of magmatic systems, sometimes providing many
hundreds of square kilometers of exposed igneous rock. Such exposed intrusions provide
a time-integrated, spatial perspective that has greatly contributed to the understanding of
the operative processes of crustal magmatism. Exhumed by time and tectonics, they offer
a window into the depths of frozen magmatic systems. The view they afford, however, is
subtlety skewed. Their mineral assemblages, radiometric ages, and textures reflect
crystallization, volatile loss, and cooling histories. Their shapes, structure and volumes
are the result of piecemeal accumulation and overprinting, the averaging of long duration

processes.

Volcanic rocks, on the other hand, represent intermittent samplings of magma systems.
Silicic to intermediate eruptives, in particular, are generally recognized as mixtures of
variable proportions of crystals and frozen liquid. Once erupted, this material cools
relatively abruptly, sometimes preserving mineral compositions in equilibrium with the
active magmatic conditions from which they emerged. It is these pre-eruptive conditions
of an active magma system—Ilocked into erupted crystals—that are lacking in plutonic

rocks.

There has been a push in recent years to bridge what is a sort of philosophical gap in the
volcanic and plutonic literature (Hildreth, 1981; Hildreth and Moorbath, 1988; Dilles and
Wright, 1988; Riciputi et al., 1995; Miller and Wooden, 2004; Grunder et al., 2006;
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Lipman, 2007; de Silva and Gosnold, 2007; Bachmann et al., 2007; Claiborne et al., 2010
among many others). There is converging opinion that volcanic rocks might not
represent simply a molten version of plutonic material. Rather, the two might be
physically complimentary in a sense that a pluton might represent an accumulation of
crystals from which a large portion of liquid was expelled (Hildreth, 2004; Bachmann
and Bergantz, 2004; Deering and Bachmann, 2010). Alternatively, it is also argued that
many plutons do represent frozen magma compositions and that cumulates may be rare
(Glazner et al., 2004; Bartley et al., 2007). Constraining crystallization ages, depths and
temperatures of crystals in volcanic rocks is critical to understanding the processes,
mechanics, and architecture of active magmatic systems which produce volcanic
eruptions but also may give rise to incrementally constructed batholiths at depth. Long-
lived volcanic provinces, sometimes encompassing millions of years worth of successive
eruptions, are wholistic samples of this process, providing a time-transgressive

perspective on the evolution and organization of such dynamic systems.

Tectonic context of the Aucanquilcha volcanic cluster

The Aucanquilcha Volcanic Cluster (AVC) is situated at ~21° S in northern Chile,
within the Central Volcanic Zone of the Andean arc (Figure 1.1). Subduction
magmatism along the western coast of South America has been ongoing nearly
continuously since at least the late Precambrian (Lucassen et al., 2001). The basement of
the central Andes comprises the Arequipa-Antofalla block, a tectonic terrane with
multiple domains, that grew incrementally southward from ~2 to 0.4 Ga (Lowey et al.,
2004). The northern portion of this basement block is called the Arequipa domain, and is
identified by 2 — 1.8 Ga juvenile magmatism and metamorphism. The Arequipa domain
was apparently accreted to South America during the Sunsas orogeny, 1.2 — 0.9 Ga
(Loewy et al., 2004). The next decipherable tectonomagmatic event occurred during the
early Paleozoic, when the southern portion of the Arequipa block was heavily reworked
by erosion, magmatism and metamorphism of Pampean (~550 — 500 Ma) and Famatinian

age (~495 — 400 Ma), essentially generating a new crustal domain known as the Antofalla



block. The segmented nature of the central Andean crust is demonstrated by sparse
outcrops of basement rocks (e.g., Lucassen et al., 2000; Lucassen et al., 2001), and also
by detailed Pb isotope studies of available igneous rocks (volcanic, plutonic, gneisses,
ores). Importantly, the boundary between the Arequipa and Antofalla domains is
detectable with respect to **°Pb/***Pb, with a transition zone at ~20 - 22°S between older,
rigid, low *"°Pb/***Pb rocks of the Arequipa domain and the younger/reworked, higher
206pp,2%ph rocks of the Antofalla domain (Mcfarlane et al., 1990; Worner et al., 1992,
Aitcheson et al., 1995; Mamani et al., 2008, 2010). The AVC is situated atop, and was
magmatically processed through, this crustal transition zone.

After an apparent pause, magmatism began again around 300 Ma and has
continued intermittently until the present. A major tectonic reorganization apparently
occurred, beginning in the early Triassic, with a shift to an extensional to transtensional
regime (Lucassen et al., 2006; Coney and Evenchick, 1994). Notably, Jurassic
magmatism from around 200 to 160 Ma was dominantly mafic with isotopically primitive
compositions (Miller and Harris, 1989). A return to a compressional environment began
around 90 Ma, as evidenced by foreland sedimentation in the Altiplano-Puna (Sempere et
al., 1997). Since the Tertiary, compositions have been dominantly andesitic to dacitic.
Another major tectonic reorganization apparently began in the central Andes around 30 -
25 Ma. Based on structural data in the foreland, and a conspicuous gap in volcanism,
workers believe that the crust began to significantly thicken, a process that continued for
possibly 10 — 15 million years (Allmendinger et al., 1997; McQuarrie et al., 2005).
Geochemical arguments have also been made for a thickened crust since ~25 Ma lavas
(Haschke et al., 2002; Mamani et al., 2010). Post ~15 Ma structural data (e.g. Kennan et
al., 1997) and GPS surveys (e.g. Kendrick et al., 2001; Bevis et al., 1999) provide
evidence for modern back arc deformation, suggesting the central Andes continue to be

shortened, although at a modest rate (~9 mm/yr).

Since ~25 Ma, no primitive basalts have erupted in the CVZ. Also, widespread,
voluminous behind-arc volcanism has occurred up to 300 km east of the arc, including

the ignimbrites and lavas of the Altiplano-Puna Volcanic complex (de Silva et al., 1989;



Salisbury et al., 2011), and farther south (Siebel et al., 2001; Schurr et al., 2007), along
with other behind-arc centers such as Los Frailes (Kay and Coira, 2009), the Intersalar
Volcanic Field (Salisbury, 2011) and various monogenetic fields (Davidson and de Silva,

1995; Hoke and Lamb, 2007).

Geophysical considerations for the central volcanic zone of the Andes

The crust of the central Andes at the latitude of the AVC (Figure 1.2) has been the
subject of a suite of geophysical studies. Most importantly, the crust is very thick, in
excess of 70 km in some places (Wigger et al., 1994; Beck et al., 1996; Schmitz et al.,
1997; Giese et al., 1999) and mostly felsic (Zandt et al., 1996; Beck and Zandt, 2002).
The lower crust beneath the arc is interpreted to be 20 to 25 km thick (Graber and Asch,
1999) and has velocities and densities consistent with mafic to ultramafic compositions
(Schmitz et al., 1997; Yuan et al., 2002). This lower crust appears to correspond to a
“blurred” Moho beneath the central Andes at the latitude of the AVC, and is represented
by seismic velocities that are transitional between lower crust and mantle from ~50 — 80
km (Giese et al., 1999). The means of crustal thickening in the central Andes remains
unresolved, though it is generally accepted that tectonic shortening is the main cause
(Isacks, 1988; Beck et al., 1996; Almendinger et al., 1997; Baby et al., 1997; Giese et al.,
1999; Hascke and Gunther, 2003; McQuarrie et al., 2005). The crustal thickness is
attributable to a combination of a long-term compressional setting, the rigid backstop of
the Brazilian craton, a lithosphere weakened by magmatism, and the magmatic addition

itself.

Another observation gleaned from the geophysical studies is that the CVZ arc crust is
ripe with low seismic velocity anomalies, which are interpreted to be zones of partial
melt. A widespread low velocity zone in the crust has been observed beginning at ~18
km (ANCORP working group, 1996; Scheuber and Giese, 1999; Chmielowski et al.,
1999; Beck and Zandt, 2002; Leidig and Zandt, 2003; Zandt et al., 2004; Heit et al.,

2008). The thickness of this low velocity zone is not well constrained, though it may be



only a few kms (Chmielowski et al., 1999; Leidig and Zandt, 2003; Zandt et al., 2004).
The pronounced upper to mid crustal low velocity zone extends widely beneath the
Altiplano-Puna Volcanic Complex (APVC), a giant caldera and ignimbrite province that
has been active for about 10 m.y. (de Silva and Gosnold, 2007; Salisbury et al., 2011).
Under the APVC, the top of the low velocity zone is well defined and coincides with a
zone of high electrical conductivity (Scheuber and Giese, 1997; Schilling et al., 1996).
This top zone is inferred to be a high degree of melt and (or) the brine rich top of a 15-
20% partial melt zone that extends to uncertain depth (Chmielowski et al., 1999; Zandt et
al., 2003; Schilling et al., 2006). The AVC lies at the northwestern edge of this Altiplano-
Puna magma body, which is the best example of what is interpreted to be an extensive,

modern batholith.

The Aucanquilcha volcanic cluster

Volcanoes of the AVC comprise 340 + 20 km® of basaltic andesite to dacite lavas
clustered over an area of ~700 km®. The volcanoes number ~20 with an eruptive history
spanning the last 11 million years (Figure 1.3, 1.4, & 1.5). Grunder and others (2006)
identify four main phases of AVC volcanism: the Alconcha group (11 — 8 Ma), the Gordo
Group (~6 — 4 Ma), the Polan Group (~4 — 2.5 Ma), and the Aucanquilcha Group (~1 Ma
to present). Two relatively small ignimbrites, the Ujina (~9.6 Ma) and the Carcote (5.5
Ma), are possibly the product of AVC magmatism, though their exact provenance is
uncertain (Grunder et al., 2006; Baker and Francis, 1978). After these main phases of
volcanism, several small basaltic andesite scoria cones erupted, including the eroded
edifices of Poruifiita and Luna de Tierra, defining a field located just to the east of the
AVC (Figure 1.6). Basaltic andesite to andesite lavas of the AVC are generally crystal-
poor (<10%) and fine-grained, with plagioclase, clinopyroxene, orthopyroxene, and
olivine phenocrysts. Dacites are generally crystal-rich (>20%) and coarse-grained, with
plagioclase, clinopyroxene, amphibole, orthopyroxene, and biotite. Minor and accessory
minerals, common in dacites but less common in andesites, include magnetite, ilmenite,

apatite, and zircon. Rare quartz, likely to be xeno- or auto-crystic, is also found in



several flows. Three main temporal trends are observed in the volcanic cluster. First,
relatively diverse lavas (basaltic andesites to andesites and dacites) give way to more
compositionally restricted (dacite) lavas. Second, the locus of volcanism shifts from
broadly distributed or peripheral to restricted and central. And third, early lavas contain
mainly anhydrous mafic minerals (pyroxene dominant), whereas later lavas contain
dominantly hydrous mafic minerals (amphibole, biotite). Eruption rates in the AVC
increased sharply after about six million years of activity (Figure 1.7), coincident with
more central distribution of vents, more homogeneous composition of lavas, and the
onset of extensive hydrothermal activity. Since about 2.5 Ma, the eruption rate has
declined, consistent with a waning system. These observations, combined with the
longevity of the system and the underlying zone of partial melt, suggest that the AVC is
the surface representation of a incrementally assembled, patchwork batholith at depth.
Furthermore, the AVC has been active for the same time interval as the Altiplano-Puna
Volcanic Complex (cf. Salisbury et al., 2011) and shares a higher volcanic eruption rate
between 5 to 2 Ma. The lava-dominated AVC is less silicic and less voluminous than the
Altiplano-puna system and appears to be a peripheral, on-arc manifestation of a broader

thermal and magmatic signal (Grunder and de Silva, 2007).

Directions

The second chapter of this thesis examines the zircon history of the AVC. Zircons from
dacites from throughout the history of the AVC were probed to examine the age
distribution and crystallization temperatures of crystal populations within individual
lavas. The third chapter explores the petrologic history of the AVC by examining the
variation observed in the trace elements and Sr, Nd, Pb, and O isotopes of the lavas. By
modeling magmatic differentiation, we place mass balance constraints on the material
componentry of AVC lavas through time. The fourth chapter summarizes the findings of
four different geothermobarometers, employed to constrain the temperatures and
pressures at which phases in AVC lavas were crystallizing. These data supply estimates

of pre-eruptive conditions of crystal populations within erupted lavas from the AVC.
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Figure 1.1: Location map of the Aucanqulicha Volcanic Cluster within the central
Andean Volcanic zone. APVC = Altiplano-Puna volcanic complex (extent from Salibury
etal., 2011). APMB=Altiplano-Puna magma body (Zandt et al., 2003). Arequipa massif,
as defined by Pb isotopes (Loewy et al., 2004; Mamani et al., 2010). Antofalla basement
from Mamani and others (2010) and Lucassen and others (2001). Slab depth from Cabhill
and Isacks (1992). Crustal thickness isopleth from Allmendinger and others (1997).
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Cross Section through the Andes at 21°S
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Figure 1.2: Summary of the geophysical characteristics of the central Andean crust at
~21°S. Stippled areas represent the low velocity zones, with numbers indicating P-wave
velocities, km/s (Wigger et al., 1994, Giese et al., 1999). Mantle P-wave velocities
(km/s) from Meyers and others (1998) Moho discontinuity (including “blurred” region)
from Giese and others (1999). Slab interface from Cabhill and Isacks (1992). Gravity and

elevation curve from Scheuber and Giese (1999). Lithosphere-asthenosphere boundary
after Heit and others (2007). Image from Google Earth.
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Geologic Map of the Aucanquilcha Volcanic Cluster
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Figure 1.3: Geologic Map of the Aucanquilcha Volcanic cluster, broken out by temporal
units. Eruptive groups: Alconcha =11 - 8 Ma; Ujina = 9.6 Ma Ujina ignimbrite; Gordo =
6 - 4 Ma; Polan =4 — 2 Ma; Aucanquilcha = ~1 Ma - present; HT alteration =
hydrothermally altered rock; Qal = alluvium; Qm = moraines.
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Figure 1.7: Eruptive Volume through time for the AVC. Note the dramatic increase in
output beginning ~ 5Ma, coincident with compositional homogenization.
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Table 1.1: Summary of age, volume, and basic compositional information regarding the
eruptive groups of the Aucanquilcha Volcanic cluster. Ignimbrites (*). The Ujina and
Carcote ignimbrites and the cinder cone field may not be directly related to AVC
magmatism, but their timing and proximity warrant their inclusion here. Data sources: 1.
Grunder, 1997; 2) McKee, 2002; 3) Grunder et al., 2006; 4) Mattioli et al., 2006; 5)
Klemetti et al., 2008; 6) Walker et al., 2010; 7) this study; 8) Baker and Francis, 1978.

Eruptive Age range Vol. wt% Si02
Group (Ma) (km3) range Mineral assemblages Ref.
<15% xls
plag>cpx>opx>amph
Alconcha (1) 11-7.5 25 57 - 68 +/- olv 3,7
25-35% xls
plag>cpx>opx>amph>
Alconcha (2) ~9-17.5 25 59 - 66 bio +/- olv 3,6,7
15-20% xls.
plag>cpx>amph>bio>
Ujina* 9.4 2 64 - 65 kspar 1,7

2.5% xls (bulk)
15-20% xls (welded)
plag>bio>Fe-Ti
Carcote* 5.6 ~100 76 oxides 1,7,8
<15% (andesites)
25-35% (dacites)
plag>cpx>opx>amph
Gordo 5.8-4 100 56 - 68 +/- olv 3,6,7
<15% (andesites)
25-35% (dacites)

plag>cpx>amph>opx
Polan 4-22 135 56 - 66 +/- bio, olv 3,6,7
<15% xls.
plag>opx>cpx>amph
Miiio 33-3 15 58-61 +/- olv 2,3
62 - 67 25-35% xls.
(59-60 for 3 plag>amph>bio>cpx>
Aucanquilcha | 1 - present 50 inclusions) opx 3,5,6,7
<10% xls.

Scoria cones <0.5 Ma <1 56 - 58 Plag=cpx>opx>olv 4,7
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Abstract

Age and trace element data from zircons constrain the progressive stages of development
of the magmatic underpinnings of the long-lived, dacite dominant Aucanquilcha Volcanic
Cluster (AVC), in northern Chile . Large U/Pb age spectra (<2 my) are observed in the
samples from the beginning and waning stages of the AVC, which are times
characterized by low eruption rates. In contrast, small age spectra (<500 ky) are typical of
samples from the middle stage of the AVC, a time characterized by high eruptive output.
The preservation of precursor crystals is interpreted to reflect the thermal maturity of the
AVC magmatic system; the middle stage is a time of homogenization and increased
volumetric output rate and corresponds to a time of substantial resetting of the zircon
ages, presumably through pervasive dissolution and crystallization. Crystallization
temperatures for AVC zircons, calculated using the Ti-in-zircon thermometer, range from
690 — 920°C, with typically ~100°C variation in single samples. Higher concentrations
of Ti, and thus hotter zircon crystallization temperatures, are recorded in samples that
correspond to the eruptive flare-up. The timing of plutonic and volcanic events

correspond based on correlation of peaks in zircon spot ages with eruptive episodes.

Introduction

In silicic to intermediate magmas, zircons are resilient repositories that can survive
magmatic reentrainment and still reflect their initial time and condition of formation.
Zircon studies have thus yielded salient information on magmatic incubation, crystal
recycling, magmatic temperatures, differentiation histories, and batholith construction
(e.g., Vazquez and Reid, 2002; Miller and Wooden, 2004; Bacon and Lowenstern, 2005;
Watson and Harrison, 2005; Claiborne et al., 2006; Matzel et al., 2006; Walker et al.,
2007). In particular, age studies of zircons have led to controversy over lifetimes of felsic
magmas (Simon and Reid, 2005; Crowley et al., 2007) and whether plutons assemble
fitfully or gradually (e.g., Coleman et al., 2004; Miller et al., 2007).
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We here exploit the archive of age and temperature information available through
SHRIMP-RG microanalysis of zircon spots from successively erupted dacite lavas to
assess crystal recycling and thermal maturation over the ~10 million year history of the
Aucanquilcha Volcanic Cluster (AVC) with inferences for the development of the
subjacent plutonic complex. The age and compositional data from these zircons help
reveal the evolution and self-organization of the AVC underpinnings, which appear to
reflect an on-arc, local focusing of a thermal pulse associated with the magmatic flare-up

of the Altiplano-Puna Volcanic Complex.

Geologic Setting

The Aucanquilcha Volcanic Cluster (AVC) is situated at ~21° S in northern Chile,
within the Central Andes (Figure 2.1) where the crust is ~70 km thick (Beck et al.,
1996). Volcanoes of the AVC number ~20 and comprise 340 + 20 km” of high-K
andesites and dacites with an eruptive history spanning the last 11 million years (Grunder
et al., 2008). Dominant plagioclase is accompanied by subordinate clino- and
orthopyroxene + amphibole or by amphibole + biotite with minor pyroxene. Magnetite,
ilmenite, apatite and zircon are present. Like many intermediate suites, textural evidence
for magma mingling, mixing and self-mixing is abundant (ibid; Klemetti et al, 2008;
Giles, 2009). Eruption rates in the AVC increased sharply after about 6 m.y. of activity
(Figure 2.2), coincident with more central distribution of vents, more homogeneous
composition of lavas, and the onset of extensive hydrothermal activity. Since about 2 Ma,

the eruption rate has declined, consistent with a waning system.

The AVC lies at the northwestern edge of the Altiplano-Puna Volcanic Complex (de
Silva and Gosnold, 2007), a giant ignimbrite province that overlies a large seismic
attenuation zone extending from ~20 km to uncertain depth (Chmielowski et al, 1999).
Zandt et al. (2003) infer ~15-25 % partial melt in this region of the crust. Although much

less voluminous than ignimbrite eruptions of the APVC, the proximity of the
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Aucanqulicha Volcanic Cluster and its similar ~ 10 m.y. lifespan support that it is a

peripheral, dampened manifestation of a broad magmatic signal.
Methods

For U/Pb dating of zircon, we focused on 13 dacite lavas (62.0 - 67.2 % SiO,—see supp.
data) spanning the eruptive history and spatial distribution of the AVC. We imaged
zircons (typically ~100-300 um in length) with cathodoluminescence (see representative
grains in the suppl data) and found complex zoning and resorption surfaces in grains from
every sample. Spots were chosen in order to represent cores, interiors, rims, and regions
of distinct CL intensity. Between 16 and 24 spots (~25 um) were analyzed per sample
with an O beam current of ~5nA using the USGS/Stanford Sensitive High Resolution
Ion Microprobe-Reverse Geometry (SHRIMP-RG). Zircon standards R33 (419 Ma) and
MAD (see suppl. data) were used as U-Pb isotopic and trace element concentration
standards, respectively. We used Isoplot (Ludwig 2003) for data reduction and rely on
297pb-corrected **°Pb/***U for our age data (see suppl. data). The Unmix algorithm
(Sambridge and Compston, 1994) along with peaks and shoulders on the probability
density function (PDF) identify separate age populations (cf. Walker et al., 2007).

Analyses on ten samples (10-15 spots at 10-15 pm) allow for the application of the Ti-in-
zircon thermometer (Watson and Harrison, 2005). Beam current was 3 nA, and MAD the

standard. Ti-in-zircon crystallization temperatures (7" ) were calculated after Ferry and

Watson (2007). We report larger uncertainty in the 73" than the analytical error of ~1-

1.2% (20) because we estimate osijo2 and arioz (see suppl. data) to be 0.9 and 0.5,
respectively—both plausible estimates for crystal-rich intermediate to silicic rocks with
Ti-bearing minerals (in this case ilmenite) (Hayden and Watson, 2007). Fe and Ca were
monitored to identify contamination from inclusions or metasomatic alteration (cf.

Claiborne et al., 2006). Samples with abnormally high Fe or Ca contents (~10 ppm) were
discarded.
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Controversy surrounds this thermometer (Ferry and Watson, 2007; Hofmann et al., 2009;
Ferriss et al., 2008; Claiborne et al., 2006; Fu et al., 2008). The extrapolation to quartz
and rutile undersaturated conditions adds not fully quantified uncertainty. Potential for
nonequilibrium or coupled substitution has been pointed out by Hoffman and others
(2009) working on Archean zircons. Because our zircons come from restricted lava
compositions, are young and minimally damaged by radiation, and have been carefully

screened for inclusions, the relative if not absolute values should be robust.

Results

U-Pb Age Data

Stacked analyses of U/Pb age are fitted with weighted probability density functions
(Figure 2.2, also electronic Appendix 1), where individual peaks may not have absolute
age significance, but differences in age spectra between samples are interpreted as real
differences in crystal cargo inheritance. All samples have a spectrum of U-Pb zircon
ages and most have more than one age population of zircon. We distinguish an age
spectrum as a relatively continuous age distribution with no large time gaps between
individual analyses in a single sample. We note the following patterns:

1. Excluding xenocrysts (that predate AVC activity), the range of zircon ages overall
is ~12.5 m.y, and coincides well with the life span of the AVC as constrained by
OAr-Ar dating (Grunder et al., 2008, Klemetti et al., 2008).

2. Six xenocrysts were found only in the Aucanquilcha Group, with ages of 36, 223,
241, 245, 252, and 312 Ma.

3. Continuous age spectra for individual samples range from 0.5 to ~2 m.y., and
span more time among samples of the oldest (Alconcha) and youngest
(Aucanquilcha) group. In contrast, samples from the eruptive flare-up (~6 - 3 Ma)
have restricted spectra.

4. Four samples contain single grains which predate their age spectra by >2 m.y.

Two of these grains date back to the inception of AVC volcanism (~12.5 Ma).
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Ti-in-Zircon

Crystallization temperatures (7- ) of AVC zircons (excluding xenocrysts) range from

690°C to 920°C + ~20°C (see supp. data) and decrease systematically with Hf
concentration (Figure 2.3), which is a fractionation proxy (Claiborne et al., 2006). T- .
spectra preserved in individual samples are typically ~100 °C but range from ~50°C to
~230°C. A majority of zircons from the flare-up period have 7" of > 780 °C, while
samples from the beginning and ending phases of volcanism have 74" that cluster
between ~690 °C — 800°C. Data from Volcdn Aucanquilcha lie on a trend ~parallel to
the other samples on a T vs. Hf plot, but are offset to lower temperatures by ~80°C
(Figure 2.3). Multiple analyses on single grains yield cases of both lower and higher Ti

cores than in rims.

Discussion

Precursor Representation

Patterns in the AVC age spectra and populations help to reconstruct the evolution of the
plutonic underpinnings. Where *°Ar-*’Ar data are not available, we interpret the
youngest peaks of any given sample to lie within ~200 ky of the age of the erupting pulse
of magma. Older peaks are thought to represent antecrysts—grains that were entrained
from precursor plutonic material or crystal mush (cf. Bacon and Lowenstern, 2005;
Walker et al., 2007; Miller et al., 2007). We can identify crystal populations that span
from ~0.5 to 8 m.y. older than the eruption age that are reasonably antecrystic in the
scheme of the AVC magmatic system. We reserve the term “xenocrystic” for clearly

foreign crystals (e.g., the Mesozoic grains of which there are remarkably few).

The age range of recycled material is generally greatest during beginning and waning
phases of magmatism when volumetric output rates were low. In this scenario, magma
pods are smaller as thermal contrast between magma and ambient crust is sharp and
individual pulses of magma would not necessarily affect large portions of the plutonic

mass, but rather remobilize and recycle only neighboring material. This would allow for
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the preservation of chronologically discrete plutonic sectors as well as enhance the

chances of an ascending magma batch to encounter such distinct sectors (see Figure 2.4).

In contrast, the samples from the “flare-up” period lack such large zircon age spectra.
This time of increased volumetric output rate at the AVC corresponds to a time of
substantial resetting of the zircon ages in the system, presumably through pervasive
dissolution and crystallization of new grains as the magma system became homogenized.
Samples with small age spectra likely reflect a series of magma chambers in which
crystal cargo had largely been equilibrated with more recent magmatic events (see Figure
2.4). A crystal mush network was sustained during these times and perhaps hovered

around zircon saturation.

Magmatic Temperatures

Zircons from the AVC record a wide range in 7T- A typically ~100°C, but as much as
~230°C, in one sample. These temperature spectra probably reflect the typical saturation
range for intermediate magmas (cf. Harrison et al., 2007), though large spectra are, in
part, attributable to recycling of precursor zircon into erupting magma batches. High
temperature zircon occurs as either core or rim, demonstrating that individual zircons
record distinct thermal histories amassed from disparate parts of the plumbing system just
prior to eruption. Zircons that were grown and erupted during the flare up in eruptive
activity record T- " as much as 100 °C greater than in samples from the beginning and
end phases of AVC activity (Figure 2.3). Zircons from Volcan Aucanquilcha record
much lower temperatures (~690—750°C), which together with the antecryst-rich nature
of V. Aucanquilcha samples suggests that many of these grains plausibly grew from a
near-solidus mush. Subsequently, they were likely entrained and flushed out of the

plutonic system by magma batches that either erupted rapidly enough to limit dissolution,

or were already saturated with zircon.

Though we acknowledge the limitations and uncertainties of the Ti-thermometry

component of our study, the calculated temperatures are reasonably consistent with
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patterns from independent temperature estimates from amphibole-plagioclase pairs from
AVC lavas (Giles, 2009). Calculated temperatures for amphiboles from flare-up are
~800-900°C, while temperatures for the birth and death period get appreciably lower
(~750-850°C and ~725-890°C, respectively).

Volcanic-Plutonic Connection

The range of zircon ages closely corresponds to the eruptive history of the AVC, as
constrained by *’Ar-*’Ar dating (Grunder et al., 2008). The oldest zircon ages just predate
the initiation of eruptive activity at the AVC (~12 Ma) and no zircons analyzed hail from
the time gap in AVC volcanism (from ~7.5 - 6 Ma), indicating a period of both magmatic
and volcanic quiescence during this gap in eruptive activity.

Old, outlying antecrystic grains (Figure 2) illustrate the assimilation of older plutonic
sectors throughout the AVC flare-up. These sectors were apparently not accessible to the
magma in the final, most centralized time of volcanism at V. Aucanquilcha. This is
consistent with pervasive dissolution of antecrystic zircon in the main plexus during the
thermal peak, thus erasing the zircon record of plutonic precursors with progressive mush
development and system organization. Also, the inclusion of xenocrystic material
indicates the late magma had access to wall rock, which suggests that the magma locus
moved to levels not armored by previous plutonic episodes. The masking of the
magmatic record via thermal and organizational overprinting may be a common
occurrence and would promote underestimates of the lifespans of large, silicic to
intermediate plutonic or volcanic igneous systems, particularly those that are not well-

exposed.
Conclusion
Erupted zircons were extensively derived from the evolving plutonic plexus of the AVC

and are broadly cognate crystal cargo at the multi million-year scale. The plutonic

underpinnings were episodically active in concert with the volcanic pulses. Most zircon
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recycling involved grains only a few hundred thousand years older than the eruption age.
We take this to reflect the timescale of plutonic episodes. Antecrysts of older vintage
document the magmatic cannibalism associated with batholith assembly—that is, the

blending of discrete plutons into a patchwork body.

The system went through waxing, climactic, and waning stages as indicated by large
zircon age spectra in old and young samples and restricted age spectra from flare-up
samples. Lavas erupted subsequent to the flare-up have very few antecrysts that predate
the flare-up, suggesting wide scale eradication and regrowth of zircons during the thermal
maturation. A thermal climax is supported by Ti-in-zircon thermometry, as hotter 77"

are observed in grains from the eruptive flare-up.

Finally, the zircon age ranges observed in AVC lavas stand in contrast to large, explosive
systems such as Long Valley, Taupo, and Yellowstone, which lack such antiquity
(exception: the Timber Mountain Complex; Bindeman et al. 2006). Instead, the AVC
zircon record is more analogous to plutonic systems (Tuolumne, Spirit Mountain,
Tatoosh). The relatively small volume and long-lived nature of the AVC may be more

indicative of typical effluent of batholith building systems.
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Geologic Map of the Aucanquilcha Volcanic Cluster
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Figure 2.1: Generalized geologic map of the Aucanquilcha Volcanic Cluster, showing
units broken out by time. Eruptive groups: Alconcha =11 - 8§ Ma; Gordo = 6 - 4 Ma;
Polan = 4 — 2 Ma; Aucanquilcha = ~1 Ma - present; Alt’n = hydrothermally altered rock.
Zircon sample locations starred.



" 350
204
‘g I -
=9
= | : 2504
Dacite
5154 — G%C-}SSWA)
5] [ Andesite
S (57-63 wt%)
Zircon age
g | & "continu%:m'
=104 —-.--o Outliers
=S 150 4
E
: .
Q -
5 -
I AR . 50
mililll; R NN

0

AP2-00-92

(n=18) =-T

AP-O?-ﬁ
(n=20) =

AS
i

AP-07-19 5
(@=21)

AP-00-52

(0=24)

AP-00-65

(a=18)

AP-07-08

oG

10 12
AP-07-27
(n=16)
— AP-07:26
(n+18)
= AP-07{17
= (n¥15)

21)

AP-00-82
(n=17)

Cumulative vol. (km3)

34



35

Figure 2.2 (previous page): Summary of zircon age data for the AVC plotted with
cumulative volume and time. Spot analyses (20 errors) are shown with probability
density functions (PDFs) for individual samples. Age spectra (see text) for individual
samples are shown with a star corresponding to the youngest peak/shoulder on the PDF
for that sample, with a tail extending to the oldest peak in the continuum of the age
spectrum. Note the generally shorter age spectra for the samples from ~5 to 2.5 Ma,
which correspond to the eruptive flare-up at the AVC. Available Ar-Ar ages are shown
as triangles (w/ error bars) at the base of each sample. Cumulative volume and
compositional proportions updated from Grunder et al., 2008.
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Figure 2.3: Ti concentrations and corresponding crystallization temperatures for AVC
zircons as calculated from the Ti-in-zircon thermometer (Ferry and Watson, 2007; see
methods section for calculation parameters). Data separated by eruptive pulse and
plotted (a) as probability density functions and (b) against Hf concentration. Note the
higher temperatures recorded during the flare-up period, as compared with the birth and
death of the system.
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Figure 2.4: Generalized cartoon illustrating the assembly of the AVC plutonic
underpinnings. Depth in km. Plain white pods = liquid-rich magma; stippled pods =
crystal-rich mush; striped = totally solidified magma and/or remnant country rock.
Isolated sectors of magmatism (birth) gave way to a more extensive, thermally mature
magma plexus during the eruptive flare-up. The final stage (death) is again marked by
smaller, more isolated magma chambers as the system cools from its flare-up. See
discussion for details.
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Introduction

Studies of long-term continental subduction have revealed a pulsatory history of
magmatism. The “steady state” subduction signal is punctuated by periods of increased
activity separated by periods of relative quiescence, the fluctuations of which have been
attributed to major reorganizations of convergent margin tectonics (Decelles et al., 2009;
Haschke et al., 2002). While the existence of magmatic cycling is acknowledged, the
eruptive histories and magmatic evolution of such cycles are not well documented.
Long-lived volcanic provinces afford a unique perspective on these magmatic cycles as
their successive products reveal a long duration account of the processing experienced by
magma en route from its source. Conversely, such magma systems undoubtedly affect

the crust through which they pass.

Assessing the effect of sustained magmatism on the crust has proven to be a complicated
undertaking. Studies of the Southern Rocky Mountain Volcanic Field (SRMVF)
(Lipman 2007; Riciputi et al., 1995; Johnson et al., 1990) have demonstrated that
prolonged voluminous magmatism has resulted in appreciable temporal shifting of
isotopic signatures toward mantle values (low *'Sr/*Sr, high eéNd). This is attributed to
the addition of significant amounts of mantle material during magmatism. Conversely,
Ducea and Barton (2007) find that eNd values from plutons of the North American
Cordillera strongly correlate with the Nd model ages of the local basement rock. This
correlation suggests that the main component in North American Cordilleran magma was
crustal melt, and that voluminous continental arc magmatism primarily involves a
reorganization of the crustal mass rather than a significant addition of mantle material
into the crust (Ducea and Barton, 2007). For the central Andes, Lucassen and others
(2001) similarly conclude that recycling is the principal process of crustal evolution,

coincident with Phanerozoic magmatism.

The Central Volcanic Zone of the Andes is the archetypal continental subduction margin.

Magmatism here has been the subject of hundreds of studies, in large part because it is
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the only case of active subduction zone magmatism where there is thick continental crust.
The 1970s and 1980s were a prolific decade for isotopic and geochemical studies on
central Andean magmatism (James et al., 1976; Tilton, 1978; Thorpe and Francis, 1979;
Francis et al., 1980; Harmon et al., 1981; Hawkesworth et al., 1982; Davidson et al.,
1990). During the 1990s and 2000s, geophysical studies (Potsdam, COCORP) revealed
seismically inferred glimpses of sub-arc structure, yielding insight into the lithospheric
architecture above subduction zones. Also, recent high-resolution geochronological
studies are providing precise age control on magmatic processes (Hora et al., 2007,
Salisbury et al., 2011). Several studies have explored along-arc and across-arc
compositional and/or structural variation as related to magmagenesis (Hildreth and
Moorbath, 1988; Rogers and Hawkesworth, 1989; Worner et al., 1994; Giese et al, 1999;
Mamani et al., 2010), providing evidence that difference in crustal composition and

thickness are critical in producing the variability observed in arc intermediates.

Within this geological setting, we look to the Aucanquilcha Volcanic Cluster (AVC), a
long-lived, on-arc volcanic complex. The AVC is an arc node that has persisted for
eleven million years, and its lavas are time-transgressive samplings of its magmatic
system at depth. The ~10 m.y. timespan of the AVC is a typical life cycle for major
crustal magmatic systems expressed either as volcanism or plutonism (Grunder et al,
2006) and is also reflected in the duration of the neighboring Altiplano-Puna Volcanic
Complex (Salisbury et al., 2011; Grunder and de Silva, 2007). Using trace element and
isotope geochemistry, we explore the processes that contributed to produce the erupted
lavas and, by inference, the plutonic dregs, as viewed from an evolutionary perspective

relevant to the development of batholiths.

The Aucanquilcha Volcanic Cluster

The AVC makes up a geomorphologically distinct cluster of ~20 volcano centers that

break into four broad groups based on timing (cf. Grunder et al., 2006; Figure 3.1; see

also Figure 1.3, from Chapter 1). Erupting first, from 11 to ~7.5 Ma, was the Alconcha
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group, comprising about seven centers and cropping out in the northwest. We break the
Alconcha group into two distinct subgroups based on timing, crystal content. The first
subgroup (Alconcha 1) is early (~11-10 Ma) and relatively crystal poor (<15 vol%
crystals). The second subgroup (Alconcha 2) erupted later (~8 — 7.5 Ma) and is relatively
crystal-rich (>25 vol% crystals). The Ujina ignimbrite, a small (~2 km®) dacitic ash flow
tuff, erupted at ~9.4 Ma, and is also considered part of the Alconcha group due to its
timing and proximity, though its vent area is uncertain. The second main eruptive phase
was the Gordo group, which erupted from ~6 to 4 Ma, and consists of six identified
centers, distributed around the southern and western AVC. The third main eruptive phase
was the Polan group, active from ~ 4 to 2 Ma, comprising around ten volcanoes that are
widely, but more centrally, distributed. Volcan Mifio erupted during this period, at ~3
Ma, but we break out separately this large andesite volcano on the western edge of the
AVC (McKee, 2002). The fourth and last is the Aucanquilcha group, consisting of
Volcén Aucanquilcha itself, which erupted from ~ 1 Ma to recently (Klemetti et al.,
2008) and lies in the center of the AVC. Aucanquilcha comprises six or more

overlapping domes that form an east-west ridge.

The systematic development of the AVC from peripheral or widely distributed to
centrally distributed corresponds to the evolution from compositionally diverse, mafic
andesite to dacite, to relatively homogeneous dacite concurrent with a dramatic increase
in eruptive output (see Figure 1.4 from Chapter 1) and the broad transition from early
anhydrous mafic silicate assemblages (pyroxenes) to later hydrous phases (amphibole and
biotite) (Grunder et al., 2006). This general evolutionary pattern is echoed in the
Altiplano-Puna Volcanic Complex, in the San Juan Volcanic Field, Colorado, USA, the
Yanacocha gold District, Peru, and in the Tuolumne Intrusive series of the Sierra Nevada

Batholith among others (Longo et al., 2010; Lipman, 2007; Grunder et al., 2006).

Just to the east of the long-lived, dacite-dominated arc node expressed as the AVC is a

small field of Quaternary monogenetic andesitic scoria cones that includes the eroded
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edifices of Poruiiita and Luna de Tierra. Like La Porufia, 80 km to the south, such centers

are the only record of ambient mafic flux.

Methods

Samples representing the geographic, age, and compositional range of the AVC were
selected, crushed to pea gravel, and powdered in a tungsten carbide vessel using a shatter-
box. Preference was given to fresh samples without oxidation. Sample sizes were
typically ~0.5 to 1 kg of material, crushed and split. In addition to the data from previous
AVC work (Grunder, 1997; McKee, 2002; Grunder et al., 2006; Klemetti et al., 2008;
Walker et al., 2010), 42 new analyses are presented here. Major and trace elements were
analyzed by X-ray fluorescence (ThermoARL) at the GeoAnalytical lab at Washington
State University (methods of Johnson et al., 1999). Rare earth and select trace elements
were analyzed by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700,
quadrupole mass spectrometer) at Washington State University. Whole rock powders
were then taken to the University of Colorado for determination of Sr, Nd, and Pb
isotopes using thermal ionization mass spectrometry (TIMS). Isotopic compositions
were obtained using techniques and standardization of Farmer and others (1991).
Plagioclase separates were prepared by magnetic separation and hand-picking, and were
analyzed at the University of Oregon for oxygen isotopic compositions, reported as §'°0
on the VSMOW scale. One mg aliquots of unaltered, inclusion-free plagioclase crystals
(and quartz for two samples where it was present in appreciable quantities) were analyzed
with CO; laser fluorination and mass spectrometry following the techniques of Bindeman

and others (2004).
Results
Major and trace elements

The major element compositions of Aucanquilcha Volcanic Cluster lavas have been

described previously by Grunder and others (2006) and Klemetti and others (2008), but a
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brief description here is warranted. As is true of the entire modern Central Andean arc,
no true basalts are found in the AVC. Lavas from the AVC are medium to high-K (~1 —
4 wt% K,0) and span the range from basaltic andesite to dacite (Figure 3.2; Table 1).
As with most calc-alkaline suites, Al,O3, TiO,, FeO*, MnO, CaO, MgO, all decrease
with Si0, whereas K,O, and Na,O (broadly) increase (Figure 3.3).

Although the AVC data, in total, make a diffuse cloud in variation diagrams, there are
several distinctions to note. The least evolved compositions are represented throughout
the AVC history by basaltic andesite to andesite lavas and andesitic magmatic inclusions
in dacite. Samples from the peripheral scoria cones overlap in composition with the more
mafic lavas of the AVC (Figure 3.2). Most lavas, however, are dacites, with a paucity of
compositions between ~ 60 — 61 wt% SiO,. Notably, there are two different trends
within the Alconcha (first group) suite, warranting their separate notation (Alconcha 1
and Alconcha 2). Alconcha 1 samples have <15% crystals, have pyroxenes as the main
mafic silicates and are mainly from the oldest centers. The lavas that comprise the
Alconcha 2 subgroup are more crystal-rich (>25%) and contain large, conspicuous family
Bibles of biotite. The Alconcha 2 subgroup lies within the main trend of the AVC,
whereas the Alconcha 1 group commonly delimits one boundary of the AVC
compositional distribution, such as high Al,03, MnO and low TiO; as well as high Zr and
low Dy/Yb with respect to SiO, (Figures 3.3, 3.5). Notably, one lava (AP-07-10B) is of
Alconcha 2 type, but a mafic inclusion (AP-07-10A) within it is of Alconcha 1 type.

In contrast to the Alconcha 1 subgroup, the Aucanquilcha group is the most silicic
overall, and defines the uppermost range of TiO; values and the lowermost K,O and
MnO values for the AVC suite with respect to SiO; and also low Zr and high Dy/Yb.
Thus, when the AVC data cloud is taken together, the Alconcha 1 group defines the
general limit on one side and Aucanquilcha the other side with temporally intermediate
samples making up the data cloud in between with respect to many elements. Through
time, the general trend is toward more homogeneous compositions; andesites through

dacites were common in the earlier stages of AVC volcanism, giving way to relatively



43

homogeneous dacites during the period of high eruptive output. The last stage of AVC
volcanism produced Volcan Aucanquilcha itself, which is compositionally restricted to

dacites, excepting inclusions.

The trace element compositions of AVC lavas (Table 3.1) broadly overlap with other
central Andean arc lavas and are remarkable for their similar patterns through time
(Figure 3.4). Large ion lithophile elements show positive spikes and high field strength
elements negative spikes, consistent with their arc origin. Chromium and Ni contents are
low (less than 150 and 50 ppm, respectively) and decrease with SiO,, suggesting early
removal of ferromagnesian phases such as olivine and pyroxene. Elements such as Sr,
Sc, and the middle and heavy rare earth elements (MREEs, HREEs) decrease with SiO,
(Figure 3.5), consistent with their compatibility with the major arc lava phases such as
plagioclase, clinopyroxene, amphibole and garnet, respectively. Overall, Dy/Yb ratios
decrease with increasing SiO,, broadly consistent with amphibole fractionation (cf.
Davidson et al., 2007), although Dy/Yb ratios increase in the suite overall with time
(Figure 3.6). Elements incompatible with the major phases, such as Ba, Rb, Zr, U, Th,
Pb, Ta, and the light rare earth elements (LREEs) all increase with SiO,. There is a
subtle Rb, U, Cs, and Ta depletion and slight Ba enrichment in the Alconcha 1 subgroup
lavas. Several elements, such as Nd and Nb, do not systematically vary with SiO,.
Interestingly, a few andesite lavas, including two scoria cone samples, are enriched in
elements such as the LREEs, Zr, Hf, Nb, Ba, Ti, and K. When Ba is plotted against
Rb/Sr (Figure 3.7), the data diverge at more silicic compositions, with one extreme
toward higher Ba at lower Rb/Sr, and the other toward higher Rb/Sr at slightly lower Ba.
Specifically, the Alconcha 1 subgroup along with the Aucanquilcha group and a
scattering of other AVC samples, fall on the high-Ba, low-Rb/Sr trend. Compositions
from the Alconcha 2 fall along the low-Ba trajectory. Gordo and Polan groups are

scattered mainly along the low-Ba trend and between the two trends.

With respect to temporal variations in trace elements, the most obvious feature is that the

lavas from Volcan Aucanquilcha are slightly offset from the main trend defined by the
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rest of the AVC data. Aucanquilcha lavas are enriched in Ba, Sr, Eu/Eu* (small Eu
anomaly), and are depleted in Rb, U, Y (see Table 3.1), at given SiO,. The
MREE/HREE ratios of AVC lavas increase appreciably through time (Figure 3.6). At
any given time, andesites form both baseline and high values. Dy/Yb ratios range from
~2 in the earliest lavas to ~2.5 — 3.5 in Aucanquilcha lavas. Sm/Yb ranges from 2.25 — 3
in early lavas to 4 — 6.25 in Aucanquilcha lavas. Similarly high MREE/HREE ratios are

observed in lavas from other central Andean volcanoes (Mamani et al., 2010).

Isotopes

Initial *’Sr/*Sr ratios from lavas from the AVC range from 0.70507 to 0.70680, in
keeping with the elevated values characteristic of the central Andes. *’Sr/**Sr of the AVC
has no systematic variation with SiO; or Rb/Sr, but increases overall through time
(Figure 3.8, 3.9, 3.10, Table 3.2). The Alconcha group has little variation in *’Sr/**Sr
values, ranging from 0.7051 — 0.7055. Gordo andesites are relatively diverse (~0.7054 —
0.7065) with respect to Gordo dacites (~0.7057 — 0.7061). The Polan group, representing
the most voluminous period of volcanism, has the narrowest range of values (0.7056 —
0.7059). The Aucanquilcha group has the highest *’Sr/**Sr values (0.70580 — 0.70680).
Two andesitic enclaves from Aucanquilcha display high values with respect to the
Aucanquilcha dacites. Three samples from the recently erupted monogenetic field to the
east of the AVC also have elevated *’St/**Sr 0.70635 - 0.70683). Through time, andesites
generally define the baseline *’St/**Sr, but they also contain some of the highest values in

the sample suite.

Trends observed in éNd more or less mirror those of the *’Sr/*°Sr system (Figure 3.8;
Figure 3.11; Table 3.2). €Nd broadly decreases through time from -1 to -7.3, with the
lowest values observed in lavas from Aucanquilcha (-4.5 to -7.3). Unlike for *’Sr/**Sr,
the largest range of €Nd (-1.0 to -4.7) is observed in the earliest eruptive group, with a

conspicuous lack of samples falling in the éNd range of -1.6 to -3.3. Lavas from the

Gordo group range from -3.0 to -6.3. Similar to ¥’Sr/*Sr, lavas from 4 — 2.5 Ma, the
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peak AVC eruptive period, have restricted values (-3.8 to -4.9). The lavas from the

monogenetic field have rather low €éNd values (-6.1 to -6.6). As with the Sr isotopes,
there is no correlation between Nd or SiO, and éNd. Additionally, andesites form the

‘baseline’ signature (the highest values in the case of €éNd) only for the earliest eruptive

group.

Lead isotopes of the AVC vary little: *°°Pb/***Pb ranges from 18.47 to 18.70; **’Pb/***Pb
ranges from 15.58 to 15.66; and ***Pb/***Pb ranges from 38.24 to 38.73 (Figure 3.12,
Table 3.2). There is, however, subtle variation in *’°Pb/***Pb through time with the
lowest values found in the Alconcha group and the highest values in the Aucanquilcha
group. With respect to basement Pb isotopic signatures, the AVC is situated on a
basement transition zone between the older, less radiogenic Arequipa block to the north,
and the younger, more radiogenic Antofalla block to the south. **°Pb/***Pb values for
AVC lavas are, indeed, intermediate between the two basement blocks, but are consistent

with a dominant Antofalla-block influence (Figure 3.13).

Oxygen isotopes from the AVC vary little, ranging from ~6.5 to 7.5%o (Figure 3.8,
Table 3.2) and are at the low end of the range for the central Andes (~5 to ~14 %o;
Figure 3.14). The earliest erupted lavas from the Alconcha group have the lowest 8'*0
values and the least variation, ranging from ~6.5 to 6.75%o. After ~8 Ma, the lowest §'°0
values AVC lavas increase to ~6.8%o during Gordo time (excluding one 6.5%o value for
sample AP-07-29). During Polan time, 8'*0 values slightly increase further to ~7.0%o.
From ~8 to 3 Ma, the highest 8'*0 values are ~7.3 — 7.5%o. Lavas from Volcan
Aucanquilcha have fairly restricted 8'*0 values, ranging from 7 to 7.3%o, and although
more felsic, have §'°O lower than some older dacites. Plagioclase from the eroded scoria
cone, Luna de Tierra, yielded a value of 7.1%o, similar to the rest of the AVC lavas.

Plagioclase from the scoria cone Poruiiita, however, yielded a much higher value of 9%e..
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Discussion

Many studies have applied petrogenetic modeling to central Andean volcanic systems,
and they all tell a broadly similar story: data suites define trends which can be interpreted
as being the result of combined fractional crystallization and assimilation (AFC) (e.g.,
James, 1982; Davidson et al., 1990; Feeley and Davidson, 1994; Delacour et al., 2007).
Such petrologic models have mass consequences and allow for the calculation of 1) the
mass left behind due to crystallization 2) the amount of basalt needed to materially drive
the system, and 3) the amount of crust assimilated. The inescapable problem with these
models is the uncertainty associated with virtually every variable (e.g. the compositions
of the parent magma and contaminant, the crystallizing assemblage, the efficiency of the
assimilation process, the processes by which assimilation occurs). These problems are
magnified when modeling modern central Andean systems, as the magmas were
processed through very thick crust, probably at multiple levels with multiple
contaminants. Despite these obstacles, it is probably not coincidental that many
petrogenetic studies have arrived at similar numbers (15 — 20%) with respect to the
amount of crustal component typical of evolved, modern central Andean arc lavas (eg.,
James, 1982; Davidson et al., 1990). As the AVC is time transgressive, we are in a
unique position to investigate the petrogenetic evolution of this arc node over an eleven

million year period.

We modeled variations in Cr, Rb, Sr, Ba, ®’Sr/**Sr, and €ng, and 8'%0 to gain insight into
the processes producing data trends of AVC lavas, and in particular, individual eruptive
groups. As variation in AVC trace element data is consistent with a component of
fractional crystallization, and isotopic compositions implicate a crustal contribution, we
present a set of AFC models to explain the compositional variation observed in erupted
AVC lavas. Despite the variable and moderately “crustal” isotopic compositions overall,
there is no correlation between isotopic composition and SiO,, and lavas within all

eruptive phases are isotopically very similar (see Figure 3.9). There is, however, an

appreciable increase in *’Sr/**Sr and decrease in €xq with time (see Figure 3.11).



47

Therefore, our models can be broken into two parts (see Table 3.3 for distribution
coefficients used in each model). First, we address the variation in the trace element data,
which we explain by variable degrees of fractional crystallization from a basaltic andesite
and mixing with a (cognate) granodiorite. Secondly, we address the varying crustal
contribution as indicated by temporal changes in isotopic values. For lack of primitive
rocks in the central Andes, we use a relatively primitive basalt from Puyehue volcano
(southern Andes; Gerlach et al., 1988) as a surrogate parent composition, and gneisses
from Chile and northern Argentina (Lucassen et al., 2001) as assimilants. Before
presenting the models in detail, a few caveats warrant discussion. We first consider the
nature of the parental magma, and the concept of the liquid line of descent, as it relates to

our data suite.

Petrogenetic caveats

There are many ways that are proposed, and likely plausible, for the generation of
intermediate arc magmas. Leading hypotheses are fractional crystallization from basalt
(Ownby et al., 2010), crustal melting of a mafic protolith (Rapp and Watson, 1995),
contamination of a mantle-derived basalt by partially melting crustal material (Mattioli et
al., 2006), reaction of a basalt with crustal material (Patifio Douce, 1995) and mixing of
basaltic magma with some more felsic component, be that a granitic mush or magma
(Reubi and Blundy, 2009). A compelling case has also been made for the generation of
primary andesite magmas (Baker et al., 1994, though see Streck et al., 2007). The
reigning paradigm seems to be the “MASH” hypothesis (and its cousin, the “hot zone”
model): a zone of melting, assimilation, storage, and homogenization in the lower crust
where, perhaps, a combination of the above processes gives rise to hybrid intermediate
magmas consisting of basalt derivatives, partially melted precursor basalts and cumulates,
and crustal melts (Hildreth and Moorbath, 1988; cf. Dufek and Bergantz, 2005; Annen et
al., 2006). However, petrologic work on basaltic arc volcanism has spotlighted the
complexity researchers are up against when trying to unravel the sources of even the most
primitive rocks (Leeman et al., 1990; Hart et al., 2003; Dungan and Davidson, 2004;
Schmidt et al., 2008; Jicha et al., 2009; Schmidt et al., 2011). Melting of distinct mantle
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domains and varying melting processes beneath a single volcano can produce isotopic
and trace element variability from the outset of magma evolution (Reiners and Nelson,

1998), signals which are further obscured by MASH processes.

The nature of primitive magmas in the modern central Andes is the subject of much

debate. The fundamental observation is that the most mafic of erupted lavas are basaltic
andesites, which have high *’Sr/**Sr and 8'*0, low €Nd and enriched in some trace

elements (e.g. Sr and Ba). These characteristics are generally considered to be signatures

of crustal contamination of melts from a mantle that has a more or less constant isotopic
composition (*’Sr/**Sr = 0.7035, eNd =6, 8'*0=5.8). Any deviation from these values is

attributable to contamination by material in the crustal column through which the magma
travels before eruption. High concentrations of incompatible elements such as Ba and Sr

can be attributed to basaltic recharge in a deep crustal MASH zone.

Alternatively, the enriched signatures involve a heterogeneous (or “polluted”) mantle,
which varies in isotopic composition, thereby producing isotopically variable basalts
when melted. Proposed mechanisms for mantle variability include subduction erosion
(Stern, 1991; Kay et al., 2005) and removal of the lower crust through delamination (Kay
and Kay, 1993; Lackey et al., 2005; Drew et al., 2009), both of which would produce an
enriched subcontinental lithospheric mantle (Rogers and Hawkesworth, 1989; Lackey et
al., 2005; Drew et al., 2009). Additionally, the influx of enriched (OIB-like)
asthenosphere, which perhaps not coincidentally would likely accompany delamination,
could also produce the proposed mantle variability (Hoke and Lamb, 2007). Relevant to
this argument is the ~23 Ma basaltic sill at Chiar Kkollu, ~200 km northeast of the AVC
in the Bolivian Altiplano, which preserves relatively primitive isotopic signature
(*’Sr/**Sr =0.70405, eNd =3.2) and suggests that a non-enriched mantle does, or did,
exist beneath the CVZ (cf. Davidson and de Silva, 1992; Davidson and de Silva, 1993;
Lamb et al., 1993; Hoke and Lamb, 2007). For the second part of our modeling—dealing

with the production of intermediate magmas from a mafic source—we use parental basalt

a composition consistent with derivation from a subarc mantle that is not anomalously
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enriched (see below). If the mantle below the CVZ is indeed polluted, less intracrustal

assimilation is implicated than our model predicts.

Liquid Lines of Descent

It is important to point out that the suite of data presented here does not represent a strict
liquid line of descent (cf., Eichelberger et al., 2006). The spatial and temporal patterns of
the AVC suite indicate an overall relationship, even if not strict consanguinity, and invite
consideration of the processes that acted through time. Trace element and isotopic
diversity of the basaltic andesites to andesites sampled at the AVC evidences the breadth
of intricacies that crustal processing is capable of producing, as well as the potential
diversity of basaltic parents. This variability among potential mafic parental magmas,
however, gives way to a suite of dacites that are broadly similar at each successive stage,
suggesting that crustal processes are efficient at attenuating input diversity, and are
highly repeatable. The general decrease of compatible elements with SiO; indicates a
substantial role for crystal fractionation. Linear arrays within the AVC data cloud and the
abundance of crystals in many lavas as well as the textural and compositional diversity of
minerals are evidence for mixing and self-mixing. The isotopic compositions and
temporal trends implicate significant involvement of crustal material, the amount and (or)

composition of which changes with time.

Petrogenetic modeling of observed variation within AVC lavas

Fractional crystallization

With respect to Rb, Sr, Ba, and Cr, we show crystal fractionation models to account for
varying influences of different minerals (Figure 3.15; Table 3.3). Taken together,
crystal fractionation appears to have been a dominant process at the very outset of the
AVC history (Alconcha 1 subgroup) and at the end (Aucanquilcha group) with an
increasing role of amphibole with time. Volcan Mifio, on the periphery of the AVC also

has a strong record of fractionation.
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The first fractionation model is consistent with an andesitic crystallizing assemblage:
72% plag, 12% opx, 10% opx, 6% magnetite (FCpx). A second fractionation model
shows the effect of a dacitic crystallizing assemblage: 68% plagioclase, 9%
clinopyroxene, 9% amphibole, ~4.5% each of orthopyroxene, biotite, and magnetite
(FCam). These assemblages were chosen based on observed crystal contents in AVC
lavas. We chose the most mafic Mino andesite as a starting composition (VM99-16;
McKee, 2002) for models FCpx and FCam. The fractionation trends drive a strong
depletion in Cr coupled with a steep increase in Rb after about 25% crystal removal. This
path reasonably describes the distribution of Alconcha 1 samples and the Mino Group
with, up to ~ 60% crystallization of the pyroxene-dominated assemblage, which in turn is
consistent with little variation in Dy/Yb for these subsuites (Figure 3.5).

Lavas from Volcan Aucanquilcha have a trajectory with respect to Ba versus Rb/Sr as
well as Rb versus Cr that is parallel to the amphibole-bearing fractionation trend, but
emanates from a more evolved parental andesite (Figure 3.15). We show a second set of
fractionation trajectories (FCpx2, FCam2) that account for much of the variation in the
Aucanquicha group (Figure 3.16). The overall decrease in Dy/Yb within the
Aucanquilcha group with SiO2 is consistent with a significant role for amphibole

fractionation.

Most samples of the AVC are not consistent with such a fractionation trends. To
reproduce the high-Rb/Sr, low-Ba trend through fractional crystallization alone,
unrealistic distribution coefficients and unreasonable amounts of crystallization (>90%)
would have to be called upon. Most samples are too high in Rb relative to Cr to be
described by fractionation model. Therefore, we consider the effects of magma mixing or
high degrees of assimilation relative to fractionation to account for the compositional

variability of AVC lavas.

Magma mixing
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Magma mixing has been invoked, with mounting frequency, as an important process in
the production of evolved arc lavas (e.g. Eichelberger, 1975; Bacon, 1986). In particular,
crystal scale studies have shown again and again that open system processes such as
magma mixing, crystal recycling and crustal contamination are prevalently recorded in
volcanic rocks (Nakamura, 1995; Tepley et al., 2000; Humphreys et al., 2006; Ruprecht
and Worner, 2007; Streck, 2008; Salisbury et al., 2008; Francalanci et al., 2011).
Extensive crystal recycling within AVC lavas has been demonstrated by zircon age data
(Walker et al., 2010) and amphibole, pyroxene, and Fe-Ti oxide compositions (Giles,
2009; see also Chapter 4). However, because crystal recycling at the AVC likely
involves the same minerals as are fractionating, the two processes mutually obscure trace
element distributions and cannot be distinguished with respect to major elements. The
trace element variability of most AVC lavas and the temporal increase in crustal isotopic

signatures cannot be adequately explained by fractional crystallization alone.

The production of an intermediate magma from mixing of a mafic parent with a felsic
component obviously requires that the felsic component exist, be it a product of fractional
crystallization and(or) melting of pre-existing crust. Elemental and isotopic variation of
eruptive suites thought to arise from magma mixing provide constraints on the nature and
origin of the end-members. At the AVC, isotopic variation with SiO; (and other
fractionation indices) within eruptive suites is minimal (see Figures 3.9, 3.10),
suggesting the silicic end-member is isotopically similar to the mafic end-member, albeit
both are changing in time. We postulate that the silicic end-member is genetically

related crystal-laden magma and (or) plutonic material.

Cognate plutonic blocks are common in lavas (i.e., Conrad et al., 1983; Watts et al.,

1999; Leonard et al., 2002; Bacon and Lanphere, 2006), sometimes preserving textures of
partial melting (Bacon, 1992). Near the AVC, at the Cerro Chascon-Runtu Jarita dome
complex (within the Altiplano-Puna ignimbrite field), Watts and others (1999) observed
biotite-granodiorite clasts in a small pyroclastic eruption (sample CC17 from Watts et al.,

1999). While not genetically related to the AVC magmas, the clasts represent an evolved
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granodiorite composition in the local crust and are an analog for the product of dacite
crystallization. These granodiorite clasts have relatively low Ba contents (~600 ppm)
with respect to AVC lavas, likely owing to alkali feldspar fractionation. (Alkali feldspar
is very rarely observed in AVC lavas). This is important in that many AVC dacites trend
toward low Ba values at high Rb/Sr consistent with mixing with a cogenetic granodiorite
or granodioritic mush composition similar to that reported by Watts and others (1999).
Up to 50% mixing is implicated on chords between potential mafic parents on the
fractionation trend and a proposed range of felsic end-members that was cogenetic,
cognate plutonic material, which would be isotopically the same as the lavas. We
envision the silicic end-member to comprise a mixture of dissolved crystals (such as
quartz, alkali feldspar, and biotite) and crystals that survive and are re-entrained (such as
plagioclase, amphibole, zircon, etc.). Essentially, this is mush remobilization (cf., Bacon

and Lowenstern, 2005).

The mixing signal is strongest for dacites of the Alconcha 2, Gordo, and Polan groups
(Figure 3.15). The Gordo and Polan groups, in particular, are times characterized by
more voluminous volcanism and presumably plutonism as well—the thermal maximum
for the AVC system. These data suggest these times of increased activity were also
associated with mixing and homogenization of magmas, likely in the upper crust based
on their mineral assemblages (see Chapter 4). During this time of homogenization and
mixing, we envision an upper crustal patchwork plutonic network consisting of melt-rich
domains (magma chambers) within a matrix of totally solid rock to crystal-rich magma
mush. The thermal maturity of the plutonic system—with a low thermal contrast
between magma and host rock—would promote an environment where fresh magmatic
invasions are more likely to remobilize surrounding plutonic material, ultimately leading
to the eruption of mixed magmas. In contrast, dacites from the Alconcha 1 and
Aucanquilcha groups are dominated by a fractionation signal. These lavas erupted during
times of low volcanic output, and presumably when the AVC was thermally either
immature or waning. The fractionation-dominant nature of these lavas evidence their

derivation from a system where mixing was at a minimum, envisioned here as a series of
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discrete magma chambers where little interaction between magma and host rock
occurred. Lavas from Volcan Mifio are also fractionation dominant. Although Mifio was
active during the high flux period of the AVC, it is peripherally located. Magma
chambers feeding eruptions to Volcan Miiio are therefore likely to have been relatively

autonomous with respect to the main magmatic plexus.

Mass balance of the fractional crystallization/magma-mixing model

Basic mass balance constraints can be placed on the amount of crystal residue is left
behind during fractionation and magma mixing accompanying the evolution of AVC
magmas (see Table 3.4). AVC andesites that fall on the crystal fractionation trend
indicate up to ~40% fractionation from the Mifio basaltic andesite, while dacites indicate
~60% fractionation (~50% for Volcan Aucanquilcha lavas). With respect to these
fractionation trends, the mixing clouds emanate from a range in compositional space,
coincident with F-values of ~1 — 0.6 (0 — 40% crystallization). We use an F-value of 0.8
to represent the average amount of fractionation experienced by the mixed magmas
before they were mixed. Based on these observations, and assuming a total eruptive
volume for the AVC of 350 km?, ~175 km® of cumulate residue from fractional
crystallization is implicated (see Table 3.4). Materially, then, ~525 km’ of magma,
similar in composition to the Mifio basaltic andesite starting composition, was required to
produce the 350 km® of erupted AVC lavas. This estimate is almost certainly a
minimum, as the silicic mixing end-member, comprising ~125 km® of material, is likely

the result of a fractionation-dominated process as well.

Petrogenetic modeling of basalt differentiation: the missing link

Time-transgressive isotopic variation

Isotopic variation within individual eruptive phases is small and not correlated with a
fractionation index. In fact, as much or more isotopic variability is observed within the
andesites of any given eruptive period, as in the entire compositional spectrum. This

tendency for the mafic end members to display more isotopic variability has been
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recognized before (Feeley et al., 1993; Barnes et al., 2005; Jicha et al., 2009), and likely
illustrates two things. One is the homogenization effect that comes with crustal
processing, involving the confluence and compositional averaging of a large amount of
material (see Grunder and Mahood, 1988; Ruprecht and Worner, 2007). Second is
susceptibility of mafic magmas to isotopic (Nd, Sr, Pb) contamination through
assimilation of small degrees of wet crustal melts that can lower the liquidus of the
ascending magma (Reiners et al., 1995; Bohrson and Spera, 2001). Regardless, temporal
isotopic shifts with system evolution are undeniable at the AVC, and this trend can be
explained two ways. First, it could represent the tapping of a progressively polluted
mantle. Second, it could represent the addition of either more or different crustal

components to AVC magmas as time and system evolution progressed.

No basalts—primitive or otherwise—have erupted in central Andes in the past 20 million
years. Basaltic andesite to andesite lavas provide the baseline composition at every
eruptive center in the central Andes, whereas andesites and dacites are the dominant rock
type. We have shown that bulk rock compositional variation within eruptive suites at the
AVC is likely attributable to crystal fractionation and magma mixing, with little evidence
for isotopic contamination (see Figures 3.9, 3.10, and 3.15). There are, however,
isotopic shifts through time. Because these isotopic shifts occur concurrently with the
development of such a long-lived magmatic system as the AVC, we do not find it
necessary to invoke a changing mantle source as the cause. Rather, these isotopic
signatures can be feasibly acquired in a deep crustal MASH zone, and accompany the
chemical evolution from basalt to andesite. This evolution, however, is simply not
preserved in the form of a liquid line of descent (real or perceived)—it is a petrological
missing link. To put basic constraints on magma production at the AVC, we cautiously
model this missing link using hypothetical parent and assimilant compositions. We do
not think all mantle-derived basalts are the same. We nevertheless choose a single non-
enriched mantle source from the southern Andes where crustal overprinting is not so

prevalent.
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Crustal contamination constraint from 8'°O

When considering crustal contamination, oxygen isotopes (8'*0) are more robust than the
Sr and Nd systems, as oxygen makes up roughly 50% (mass) of silicate magma, rather
than trace concentrations of Sr and Nd. Putative end member compositions can be better
estimated. Based on a worldwide compilation, Harmon and others (1995) demonstrate
that MORBs have a uniform 8'*0 composition of ~5.7%o, though basalts from other
tectonic settings are more variable. They suggest, however, that the slight §'°0
enrichment seen in continental arc basalts is due to interaction with crustal material. We
choose a value of ~6%o for primitive basalts beneath the CVZ. There are very few 8'°0
data available for the central Andean basement rocks; values range from ~7 — 12
(Wérner, pers. comm.). This roughly coincides with the §'°O values of nearby lavas

which, near the latitude of the AVC, range from ~6 to 14 %o (Figure 3.14).

Throughout the eruptive history of the AVC, 8'*0 compositions of the lavas vary little,
with a total range over eleven million years of 6.5 — 7.5 %o—values that are low relative
to the CVZ overall. Nearby CVZ volcanoes display as much or more variation over a
few 100,000 years: Ollagiie lavas range from 7.1 to 8.1 %o (Feeley and Sharp, 1995), and
Parinacota from 6.8 to 8.4 %o (Davidson et al., 1990). Unlike with the Sr and Nd isotopic
systems, we do not observe an appreciable shift in 8'*0 with time (see Figure 3.8). In
fact, 8'°0 values for Volcan Aucanquilcha are actually lower than the highest values
from earlier AVC lavas. This narrow range of relatively low values of §'*0O may be
attributable to the homogenization effect of prolonged magmatism. Progressive
construction and consolidation of the AVC plutonic system would armor the magma
plexus in such a way as to restrict access to crustal rocks, promoting precursor recycling
and system homogenization. Alternatively, or perhaps attendant to this homogenization,
the low range of 8'*0 may be attributable to the assimilation of hydrothermally altered
rocks, particularly for the Aucanquilcha group (cf. Friedman et al., 1974; Grunder, 1987;
Feeley and Sharp, 1995; Bindeman and Valley, 2001). With the long duration of the
Aucanquilcha system, it is likely that a hydrothermal system developed above and around

main magma plexus. Pervasive alteration of various AVC edifices (Aucanquilcha, Polan,
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Tres Mofios, Koska) confirms this at the surface. If hydrothermal upper portions of the
magma plexus were involved, Sr and Nd isotopes indicate such material added to AVC

magmas in the upper crust was similar to the magmas with respect to these isotopes.

Assuming, that shifting of §'*0 by hydrothermal material is fairly minimal, except for the
Aucanquilcha group, mixing calculations suggest that there was no considerable
contribution of high 8'*0 crust to produce AVC lavas (Table 3.5). Fractionation from
basalt to andesite would increase the §'*0 by ~0.5%o (cf. Taylor and Sheppard, 1986).
However, even with slight enrichment through crystal fractionation, 8180 values are too
high to be caused by fractionation alone. If the contaminant has a 8'°0 of 10%o, ~ 30%
crustal addition is required to generate the highest 8'*0 (~7.5%o) observed in AVC lavas.

If the contaminant’s 8'*0 is lower than 10%o, more crust would be required (Table 3.5).

AFC model using Sr and Nd isotopes

Reconciling the Sr, Nd, and O data requires a broad approach. We here employ AFC
equations (DePaolo, 1981) to provide constraints on minimum amounts of crustal
involvement through time. We also address the shift in baseline isotopic signature of the
AVC data array with respect to O, Sr, and Nd isotopes. By baseline, we mean those
samples that are most primitive with respect to the given isotopic system (low *’Sr/**Sr
and 8'°0; high €xg). As a hypothetical parental magma, we use a relatively primitive
lava from the Southern Volcanic Zone in Chile (from Puyehue volcano [sample IB-7
from Gerlach et al., 1988]). For an assimilant, we tested a variety of compositions from
basement rocks exposed in the central Andes (Lucassen et al., 2001). In particular, we
focused on gneisses from Chile and northern Argentina. While it is uncertain that
exposed gneisses represent the rocks at depth, Pb isotopes permit that several Chilean and
Argentinian gneisses are plausible contaminant compositions. These basement rocks,

however, are highly variable in their isotopic compositions, with *’Sr/**Sr ranging from
~0.7033 — 0.8399 (Sr ppm ranging from ~10 to ~1,400) and éNd from +5 to -13 (Nd ppm
ranging from ~5 to 65) (Figure 3.13). Rocks with the highest *’St/**Sr have the lower Sr

concentrations, limiting their leverage on the magma composition (e.g. almost all
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basement rocks with *’Sr/**Sr >0.720 have Sr contents of <250 ppm). Nd isotopic
variability is still appreciable, though less dramatic than *’Sr/**Sr. From broad this array,
we narrowed our choice of contaminant to a subset of these rocks that overlap AVC Pb
isotope compositions, though this subset still varies considerably with respect to isotopes

(Figure 3.16).

Accounting for the diversity observed in the basement rocks, we provide three examples
of AFC calculations, using three different contaminants that represent a wide range of
isotopic and elemental compositions (Figures 3.17, 3.18). From the hypothetical parent

basalt, we modeled the assimilation and fractional crystallization necessary to produce a
daughter magma with €Nd of -6 and *’Sr/**Sr of 0.706. These isotopic compositions

represent average values for AVC lavas and, as such, should approximate average
amounts of assimilation necessary for production of AVC lavas. In this way, basic
constraints are put on the petrogenetic processes. Additionally, we tested a range of R-
values (assimilation rate/crystallization rate), and note that in acceptable models—those
that adequately account for the variation of all modeled elements and isotopic ratios—
increasing the R-value results in higher F- values, indicating less crystallization (see
Figure 3.19 and Tables 3.6 & 3.7). This has significant mass balance consequences
when considering the generation of an appropriate volume of basaltic andesite (~500
km’), implicated by the trace element fractionation model discussed above, from the
surrogate parental basalt. Our Sr and Nd isotope modeling suggests that, for R = 0.3,
between ~700 km® and ~2700 km” of cumulate residue is required, depending on the
assimilant. For R = 0.7, ~100 — 300 km® of crystals are required (Figure 3.20 and Table
3.7). Based on the overall fit for both *’Sr/**Sr and €xg, we think an R-value of ~0.5 is
reasonable, yielding ~250 — 1000 km® of unerupted crystals during the evolution from
basalt to basaltic andesite. Despite this large estimate range for cumulate crystal volume,
the contaminant contribution estimate does not dramatically vary with a changing R-
value (cf., Grunder, 1992; see Figure 3.19 & Table 3.6). As such, no model requires
more than ~35% crust in AVC lavas (Figure 3.19). These figures are consistent with

feasible crustal percentages according to 8'°O values (Table 3.5).
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If a single AFC model—with a single contaminant—were used to describe the temporal
variation of the AVC data, it would suggest that crustal contamination became a
progressively more important process through time. However, we consider it unlikely
that the least voluminous volcanic period would involve the most crustal assimilation in
its magma genesis. Peak assimilation rates more plausibly would accompany the time of
peak power in a magma system, as the digestion of crustal rocks by magma requires
significant thermal addition (eg. Bohrson and Spera, 2001). We therefore think it
probable that as the AVC magma system evolved, the nature of the assimilated crust

changed; throughout its evolution, the magma system encountered crust that was
progressively higher with respect to *’Sr/**Sr and lower with respect to €xq through time.

The relatively similar 8'*0 values through time indicate the crustal rocks may be more

uniform with respect to oxygen isotopes.

An Expanding MASH Zone

Hildreth and Moorbath (1988) postulated that one might expect to see a gradual increase
in base-level *’St/*®Sr values at long-lived centers, in the case of an expanding MASH

zone. We think the base-level increase in *’St/**Sr and 8'*0 in conjunction with the

decrease in €ng of AVC lavas is consistent with such a hypothesis. We thus envision the

result of an eleven million year history of basaltic underplating to be an upwardly
migrating MASH zone. Concurrent downward expansion of the MASH zone is
predicted, as well, as successive batches of underplating basalt are trapped and stored.
As such a zone expanded upward, it would no doubt reconstitute the crust, depleting
fusible materials and/or bulk assimilating, possibility via a reactive process (Patifio
Douce, 1995; Beard et al., 2005). The isotopic shifts observed at the AVC, then, can be
explained by the assimilation of isotopically more evolved rocks as the MASH zone

accessed higher levels in the crust.
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Lead isotopes bear on this problem as well. The AVC is located in a transition zone
between the Arequipa and Antofalla crustal provinces, demarcated by Pb isotopes. Based
on Pb isotopic compositions of lavas erupted along the arc in this transition zone, Worner
and others (1992), proposed in a simple model that the central Andean crust is stratified
with respect to age and isotopic composition. In particular, they show that the Antofalla
block (relatively high *°°Pb/***Pb) dominates the middle and upper crust, while rocks of
the Arequipa block (relatively low **°Pb/***Pb) are present at depth. The subtle temporal
variation in Pb isotopes from AVC lavas (Figure 3.12) support this; **°Pb/***Pb values
from Alconcha group lavas are, in general, the lowest while **°Pb/***Pb of Aucanquilcha
lavas are the highest. A MASH zone migrating through such a crustal stratigraphy as
proposed by Worner and others (1992) would produce the Pb isotopic variation observed

at the AVC.

The garnet signature

It has been recognized by various workers that there is a correlation with crustal thickness
and REE fractionation in igneous rocks that are processed through a thickened crust
(Hildreth and Moorbath, 1988; Davidson et al., 1991; McMillan et al., 1993; Kay et al.,
1999; Haschke et al., 2002; Mamani et al., 2010). Heavy REEs (HREEs) are
fractionationed with respect to middle REEs (MREES) by the partial melting of rock in
which garnet is residual and/or the crystallization of garnet, as garnet prefers the HREEs
to the MREEs. Mamani and others (2010) showed that central Andean rocks have had
elevated MREE/HREE (Dy/Yb and Sm/Yb) ratios since ~30 Ma, corresponding to
stabilization of garnet owing to crustal thickening. They note the increase of maximum
values of MREE/HREE in central Andean lavas erupted since ~3 Ma, which we also
observe in AVC lavas (see Figure 3.5). In general, we agree with their conclusions that

this signal is related to increased garnet fractionation during magmatic differentiation.

At >60 km deep, the base of the central Andean crust is deep enough to stabilize garnet in

a basaltic magma, even at elevated water contents (Green, 1982). Experiments by
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Miintener and others (2001) and Miintener and Ulmer (2006) also demonstrate copious
garnet crystallization from a basaltic andesite at high pressure. Natural examples of
garnet residua from arc basalt crystallization include garnet-bearing xenoliths from the
Sierra Nevada (Ducea and Saleeby, 2008; Ducea, 2002; Lee et al., 2006) and lower
crustal (near Moho) sections from the Kohistan arc (Jagoutz et al., 2006; though see also

Garrido et al., 20006).

At the AVC, the pronounced increase in Dy/YDb through time tracks the shift observed in
Sr, Nd, and O isotopes. Time-integrated basaltic underplating would likely produce a
thick, hot region at the base of a thickened crust, which would, in turn, intercept
successive basalt injections, promoting the downward growth of the MASH zone. We
envision prodigious garnet crystallization to occur here. With repeated basalt injection
and the thickening of the MASH zone through time, it is also expected that garnet would
form as a melting residuum from precursor basalt (cf. Ratajeski et al., 2005). Finally,
preexisting crustal material incorporated into the MASH zone at such great pressures
would most likely have residual garnet, further increasing the garnet signature.
Intriguingly, the end result of such a process would be a large, refractory, and probably
gravitationally unstable mass at the base of the crust, such as that currently imaged at the

latitude of the AVC (Giese et al., 1999; Schmitz et al., 1997; Yuan et al., 2002).

System architecture

There is a preference amongst the volcanological community for a two-tiered conceptual
model of arc magmatism whereby basaltic magma intrudes the base of the crust and (1)
undergoes a vigorous MASH and/or AFC process, presumably with a high assimilation
component, the compositionally intermediate product of which ascends to the upper crust
where (2) further differentiation occurs, dominantly through crystal fractionation (c.f.
Feeley and Davidson, 1994; Hart et al., 2003; Annen et al., 2006; Ownby et al., 2010).
Exhumed exposures of deep arc crust—natural examples of this process— are rare.

However, several relatively continuous exposures that preserve middle crustal depths
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such as the north Cascades (Miller et al., 2009), the Salinian block (Kidder et al., 2003;
Saleeby et al., 2003), and the Valle Fértil complex in northern Argentina (Otamendi et
al., 2009) demonstrate igneous rocks are present as deep as exposure permits a view.
Crustal exposures from Kohistan (Bard et al., 1980; Garrido et al., 2006) and Talkeetna
(Debari and Coleman, 1989; Greene et al., 2006; Rioux et al., 2007) mafic complexes
confirm this in the lower crustal setting as well. In north Cascades exposure of
Cretaceous arc crust, Miller and others (2009) conclude that plutonic rocks are
volumetrically significant at all levels, and highlight that, with increasing paleo-depth, a
greater percentage of rocks are igneous (from ~37% at ~5 km to ~65% at ~30 km). They
observe that shallow level plutonism is characterized by large batholiths (with few
unfocused, discrete bodies), indicating the upper crust is a site of pluton consolidation
and magma homogenization. Lower crustal exposures, though, also contain batholith-
scale bodies, albeit with a greater amount of small-sized intrusions as well. Field data
from the Ordovician Valle Fértil complex in Argentina support this idea of a continuous
magmatic section. There, exposures reveal a gradational batholith ranging from gabbros
to tonalites to granodiorites, with pressure estimates ranging from ~8 kbar to ~4 kbar

(Otamendi et al., 2009; Otamendi et al., in press).

While plutonic sections are time-integrated documents of magmatism, likely with in situ
homogenization and overprinting giving rise to an emergent architecture (Walker et al.,
2007), their relevance to the crustal consequences of arc magmatism is unequivocal.
When considering the underpinnings of the Aucanquilcha Volcanic cluster, then, we
interpret our geochemical data with deference to such crustal exposures, where crustal
reconstitution appears to be the general observation. The volcanic record at the AVC is
essentially a broad pulse, with its most voluminous period occurring about half way
through its lifetime. Whatever the cause for this volcanic pulse, the erupted material is
likely to be but the icing on the cake—the surface expression of a complex magmatic
miasma that assembled incrementally over eleven million years. Throughout that time,
we envision the crust beneath the AVC to have experienced significant magmatism, with

plutonic bodies forming at all levels throughout the crustal column (Figure 3.21). As
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magmatism progressed, smaller bodies likely merged to form larger ones, and
heterogeneities were mixed or erased to a certain extent. The lavas erupted during the
volume peak of the pulse likely drained a patchwork mush network at depth—a system at
its peak power that was accompanied by a thermal regime whereby there was a relatively
low thermal contrast between intruding magma batches and their wall rock, be it plutonic

precursors or not.

Magmatic Pulsing

Over the last ten million years or so, central Andean volcanism has been broadly
distributed and extremely voluminous, giving rise to the Altiplano-Puna “ignimbrite
flare-up” and other moderate- to large-volume arc to behind-arc volcanic centers. The
high-resolution geochronological breakdown of the Altiplano-Puna ignimbrites
(Salisbury et al., 2011) demonstrates a pulsatory history of volcanism, with major pulses
at ~8.4 Ma, ~5.6 Ma, 4 Ma, ~3 Ma. Geochronological data from the Aucanquilcha
cluster, although more sparse, indicates a clear eruptive pulse from ~5.5 to ~2 Ma
(Grunder et al., 2006; Klemetti et al., 2008), coinciding with the three largest pulses of
the Altiplano-Puna ignimbrite field. Aside from the steady state subduction that is likely
to be at play along the main arc, this regional-scale pulsing is suggestive of some larger,
common process. For the magmatic pulses at the Sierra Nevada Batholith, Ducea and
Barton (2007) suggest massive crustal reorganization events, involving mostly crustal
material. Conversely, for the Southern Rocky Mountain Volcanic Zone, Johnson and
others (1990) and Riciputi and others (1995) interpret the magmatic pulse to represent a
significant mantle addition to the crust. For the Timber Mountain complex in southern
Nevada, Farmer and others (1991) come to a similar conclusion—namely, that the crust

becomes more mantle-like with prolonged magmatism.

The eruptive history at the AVC, and in particular its eruptive flare-up from ~5 — 2 Ma,
provides another perspective on this argument. If the AVC magmatic pulse was largely

due to crustal reorganization, or more specifically, the introduction of large amounts of
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crustal melt into the magma system, a correlative departure to crustal isotopic values
(high *’Sr/**Sr and 8'°0; low €x4) would be expected, especially during the time of the

eruptive flare-up. Granted, the AVC isotopes are relatively contaminated with respect to
what is considered primitive mantle, and there is a systematic isotopic shift to
contaminated values. However, we do not observe a dramatic shift in isotopic values that
temporally coincides with the eruptive flare-up. Instead, we observe a rather narrow
range of Sr and Nd isotopic compositions from that time (Figure 3.8). These isotopic
trends suggest that the dramatic increase in eruptive output was not the result of peak
rates of crustal addition, but rather the result of peak rates of mantle delivery and thermal
modulation in the crust accompanied by modest crustal input. Therefore, at the AVC, it
appears that crustal formation, rather than crustal recycling is the dominant process of the

modern eruptive pulse.

Conclusions

Erupted lavas at the Aucanquilcha Volcanic Cluster document eleven million years of
stationary and relatively continuous arc volcanism in the central Andes. Bulk
compositional trends of AVC lavas indicate that fractional crystallization and recycling
of precursor magmas (magma mixing) are the most important processes generating
compositional diversity observed in any given eruptive phase. Time transgressive trends
suggest that the high flux period of AVC volcanism (5 — 2 Ma) was characterized by
magma mixing and mush remobilization, likely leading to the development and
homogenization of a large, upper crustal batholith. Lavas from the beginning and waning
phases of AVC volcanism lack this strong mixing signal, suggesting these low-flux times

were characterized by disparate, physically isolated magmatism.

All AVC lavas are isotopically contaminated (high *'Sr/**Sr and 8'°0, low €Nd) with

respect to primitive mantle and have pronounced garnet signatures (elevated Dy/Yb

ratios). Though bulk compositions do not change appreciably, the baseline isotopic
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signature and the Dy/Yb ratios of AVC lavas increase through time, suggesting the site of
the isotopic contamination and acquisition of garnet signature was likely the middle to
deep crust where higher temperatures and pressures promote fusion of crustal material
and/or reactions between crust and basaltic magma. Time-integrated basaltic
underplating and an expanding zone of melting, assimilation, homogenization, and
storage (MASH) likely influence, to a first order, this progressive evolution. With
prolonged magmatism, successive basalt injections into such an expanding MASH zone
would be increasingly intercepted, where prodigious crystallization of garnet is likely to
occur. The large, blurred MOHO from ~50 — 80 km beneath the AVC is probably the
result of such protracted MASH expansion. Incorporation of crustal material with

residual garnet likely enhances the garnet signal.

The eruptive flare-up from ~5 — 2 Ma at the AVC is characterized by a focusing of Sr and
Nd isotopes, suggesting that the increased system power was mantle derived, and not a
feedback from crustal incubation and melting. Sr, Nd, and O isotopes are consistent with
a crustal component making up 10 - 30% of AVC lavas, implying that although the
history of central Andean magmatism is replete with large scale crustal recycling, the

current phase is largely a crust formation event.
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Figure 3.2: Total Alkali vs. Silica for AVC lavas. AVC lavas range in composition from
basaltic andesite to dacite, with lavas from Volcan Aucanquilcha being slightly more
evolved.
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Figure 3.4: Spidergraph showing the trace element patterns of AVC lavas normalized to
primitive mantle values. Note the enrichment in fluid mobile elements such as U, Th, K,
Ba, Rb, and the depletion in high field strength elements such as Nb, Ta and Ti, which is
typical of subduction zone magmas. The gray field represents the entire range of the
AVC for reference. The lowest two panels illustrate the enrichment in LILs and reduced
diversity of elements of moderate incompatibility in dacites relative to andesites.
Conversely, it also illustrates the reduced diversity of HREEs in andesites with respect to
dacites. The Carcote ignimbrite is shown, as it crops out near the AVC. It is a rhyolite
and is of uncertain source.
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Figure 3.13 Sr, Nd, Pb isotopes of the AVC, in comparison to compositions from other
CVZ volcanoes and basement. Note the two different trends in Quaternary CVZ rocks
(one to lower *"°Pb/***Pb, and one to higher ***Pb/***Pb), which mirrors the trends of
basement rocks (cf. Mamani et al., 2010). The AVC trends toward Antofalla
compositions, though a few lavas display affinities for Arequipa rocks. This is likely
attributable to the AVC’s situation at the transition zone between these two basement
provinces. However, based on these trends, an average contaminant for the AVC is
likely to be a composition from the Antofalla domain.
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GEOROC search.
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Figure 3.15: Fractional crystallization curves and mixing lines for Rb/Sr vs. Ba and Rb
vs. Cr of AVC lavas. Two fractionation curves shown in order to portray the effects of a
varying mineral assemblage (mt=magnetite, amph=amphibole, bio=biotite). For the Cr
vs. Rb plot, the two fractionation curves are almost identical, owing to the similar
incompatibility of Cr in both assemblages. Most andesites fall in between these two
curves. Magma mixing lines are shown originating from various points along the
fractionation curve. The “felsic end-member” field approximates the composition of the
proposed end-member of magma mixing. Owing to the more evolved nature of
Aucanquilcha groups lavas, separate fields showing possible parent compositions are
shown. The variation observed in the AVC data are adequately explained by a
combination of up to ~50% fractional crystallization and the mixing in of up to ~60%
felsic end-member (likely to be precursor fractionates—see text for discussion).
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evolved nature. Symbols the same as in previous figures. Inclusions circled in grey
fields. Note that the inclusions, Alconchal, Mifio and Aucanquilcha groups are
dominated by fractionation, while Alconcha 2, Gordo, Polan groups are dominated by a

mixing signal.
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Figure 3.17: Sr, Nd, and Pb isotopes and Rb/Sr of AVC lavas compared with other
central Andean rocks, with three AFC models shown. Quaternary central Andean lavas
and late Miocene — Quaternary lavas are shown for reference, as they are AVC
contemporaries. Basement rocks from the Arequipa and Antofalla terranes are shown;
these are the best estimates for crustal contaminants for the AVC (and other central
Andean lavas). The enclosed data field comprises basement rocks with similar Pb
isotopic compositions to the AVC. AVC model curves for three unique contaminants are
shown with different line patterns; the corresponding assimilant composition for each
curve is individually circled with the same line pattern. The R-value (assimilation rate
/crystallization rate) is 0.4 for each model.
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Figure 3.18: Sr and Nd isotopes, and Dy/Yb, with three AFC curves, calculated using

three different contaminants (DePaolo, 1981; see
crosses on the curves represent the point at which

also Figure 3.17). The encircled
F (liquid remaining) equals 0.5. AVC

andesites in gray field. The parent rock (blue circle) is a relatively primitive basalt from
Puyehue volcano (Gerlach et al., 1988). Contaminants are Chilean and Argentine
gneisses (Lucassen et al., 2001). See Table 3.6 for more information on the models, and

Table 3.5 for mass balance information.
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Figure 3.19: Consequences of AFC model parameter variation for the €nq (top) and
%7S1/*°Sr (bottom) systems, contoured for percent contaminant implicated. Three
different AFC models, each with a different contaminant (see text), were employed to

describe the hypothetical differentiation of a parental basalt (*’Sr/*°Sr = 0.7038; exg = +4.

Plotted above are the F values (liquid remaining) necessary to achieve an €xq4 of -6 (top),
and a *’Sr/*°Sr (bottom) of 0.706, as they vary with changing R (assimilation
rate/crystallization rate). These isotopic compositions are ~average values for AVC lavas
and, as such, should approximate average amounts of assimilation necessary for
production of AVC lavas. The plot is contoured for the percentage of the contaminant
the final magma will contain, given the F and R value (cf., DePaolo, 1981). Note that
even with significant change in R-value, the amount of contaminant implicated remains
very similar. All three models suggests AVC lavas contain ~10-30% crust.
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Figure 3.20: Mass balance consequences of changing the R-value (rate assimilation/rate
crystallization), calculated with AFC equations (DePaolo, 1981). With increasing R-
value, the volume of cumulate crystals required increases. Solutions for both *’Sr/**Sr

and €nq are shown for three different assimilants (see text, and Tables 3.7 & 3.8).

Despite large variations in crystal volume estimates with changing R, calculated crustal
additions do not vary significantly (see Figure 3.19).
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Figure 3.21: Cartoon for the underpinnings of the AVC. See text for discussion.
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Tables

(captions for Tables 3.1 and 3.2)

Table 3.1: Representative whole rock compositions of the AVC. Major elements
expressed in wt %, and are normalized to 100% volatile free. Trace elements expressed
in ppm. Major and trace elements (Ni through Zn) analyzed at Washington State
University by XRF. Elements La through Cs (including the REEs) were analyzed by
ICP-MS at Washington State University. FeO* is total Fe. Ages in italics are estimates
based on stratigraphic relation to previous age data (Grunder et al., 2006; Klemetti et al.,
2008). Non-italicized ages from zircon dating (Walker et al., 2010).

Table 3.2: Isotope data for the AVC. *’St/*°Sr and '*Nd/'**Nd are age corrected. Sr
and Nd in ppm. 8'°O values in per mil (%o). Errors for Sr and Nd isotopes is the number
in the parentheses in the last reported decimal place. Radiogenic isotopes were analyzed
by TIMS at the University of Colorado. 8'*0 was analyzed by CO, laser fluorination and
mass spectrometry at the University of Oregon. Age data: (a) Ar-Ar (Grunder et al.,
2006; Klemetti et al., 2008); (k) K-Ar (Grunder, 1997; Baker and Francis, 1978); (z)
zircon. Ages in italics are estimates based on stratigraphic relation to previous age data.
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Table 3.3: Distribution coefficients used for the FC and AFC models in this study. Bulk
Kps were calculated for the following assemblages. “Dacite FC”: 68% plagioclase, 9%
clinopyroxene, 9% amphibole, ~4.5% orthopyroxene, ~4.5% biotitte, and ~4.5%
magnetite; “Andesite FC”: 72% plag, 12% opx, 10% opx, 6% magnetite. Basalt Kps
were used in modeling the baseline change in Sr and Nd isotopes and the Dy/Yb through
time. Kp values for this model were calculated for the assemblage: 30% plagioclase,
30% clinopyroxene, 22% garnet, 16% orthopyroxene. Mineral Kp values were mined
from the Geochemical Earth Reference Model (GERM).

Model type Rb  Sr Ba Cr Nd
FCpx 0.04 1.5 0.22 7
FCam 0.15 1.5 0.7 10
Basalt AFC 002 04 0.1 0.2
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Table 3.4: Mass balance calculations for the observed compositional variation of AVC
lavas. Individual eruptive groups are shown, broken out into two calculations: those
samples interpreted to have experienced fractional crystallization (FC) only; and those
interpreted to have experienced both FC and magma-mixing. The FC groups are broken
out into andesites and dacites, as FC to these two general compositions involve different
amount of crystallization. All mixed magmas are generalized to have experienced 20%
crystallization. Volumes are in km®. Terms: F is the liquid remaining; % xI is the
percentage of the starting magma that crystallized; x1 mass is the volume of crystals;
mass (total) is the combined erupted and crystallized volumes; % mix is the percentage of
the rock which is the silicic mixing end-member, 50% in all cases; mix mass is the mass
of the silicic mixing end-member. The total volumes are shown at the end of the table.

Alconcha (total eruptive volume = 50)
FC vol. 25
mass
composition % vol F % xls xI mass (total)
andesite 0.5 125 07 0.3 5.36 17.86
dacite 0.5 125 04 0.6 18.75 31.25
Total 24 49
% xl mix
vol F xls mass mass (total) % mix mass
Mix vol. 25 0.8 0.2 6.25 31.25 0.5 15.63
Total volume 80

Gordo (total eruptive volume = 100)
FC vol. 30
mass
composition % vol F % xls xl mass (total)
andesite 0.7 21 0.7 0.3 9 30
dacite 0.3 9 0.5 0.5 9 18
Total 18 48
% xl mix
vol F xls mass mass (total) % mix mass
Mix vol. 70 0.8 0.2 17.5 87.5 0.5 43.75
Total volume 136




Table 3.4 continued:

Polan (total eruptive volume = 135)
FC vol. 27
mass
composition % vol F % xls x1 mass (total)
andesite 0.05 1.35 0.6 0.4 0.9 2.25
dacite 0.95 25.65 0.5 0.5 25.65 51.3
Total 27 54
% mass
vol F xls x| mass (total) % mix mix mass
Mix vol. 108 0.8 0.2 27 135 0.5 67.5
Total
volume 189
Mino (total eruptive volume = 15)
FC vol. 15
mass
composition % vol F % xls xl mass (total)
andesite 1 15 0.7 0.3 6.43 21.43
dacite 0 0 1 0 0 0
Total
volume 6 21
Aucanq. (total eruptive volume = 50)
FC vol. 50
mass
composition % vol F % xls xI mass (total)
andesite 0.05 2.5 0.7 0.3 1.07 3.57
dacite 0.95 47.5 0.5 0.5 47.5 95
Total
volume 49 99

FC and Mixing Mass balance volumes

Total cumulate xlIs mixed
Alconcha 80 30 15.63
Gordo 136 36 43.75
Polan 189 54 67.5
Miiio 21 6 0
Aucanquilcha 99 49 0
total 524 174 127

99



Table 3.5: Oxygen isotope mixing matrix demonstrating various assimilant §'°0
compositions (top), mixed with a parental magma (bottom). As oxygen makes up ~50%
of most silicate magmas and rocks, assimilation can be modeled by mixing. The §'*0 of
the parent magma is set at 6.3%o and 6.5%o, assuming a mantle value of ~5.8%o, and a 0.5

— 0.7%o increase in 8'°0 with differentiation from basalt to andesite. The % assimilant
column shows the effect of mixing the given percentage of assimilant with the parent

magma.

% assimilant

6180 of the assimilant

100

8 10 12 8 10 12

50 7.15 8.15 9.15 7.25 825 9.25
45 7.07 797 8.87 7.18 8.08 898
40 6.98 7.78 8.58 7.10 790 8.70
a5 6.90 7.60 829 7.03 773 842
30 6.81 741 8.01 6.95 T35 815
25 6.73 723 1.72 6.88 738 7.87
20 6.64 7.04 7.44 6.80 7.20 7.60
15 6.56 6.86 7.15 6.73 7.03 7.32
10 6.47 6.67 6.87 6.65 6.85 7.05
5 6.39 6.49 6.58 6.58 6.68 6.77
0 6.3 63 6.3 6.5 6.5 6.5
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Table 3.6: Mass balance matrix calculations as R (assimilation rate/crystallization rate)
and F (liquid remaining) vary. All numbers are relative to M(erupted), which is the mass
erupted. M(o) is original mass, and is equal to M*(erupted)/F. M(loss) is the amount of
the original mass lost during differentiation, and is equal to M(0) — M(erupted). Mass
(x1) is the mass crystallized during differentiation, and is equal to F*(1+R). M(assim) is
the mass assimilated, and equals M(loss)*R. % assim. equals M(assim)/M(0).

M(erupted) R F M(o) M(loss) mass(xl) M(assim) % assim.
0.2 0.3 0.2 1 0.8 1.04 0.24 0.24
0.3 0.3 0.3 1 0.7 0.91 0.21 0.21
0.4 0.3 0.4 1 0.6 0.78 0.18 0.18
0.5 0.3 0.5 1 0.5 0.65 0.15 0.15
0.6 0.3 0.6 1 0.4 0.52 0.12 0.12
0.7 0.3 0.7 1 0.3 0.39 0.09 0.09
0.8 0.3 0.8 1 0.2 0.26 0.06 0.06
0.9 0.3 0.9 1 0.1 0.13 0.03 0.03
M(erupted) R F M(o) M(loss) mass(xl) M(assim) % assim.
0.2 0.4 0.2 1 0.8 1.12 0.32 0.32
0.3 0.4 0.3 1 0.7 0.98 0.28 0.28
0.4 0.4 0.4 1 0.6 0.84 0.24 0.24
0.5 0.4 0.5 1 0.5 0.7 0.2 0.2
0.6 0.4 0.6 1 0.4 0.56 0.16 0.16
0.7 0.4 0.7 1 0.3 0.42 0.12 0.12
0.8 0.4 0.8 1 0.2 0.28 0.08 0.08
0.9 0.4 0.9 1 0.1 0.14 0.04 0.04
M(erupted) R F M(o) M(loss) mass(xl) M(assim) % assim.
0.2 0.5 0.2 1 0.8 1.2 0.4 0.4
0.3 0.5 0.3 1 0.7 1.05 0.35 0.35
0.4 0.5 0.4 1 0.6 0.9 0.3 0.3
0.5 0.5 0.5 1 0.5 0.75 0.25 0.25
0.6 0.5 0.6 1 0.4 0.6 0.2 0.2
0.7 0.5 0.7 1 0.3 0.45 0.15 0.15
0.8 0.5 0.8 1 0.2 0.3 0.1 0.1
0.9 0.5 0.9 1 0.1 0.15 0.05 0.05
M(erupted) R F M(o) M(loss) mass(xl) M(assim) % assim.
0.2 0.6 0.2 1 0.8 1.28 0.48 0.48
0.3 0.6 0.3 1 0.7 1.12 0.42 0.42
0.4 0.6 0.4 1 0.6 0.96 0.36 0.36
0.5 0.6 0.5 1 0.5 0.8 0.3 0.3
0.6 0.6 0.6 1 0.4 0.64 0.24 0.24
0.7 0.6 0.7 1 0.3 0.48 0.18 0.18
0.8 0.6 0.8 1 0.2 0.32 0.12 0.12
0.9 0.6 0.9 1 0.1 0.16 0.06 0.06



Table 3.7: Comparison of three AFC models for generating AVC andesites from a
primitive basalt (from Gerlach et al., 1988). In particular, we show the variation in F
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(liquid remaining) as R (assimilation rate/crystallization rate) is changed. We show the F

values calculated for satisfactory models for both the Sr and Nd isotopic systems. All

models indicate ~10 -30 % crust for AVC lavas. Contaminants are all from Lucassen and
others (2001). See Figure 3.19 for a graphical representation.

Assimilant
3/291 Sri Rb/Sr Eps Nd Nd (ppm)
Sierra de Moreno 0.7218 0.21 -13.2 35
Chilean gneiss
R F (Sr) F (Nd) % crust
0.3 0.45 0.25 16 -23
0.4 0.65 0.5 14 -20
0.5 0.75 0.65 12-18
0.6 0.85 0.75 10-16
0.7 0.9 0.85 7-14
3/287 Sri Rb/Sr Eps Nd Nd (ppm)
Sierra de Moreno 0.719 0.5 -9.9 35
Chilean gneiss
R F (Sr) F (Nd) % crust
0.3 0 0
0.4 0.25 0.2 30-32
0.5 0.45 0.45 28
0.6 0.6 0.6 24
0.7 0.75 0.75 17
7/27 Sri Rb/Sr Eps Nd Nd (ppm)
Sierra de Quilmes 0.75 1.8 -11.5 43
Argentine paragneiss
R F (Sr) F (Nd) % crust
0.3 0.5 0.2 15-24
0.4 0.65 0.45 14-22
0.5 0.75 0.65 12-18
0.6 0.85 0.75 9-15
0.7 0.9 0.85 7-10
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Table 3.8: Mass balance calculations for the evolution from a hypothetical parent basalt
(Puyehtie; from Gerlach, 1988) to basaltic andesite, as constrained by modeling the Sr
and Nd isotopic systems (see Figure 3.17 & 3.18, Table 3.7). Models using three
different assimilants, representing the diverse central Andean crust, are shown here.
Presented here are only those models deemed acceptable—in that they adequately
account for the variation of all modeled elements and isotopic—for the given
contaminant. Note that F (liquid remaining) increases with R (assimilation
rate/crystallization rate) (see Figure 3.20), yet crustal contribution does not vary
dramatically (see Figure 3.19). M is the mass of the basaltic andesite calculated to be
necessary to produce the compositional variation observed in the trace element data (see
Table 3.4). See Table 3.6 for other term definitions.

Assimilant isotope| M R F M(o) M(loss) mass(xl) M(assim) % assim.

3/291 Sr 525 03 045 1167 642 834 193 0.17
525 04 0.65 808 283 396 113 0.14

525 05 0.75 700 175 263 88 0.13

525 0.6 085 618 93 148 56 0.09

525 07 0.9 583 58 99 41 0.07

Nd 525 03 0.25 2100 1575 2048 473 0.23

525 04 0.5 1050 525 735 210 0.20

525 05 0.65 808 283 424 141 0.18

525 0.6 0.75 700 175 280 105 0.15

525 0.7 0.85 618 93 158 65 0.11

isotope | M R F M(o) M(loss) mass(xl) M(assim) % assim.

3/287 Sr 525 04 025 2100 1575 2205 630 0.30
525 05 045 1167 642 963 321 0.28

525 06 0.6 875 350 560 210 0.24

525 0.7 0.75 700 175 298 123 0.18

Nd 525 04 02 2625 2100 2940 840 0.32

525 05 045 1167 642 963 321 0.28

525 06 0.6 875 350 560 210 0.24

525 0.7 0.75 700 175 298 123 0.18

isotope | M R F M(o) M(loss) mass(xl) M(assim) % assim.

7127 Sr 525 03 0.5 1050 525 683 158 0.15
525 04 0.65 808 283 396 113 0.14

525 05 0.75 700 175 263 88 0.13

525 0.6 0.85 618 93 148 56 0.09

525 0.7 0.9 583 58 99 41 0.07

Nd 525 03 0.2 2625 2100 2730 630 0.24

525 04 045 1167 642 898 257 0.22

525 0.5 0.65 808 283 424 141 0.18

525 0.6 0.75 700 175 280 105 0.15

525 0.7 0.85 618 93 158 65 0.11
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Introduction

There has been a push in recent years to bridge a philosophical gap in the volcanic and
plutonic literature volcanic rocks might not represent simply a molten version of plutonic
material. Rather, the two might be physically complementary in that a pluton might
represent variable degrees of accumulation of crystals in a magma from which a liquid-
rich portion was expelled (Hildreth, 1981, 2004; Hildreth and Moorbath, 1988; Riciputi
et al., 1995; Miller and Wooden, 2004; Grunder, 1995; Lipman, 2007; Bachmann and
Bergantz, 2004; Bachmann et al., 2007; Deering and Bachmann, 2010;Claiborne et al.,
2010; among many others). Alternatively, it is also argued that many plutons do represent
frozen magma compositions and that cumulates may be rare (Glazner et al., 2004; Bartley
et al., 2006). Constraining crystallization ages, depths and temperatures of crystals in
volcanic rocks is critical to understanding the processes, mechanics, and architecture of
active magmatic systems which produce volcanic eruptions but also may give rise to
incrementally constructed batholiths at depth. Long-lived volcanic provinces, sometimes
encompassing millions of years worth of successive eruptions, are holistic samples of this
process, providing a time-transgressive perspective on the evolution and organization of

such dynamic systems.

We have probed selected mineral compositions of thirty-nine samples in order to
constrain the pressures and temperatures of equilibration of minerals from andesites and
dacites lavas from throughout the eleven million year eruptive history of the
Aucanquilcha Volcanic cluster (AVC). Previous work on mineral chemistry (Giles,
2009; Klemetti, 2005; Walker et al., 2010) has demonstrated that AVC lavas contain
mixed populations of crystals, and that magma mixing and(or) crystal recycling has
played a dominant role in generating the observed variation of lava chemistry (see
Chapter 3). We have employed compositions of amphiboles, orthopyroxene,
clinopyroxene, magnetite and ilmenite to estimate temperatures and pressures and oxygen
fugacity of crystallization and thereby the crustal residence history of erupted magmas.
We pair these intensive parameters with previously published crystallization

temperatures, calculated using the Ti-in-zircon thermometer. We compare these
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thermometers and barometers in order to determine the provenance of the crystal cargo of
AVC lavas and to glean a greater understanding of the magmatic processes operating

beneath a long-lived, intermediate arc system.

The Aucanquilcha Volcanic Cluster

The AVC makes up a geomorphologically distinct cluster of ~20 volcanic centers that
span from ~11 Ma to the Recent Volcan Aucanquilcha that lies at the center of the
cluster. The volcanoes break into four broad groups based on timing: the Alconcha group
(11-~7.5 Ma); the Gordo group (~6-4 Ma); the Polan group (~ 4 to 2 Ma) and the
Aucanquilcha group (~ 1 Ma to recent; cf. Grunder et al., 2006; see also Figure 1.3, from

Chapter 1).

The Alconcha group comprises about seven centers, which crop out in the northwest
sector of the cluster. We break it out into two distinct groups based on age and mineral
mode. The first subgroup (Alconcha 1) is the oldest record of AVC activity from ~11-10
Ma and lavas are relatively crystal poor (<15 vol% crystals) and lack biotite. The second
subgroup (Alconcha 2) erupted later (~8 — 7.5 Ma) and comprises more crystal-rich (>25
vol% crystals) lavas that commonly include biotite. The Ujina ignimbrite, a small (~2
km?®) dacitic ignimbrite, erupted at ~9.4 Ma (Grunder, 1997), and is also considered part

of the Alconcha group due to its age and proximity, though its source remains uncertain.

A hiatus of as much as 1.5 million years separates the Alconcha group for the Gordo
group, which is made up of around six centers, distributed around the southern and
western AVC. The Gordo group was quickly immediately by the third and main eruptive
phase, the Poldn group, which comprises around ten volcanoes, that are widely
distributed within the halo of the older groups. Erupting during this time (~3 Ma), but
broken out separately is Volcan Mifio, a large andesite volcano on the western edge of the
AVC. The last main stage of volcanism is Volcan Aucanquilcha, erupting from ~ 1 Ma

to recent (Klemetti et al., 2008). Aucanquilcha comprises around six overlapping
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eruptive vents, giving the volcano a ridge-like appearance. After these main phases of
volcanism, several small basaltic andesite scoria cones erupted, including the eroded
edifices of Poruifiita and Luna de Tierra, defining a field located just to the east of the

AVC (see Figure 3.1 from Chapter 3).

The systematic development of the AVC from peripherally to centrally distributed, the
evolution from compositionally diverse (basaltic andesite to dacite) to relatively
homogeneous (dacite) concurrent with a dramatic increase in eruptive output from ~5 to
2 Ma (see Figure 1.4 from Chapter 1), and the broad transition from early anhydrous
mafic silicate (pyroxenes) assemblages to later hydrous phases (amphibole and biotite)
are the basis for treating the AVC as the volcanic sampling of a long-lived magmatic
locus comparable to other long-lived continental magmatic systems (Grunder et al.,

2006).

We emphasize that textures and previous work clearly indicate that many crystals in the
AVC lavas are not in equilibrium with each other nor with the quenched host melt.
Crystals range from xenocrysts, meaning entrained wall rock material unrelated to the
host melt, to phenocrysts representing the last stage of crystal-melt equilibration; many

are variably cognate crystal cargo carrying glimpses into the magma history.

Methods

Polished thin sections were made from samples representing the temporal, spatial, and
compositional spectrum of AVC lavas (Table 4.1) to the purpose of chemical analysis for
use in calculations of intensive parameters. Preference was given to samples with fresh,
unoxidized, and unaltered phases. All new compositional data presented here were

collected at Oregon State University on the CAMECA SX-100 electron microprobe.

We analyzed titanomagnetite and ilmenite pairs that appeared to be in equilibrium. This

included touching crystals, groundmass crystals near each other, and when nothing else
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was available, grains comprising either titanomagnetite or ilmenite as lamellae inside the
other phase—the result of thermal exsolution and also of oxidation exsolution (Figure
4.1, Table 4.2). Magnetite-ilmenite equilibrium was tested by comparing the Mg/Mn
ratio in the magnetite and ilmenite, using the method of Bacon and Hirschmann (1988).
Only pairs whose 20 errors overlap with the envelope defined by Bacon and Hirschmann
(1988) were used (Figure 4.2). Data reduction was performed using the ILMAT
spreadsheet (LePage, 2003), which calculates crystallization temperatures and oxygen
fugacity of Fe-Ti oxide pairs using a variety of published thermometers. We compare
Fe-Ti oxide equilibrium temperatures and oxygen barometry calculated from the
formulations of Andersen and Lindsley (1985) and Ghiorso and Evans (2008). We also
utilized the formulation of Ghiorso and Evans (2008) to estimate the a(rio2) of the magma

in equilibrium with the Fe-Ti oxide pair.

For amphibole compositions, we compare the parameters calculated from two
independent calibrations. First is the solution model of Holland and Blundy (1994), used
for geothermometry, relying on the formulation that does not require quartz saturation.
We iterated the temperature solution with the plagioclase-amphibole geobarometer of
Anderson and Smith (1995) to solve for pressure and temperature for
amphibole/plagioclase pairs. Only grains were selected that appeared to be in
equilibrium—touching pairs, plagioclase inclusions in amphibole, and cores of adjacent,
relatively large grains (Figure 4.3). Errors are likely to be + 30°C for temperatures and
+ 0.5 kb for pressure (cf., Anderson and Smith, 1995; Bachmann and Dungan, 2002).
Here, we present new data along with existing temperatures and pressures from

amphibole/plagioclase pairs calculated by Giles (2009).

The second amphibole thermobarometer used is from Ridolfi and others (2010), which
estimates intensive parameters based on amphibole composition alone. This model was
formulated based on natural and experimental compositions, screened by texture and
mineral chemistry. The assumptions in its application are that amphibole crystallized in

equilibrium with a calc-alkaline melt crystallizing primarily at conditions near the
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amphibole upper temperature stability limit, and that even small changes in temperature

and/or pressure will trigger destabilization or reequilibration.

For two-pyroxene thermobarometry, we analyzed touching clinopyroxene-orthopyroxene
pairs (Figure 4.4, Table 4.3) from eleven samples from AVC lavas (three andesite, seven
dacites, one andesitic magmatic inclusion in a host dacite). We use revised calibrations
(Putirka, 2008), based on previous thermometry calculations by Brey and Kohler (1990)
and barometry calculations by Mercier and others (1984). Equilibrium was tested using a
method similar to that proposed by Roeder and Emslie (1970), which compares the Fe-
Mg exchange coefficient in clinopyroxene and orthopyroxene of the samples with
exchange coefficients determined to be in equilibrium based on experimental work. We
screened our pyroxene pairs based on this equilibrium test, rejecting pairs whose Fe-Mg
exchange coefficient fall outside of the putative equilibrium value of 1.09 = 0.14 (cf.

Putirka, 2008).

Results

Fe-Ti oxides

Very commonly, Fe-Ti oxides are petrographically associated with apatite and
clinopyroxene (see Figure 4.1) and often occur in crystal clusters with these phases.
Ilmenite was difficult to locate in many AVC samples. Though autonomous crystals of
ilmenite were present, the most common occurrence observed in thin section was in
resorbed, composite grains with titanomagnetite. Many times, ilmenite was observed in
lamellae in magnetite grains, the product of oxidation exsolution (cf. Haggerty, 1991).
Conversely, there were many large ilmenite grains with magnetite exsolution lamellae, as
well. Many of the exsolution pairs appear to be in equilibrium based on their Mg/Mn
ratios, despite Bacon and Hirschmann’s (1988) observation that exsolved pairs

commonly fell outside their acceptable window of equilibrium on log (Mg/Mn) plots.
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Magnetite and ilmenite pairs yielded temperatures ranging from 700 - 1080 °C (though
most temperatures are < 980 °C; Figure 4.5, Table 4.2), and oxygen fugacities ranging
from NNO to NNO+2 (Figure 4.6, Table 4.2). Fe-Ti oxide equilibration temperatures
from the early Alconcha group and Volcan Aucanquilcha are the lowest (<900°C), with
samples from the Polan, Gordo, and later Alconcha group (<9Ma), yielding temperatures
above 900°C. In general, calculated temperatures range widely, even within individual
samples (>100°C), suggesting that flows were not erupted from a homogeneous,

thermally equilibrated batch of magma.

Generally, the equilibrium temperatures calculated from the two different
geothermometers of Andersen and Lindsley (1985) and Ghiorso and Evans (2008) are
very similar. There is no systematic offset with either thermometer, though the
temperatures calculated from Ghiorso and Evans’ thermometer are more variable for
individual samples. When all the Fe-Ti oxide pairs are considered, the average difference
in calculated temperatures of individual pairs is 13 °C (n = 73; s.d. = 46 ) with the

Ghiorso and Evans thermometer yielding the higher temperatures.

Activity of TiO; estimated from Fe-Ti oxides—effect on Ti-in-zircon temperatures

The activity of TiO; calculated from Fe-Ti oxide pairs, using the formulation of Ghiorso
and Evans (2008) ranges from 0.50 to 0.82 (Table 4.2), though most pairs fall between
0.60 and 0.75 (average of 0.67, one standard deviation of 0.05 for all pairs). The Ti-in-
zircon thermometer is particularly sensitive to the activities chosen for SiO; and TiO,,
which, when unconstrained, adds uncertainty that is not easily quantifiable. Walker and
others (2010) reported Ti-in-zircon temperatures calculated using a arjoz estimate of 0.5.
The arioz estimates presented here are thus applied to the Ti-in-zircon calculations
(Watson and Harrison, 2005; Ferry and Watson, 2007) and used to modify the
temperatures reported by Walker and others (2010). Observing no appreciable change in
arioz through time, we set the arioz to equal 0.65, an increase of 0.15, resulting in a
decrease in the temperature estimate by ~25°C. The corrected Ti-in-zircon temperatures

are ~670 - 900 °C.
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Pyroxenes

Clinopyroxene is more common in andesites than in dacites, and in more mafic lavas may
be accompanied by olivine. Clinopyroxenes compositions from AVC lavas vary little,
and define a relatively tight cluster in the pyroxene quadrilateral (Figure 4.7, Table 4.3).
Orthopyroxenes from AVC lavas (including from V. Aucanquilcha) are more
compositionally variable and many lavas have bimodal populations. Modes are centered
at ~Ensg and ~Engg with the total range in orthopyroxene from Eng; to Eng;. Both normal
and reverse zoning are observed within individual pyroxene crystals, though the
compositional spectra are rather limited, and the two compositional populations of
orothopyroxene are not observed in single grains. Orthopyroxene compositions from the
three andesite lavas analyzed tend to cluster in the gap observed in the dacite
orthopyroxene data. One andesite sample (AP-00-11) from the earliest eruptive phase of
the AVC trends toward a more Fe-rich composition, but also has a population in the

dacite gap.

Clinopyroxene-orthopyroxene pairs yielded temperatures ranging from 986 — 1115 °C,
though individual samples have relatively small variability (~50°C; see Table 4.3).
Temperature estimates from dacites and andesites do not appreciably differ, and
variability through time is insignificant. Pressure estimates presented here are averaged
from two different equations in the model by Putirka (2008; equations 38 and 39) as
suggested by the author (personal communication). Using this average, crystallization
pressures range from 3.8 to 7.6 kb, with a total data average of ~5 to 6 kb. Like
temperature estimates, pressure estimates for andesites and dacites do not differ, and

variation through time is not significant.

Error is difficult to estimate for this thermobarometer (Putirka, 2008). If all of the
temperature data are considered, two standard deviations is +50°C. For individual
samples, single standard deviations range from ~11°C to 50°C. Variability is greater for

the pressure data. For the pressure estimates using equation 38, two standard deviations
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for all the data are 2 kb; for the pressure estimates using equation 39, two standard
deviations are 1.2 kb. For pressures reported here, averaged from equations 38 and 39,

two standard deviations are 1.2 kb.

Amphiboles

Giles (2009) and Klemetti (2005) provide a detailed discussion of AVC amphibole
compositions and textures. Generally, amphibole is sparse in AVC lavas, comprising less
than ~5 volume % of any given rock. Amphibole is present throughout the AVC eruptive
history, but becomes more common in the later eruptive suites. It is ubiquitous in lavas
from Volcan Aucanquilcha. Amphibole is also present, though sparse, in lavas from
Volcan Mifio. Variably thick reaction rims are common on amphiboles, though thin
(~1wm) rims are the prevalent texture. In Volcan Aucanquilcha itself, euhedral, reaction-
free grains are the dominant texture. Amphiboles from AVC lavas have considerable
compositional variability (Table 4.4 & 4.5), ranging from magnesiohornblende to
tschermakite and into the pargasite field (amphibole nomenclature after Leake et al.,
1997). Both Klemetti (2005) and Giles (2009) recognized that compositional variability,
in particular Al-content, is greatest in amphiboles from the beginning and ending phases
of volcanism (Alconcha and Aucanquilcha), and lesser during the time of peak volcanism

(Gordo and Polén).

Using the thermobarometer from Ridolfi and others (2010) (hereafter: “Ridolfi model”),
the overall range of amphibole temperature and pressure estimates is 768 - 1007 °C and
0.8 -5.4 kb (Figure 4.8, Table 4.4 & 4.5). Individual samples contain amphibole
populations yielding up to ~200°C temperature range and ~4 kb pressure range.
Consistent with compositional observations, the early and late periods of volcanism yield
more variable temperatures and pressures than do the middle period. Problematically,
temperature and pressure estimates using the Ridolfi model do not correspond very well
with those obtained using amphibole-plagioclase pairs (Anderson and Smith, 1995;
Holland and Blundy, 1994; see Table 4.5). When the two different temperature estimates

(an amphibole/plag pair versus just the amphibole analysis) are directly compared, values
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for the Ridolfi model are consistently higher, though they do appear to converge to some
extent at the highest temperatures (Figure 4.9). Pressure estimates from the two different
models are more consistent, though again, the Ridolfi model yields higher pressure
estimates for much of the data. When the two pressure/temperature models are
compared, side-by-side, though, they are disturbingly anti-correlated (Figure 4.10). For
the Ridolfi model, there is a smooth positive correlation of pressure with temperature.
For the amphibole-plagioclase pair solution, there are two trends: one in which pressure
and temperature are negatively correlated, and one in which pressure varies little with an

increase in temperature. We discuss the implications of this below.

Discussion

Equilibrium considerations

The application of geothermobarometry predicates that the phases be in equilibrium.
With some systems, and with some rocks, such demonstration of equilibrium does not
appear to be such a dire problem (e.g., Blundy and Cashman, 2008, and references
therein). However, with crystal-rich volcanic rocks, juxtaposition of crystals with
different provenance is very common (Davidson et al., 2005), making identification of an
equilibrium pair extremely difficult. Amphibole-plagioclase thermobarometry starkly
illustrates this problem. Both plagioclase and amphibole grains are commonly complexly
zoned, and an erroneous pairing will yield an errant but seemingly realistic temperature
and pressure estimate. This is likely the cause of some of the perplexing pressure-

temperature estimate trend observed in our amphibole-plagioclase pairs.

Our Fe-Ti oxide temperatures also indicate disequilibrium with the host magma. Though
all samples were screened for the Mg/Mn chemical equilibrium test, many pairs yield
relatively low temperatures (<850°C) compared to the temperature estimates of other
phases. Furthermore, many samples have pairs that yield a range (50 - 150°C) of
equilibrium temperatures. These diverse Fe-Ti oxide temperatures, in conjunction with

their sometimes rather large size (>200 pm; see Figure 4.1), may stem from
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remobilization of crystals, a consequence of mixing and reheating by magma recharge
(cf. Venezky and Rutherford, 1999). Large, coarsely exsolved pairs are likely yielding

information on a cognate, plutonic precursor rather than on the erupting magma.

The pyroxene pairs presented here have Fe-Mg concentrations and proportions consistent
with equilibrium crystallization, though this does not ensure the grains grew in
equilibrium with the host (quenched) melt. Individual samples yield fairly self-consistent
temperatures +/- 50°C, close to the ~30°C error of the thermometer (Putirka, 2008). The
diverse pressures recorded in some AVC pyroxene pairs are quite likely real, as these
pressure estimates result from averaging two different thermometers. In the case of

outlying, high-pressure grains, each thermometer independently yielded a high pressure.

The Ridolfi thermobarometer

Pressures and temperatures of AVC amphiboles calculated using the Ridolfi model yield
values within the range of other intermediate magmas (Ridolfi et al., 2010), but many fall
outside of amphibole stability with respect to andesitic (Eggler and Burnham, 1973;
Green, 1982) and dacitic (Rutherford and Devine, 2003; Holtz et al., 2005; Rutherford
and Devine, 2008) magmas (Figure 4.11). Because the Ridolfi model only uses a single
phase, it must make assumptions that limit the degrees of freedom if pressure,
temperature, and water pressure are to be deduced. Under the assumptions of the Ridolfi
model, all amphibole pressures and temperatures derived from this formulation will lie
near the upper temperature limit of amphibole stability. This model will thus not yield
realistic pressures and temperatures of an amphibole grown well inside its stability field
(such as might result through crystallization with variable decreasing temperatures at the
same pressure). At the AVC, and at many other volcanic centers, pluton and/or crystal
mush remobilization has been invoked as a process to account for the diversity observed
in mineral compositions and ages (cf. Watts et al., 1999; Bacon et al., 2005; Giles, 2009;
Walker et al., 2010; see also Chapter 3). Specifically, coexistence of distinct
disequilibrium textures and variable compositions among amphiboles at the AVC suggest

that erupted lavas collected crystals from distinct magma batches before eruption (Giles,
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2009). The presence of such mixtures implies that amphibole crystals—reaction rims

aside—can survive magma mixing and/or remobilization with their composition intact.

In particular, the Al-content in the amphiboles alone corroborates the inference that lavas
contain multiple populations of amphibole that grew at disparate pressures and
temperatures (Klemetti et al., 2008; Giles, 2009; Longo et al, 2010). Perhaps lending
credence to its utility, Ridolfi and other (2010), using their thermobarometer, report
similar pressures (~1 — 5 kb, with correspondingly high temperatures) for Souftriere Hills
volcano. Mt. Hood andesites also contain amphiboles ranging in pressure from ~1-5 kb
(Koleszar et al., 2010). In general then, and perhaps for the most part, the Ridolfi model
and its assumptions are probably valid. It does not, however, precisely account for
amphibole that crystallizes at pressures and temperatures inside its stability field—

conditions at which amphibole also crystallizes.

Comparison of the thermobarometers

Geothermometers considered here employ four different phases and (or) phase pairs
(orthopyroxene-clinopyroxene, amphibole, magnetite-ilmenite, and zircon). No single
sample we analyzed contained the phases necessary to employ all four thermometers.
Only one sample contained amphibole and two pyroxenes (AP2-00-77, an inclusion from
Volcén Aucanquilcha). Three samples yielded two-pyroxene, zircon, and Fe-Ti oxide
temperatures, and four yielded amphibole, zircon, and Fe-Ti oxides temperatures. We
have many thermobarometric estimates for amphibole, which we treat with the caveats

above.

Some variation in the calculated crystallization temperatures is expected as these phases
do not all crystallize at the same temperature and have different rates of reequilibration.
Reequilibration rates for pyroxene in intermediate to mafic magmas are calculated to be
on the order of hundreds to tens of thousands of years (Brady and McCallister, 1983).
For Fe-Ti oxides, magmatic reequilibration is much more rapid, on the scale of days to

weeks (Venezky and Rutherford, 1997). Amphibole breakdown is relatively rapid—also
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on the order days to weeks—during water or volatile loss of the host magma (Rutherford
and Hill, 1993), but chemical reequilibration is much more sluggish if magmatic water
content remains relatively constant (Cherniak and Dimanov, 2010). Reequilibration in
zircon via chemical diffusion is extremely slow, and does not have an appreciable effect
on zircon chemistry at magmatic temperatures at the hundred thousand year timescale
(Cherniak and Watson, 2003). Therefore, inter-thermometer variation can yield insight
into the provenance of different crystal populations that were amassed in the pre-eruptive
chambers. We furthermore compare temperatures calculated from the pyroxene, Fe-Ti
oxide, and amphibole thermometers with Ti-in-zircon temperatures from the AVC
(modified from Walker et al., 2010). As there is a certain amount of skepticism with
regard to the Ti-in-zircon thermometer (Fu et al., 2008; Hofmann et al., 2009; Reid et al.,

2011), it is appropriate to examine its agreement with the thermometers presented here.

Within samples, and for the dataset as a whole, pyroxenes always yielded the highest
temperatures of ~1000-1100 °C, with little variation within each sample. Zircon always
yielded the lowest temperatures of ~700 - 900°C, with ~100°C variation typical for
individual samples. Amphibole temperatures and Fe-Ti oxide temperatures fall in
between (Figure 4.12, Figure 4.13). Pressures and temperatures from high-Al
amphibole overlap with the coolest, shallowest P/T estimates from pyroxenes (~1,000°C,
~5kb). The coolest Fe-Ti oxide temperatures overlap with the hottest Ti-in-zircon
temperatures (~850°C). The pyroxenes temperatures and pressures likely represent the
last equilibrium conditions of the basaltic andesite parent to the upper crustal system.
Conversely, the lower temperatures recorded by zircons are likely representative of re-
entrained, near solidus autocrysts. Zircons may also be phenocrystic, in which case their
temperatures would represent crystallization in the erupting batch of magma. Given the
speed at which Fe-Ti oxides reequilibrate, their equilibrium temperatures probably most
closely approximate the eruption temperature of AVC lavas. Amphibole temperature
variation, while probably not precise, demonstrates the disparate conditions from which
crystals—and by inference magma—were amassed to generate an eruptible batch of

magma. The preservation of such significant ranges in temperature, then, can be most
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plausibly interpreted to represent magma mixing, whereby a relatively mafic magma
containing phenocrysts that grew at relatively hot, deep conditions invades the upper
crust and intercepts a higher level (and presumably cooler) magma reservoir containing
crystals that reflect those conditions. Samples that contain multiple analyzed phases such
as pyroxene, zircon, and Fe-Ti oxides, likely have distinct crystal populations that
document the conditions of a) the invading, mafic end-member of magma mixing, b) the

silicic end-member, and c) the mixed magma.

Variations through time
Walker and others (2010) observed that the maximum zircon crystallization temperatures
were from lavas erupted during the most voluminous period of AVC volcanism, with
lower temperatures calculated for lavas erupted during the less voluminous beginning and
waning phases of volcanism. Temperatures calculated from Fe-Ti oxide pairs grossly
support this, as the lowest temperatures observed are from lavas erupted during the
beginning and waning stages of AVC magmatism. Amphibole temperatures and
pressures from this time period are considerably variable, suggestive of incomplete
mixing and hybridization of melts. These relatively cool Fe-Ti oxide and zircon
temperatures paired with variable amphibole temperatures likely results from small, and

perhaps scattered and unconnected magma chambers at depth.

Relatively higher zircon and Fe-Ti oxide temperatures and reduction in range of
amphibole temperatures and pressures characterize the most volcanically active period in
the AVC eruptive history. Peak volcanic output corresponds to peak thermal maturity of
the evolving plutonic system. With long duration, progressive magmatism came the
development and evolution of an extensive batholith. Through time, as various magma
chambers grew and expired, the central magma plexus became armored with magmatic
precursors in a piecemeal fashion. This process would lead to an increase of the ambient
wall-rock temperatures, serving to thermally buffer the active magma chambers (Grunder
et al., 2006; Walker et al., 2010). Pressure estimates from amphiboles from this

thermally mature stage of AVC volcanism suggest a consolidation of magma processing
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to a range of ~2 — 4 kb (7 - 14 km; Figure 4.14). This processing is interpreted to have
taken place in a plutonic network consisting of a substantial, variably interconnected
crystal mush zone. Such a system would, in turn, act as an effective trap and processing

reservoir for incoming magmas (cf. Karlstrom et al., 2010).

Pyroxene pressures indicate magmatic staging areas with significant crystallization
extend to deeper levels at ~5 — 7 kb (16 — 24 km) (Figure 4.15). These two pyroxene-
bearing andesites are evidence that magma batches were, at least intermittently, able to
penetrate the more shallow, amphibole-dominated storage zone relatively unmodified,
probably via a dike-sill network. Through time, in a melt-poor regime, clinopyroxene-
bearing magmas would be likely to pierce the upper storage zone relatively unaffected.
In a more melt-rich regime, ascending magmas are more likely to be trapped and more
thorough mixing will probably lead to pyroxene destabilization and homogenization

during replenishment.

Conclusions

The phenocryst assemblages of AVC lavas have been probed for various intensive
parameters. Crystallization is documented for over 7 kb (~24 km) of pressure and ~1150
- 750°C in these lavas. The diversity of crystallization temperatures and pressures
recorded by phases in individual AVC lavas suggests erupting magma batches
accumulate phases from disparate levels within the upper crust. Intensive parameters of
AVC phases indicate a spatial focusing of the upper crustal subvolcanic system that
accompanying increased volcanic output, and presumably system power. Many crystals
in AVC lavas are likely to be true phenocrysts, but eruptions also extensively recycled
crystals from the possibly multi-tiered, evolving reservoir. If intensive parameters of
erupted crystals are indicative of those left behind at similar conditions of formation, they

imply the existence of a large, zoned batholith, ranging from at least ~3 to 25 km depth.
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Figure 4.1: Backscattered electron images of selected Fe-Ti oxides. Various Fe-Ti oxide

textures were observed in AVC lavas including: subhedral - euhedral grains in the
groundmass (f, h); resorbed, composite grains (a,b); oxidation exsolution lamellae (e),
complex graphic occurrences (d), and within large crystal clusters, generally containing
pyroxene and apatite (g). Calculated equilibrium temperatures shown for each pair
(thermometer of Andersen and Lindsley, 1985). Ilm = ilmenite; mt = magnetite; cpx =

clinopyroxene; ap = apatite; hb = hornblende.
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Figure 4.2: Equilibrium test for Fe-Ti oxide data, using the Mg/Mn ratios of each
analyses. We kept pairs whose 2 sigma error overlapped with the line observed by Bacon
and Hirschmann (1988). Error calculated from electron probe standard data
reproducibility.
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Figure 4.3: Backscattered electron images of selected amphiboles (with plagioclase
pairs) from the Aucanquilcha volcanic cluster (see also Giles, 2009). Also shown are the
temperatures and pressures calculated using amphibole-plagioclase (pair)
thermobarometry (Holland and Blundy, 1994, Anderson and Smith, 1995) and amphibole
thermobarometry (Ridolfi et al., 2010). For several pairs, the two methods provide very
similar values. Amph = amphibole; plag = plagioclase; gm = groundmass.
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Figure 4.4: Backscattered electron image of selected clinopyroxene-orthopyroxene

pairs, with calculated pressures and temperatures using the method of Putirka (2008).
Note that while pressures are moderately variable, temperatures are very similar in all
samples. Opx = orthopyroxene; cpx = clinopyroxene; plag = plag; gm = groundmass.
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Figure 4.5: Fe-Ti oxide temperatures of AVC lavas plotted against eruption age. Shown
are the temperatures calculated from two different thermometers: G & E = Ghiorso and
Evans (2008); A & L= Andersen and Lindsley (1985). The two thermometers yield
relatively similar temperatures, though those from the G & E thermometer are more
variable. Note the generally higher temperatures from ~5 to 3 Ma, corresponding to the
time of increased eruptive activity at the AVC.
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Figure 4.6: Oxygen fugacity vs. temperature of AVC lavas, as calculated from Fe-Ti
oxide pairs using the thermobarometer of Andersen and Lindsley (1985). AVC lavas fall
in the range of NNO to NNO+2, fairly oxidizing conditions.
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Figure 4.8: Pressure and temperatures for AVC amphibole crystallization as calculated
by the Ridolfi model. Analyses are coded for eruptive phase. Error bars indicate the
greater error for higher-pressure analyses. Note that several analyses yield a temperature
higher than the maximum thermal stability curve defined by Ridolfi and others (2010).
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Figure 4.9: Pressure and temperature solutions calculated from Ridolfi et al., 2010
plotted against solutions calculated from Holland & Blundy (1994) and Anderson &
Smith (1995). Temperature estimates for the Ridolfi model are consistently higher than
those for the B&H equations. Pressure estimates are more consistent, but vary
considerably for analyses yielding low pressures from the A&S equations. The H&S
equations iteratively solve for P and T using amphibole/plagioclase pairs, while the
Ridolfi equations use only amphibole compositions.
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Figure 4.10: Pressure vs. temperature as calculated using amphibole-plagioclase pairs
(Anderson & Smith, 1995 and Holland & Blundy, 1994) from AVC lavas. The “Ridolfi
field” shows pressure/temperature estimates from the same amphibole data, but
calculated with the model of Ridolfi and others (2010). Note the opposite trends in
pressure/temperature space. See Figure 4.9 for all amphibole compositions and the

corresponding pressure/temperature estimates from the Ridolfi model.
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Figure 4.11. All crystallization pressures and temperatures (no “valid” amphiboles
rejected) of AVC amphibole data as calculated from equations by Ridolfi and others
(2010), shown together with amphibole stability curves for basalt (from Green et al.,
1982), andesite (Eggler and Burnham, 1973), and dacite (Rutherford and Devine (2008).
Also plotted is the “maximum thermal stability” curve shown by Ridolfi and others
(2010), along with their line demarcating “inconsistent” amphibole P/T conditions. Note
how many of the P/T conditions calculated for AVC amphiboles at temperatures well
above amphibole stability for andesites at 5 wt% water. This discrepancy is likely
attributable to the tendency of the equations of Ridolfi and others (2010) to calculate P/Ts
along “maximum amphibole stability”, rather than well inside the stability field. These
amphibole temperatures are likely overestimated and pressures underestimated.
Alternatively, these high temperature amphiboles could have crystallized from basaltic
andesite melts. Colors for data points same as Figure 4.6.
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Figure 4.12: Individual AVC lavas with three thermometry constraints. Pyroxenes
always yield the highest Ts and zircon the lowest. Amphibole and Fe-Ti oxides fall in
the middle.
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Figure 4.13: All thermometry data, through time, plotted with the cumulative volume
curve for the AVC. Pyroxene temperatures are consistently the highest, and zircon
temperatures the lowest. Amphiboles and Fe-Ti oxides fall in between. Temperatures
for both zircon and Fe-Ti oxide pairs yield the highest Ts around 5 — 3 Ma, during the
peak time of AVC volcanism. Amphibole Ts are the highest during the opposite times,
the beginning and waning stages of magmatism.
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Figure 4.14: Barometric data for amphibole and pyroxene pairs from AVC lavas,
through time. Amphiboles crystallized over a significant depth range (~1 - 5 kb).
Pyroxenes crystallized deeper than amphibole, but over less of a range (~5 — 7 kb).
During the time of peak volcanism (~5 to 2 Ma), amphibole pressures converge to some
extent from 2 — 4 kb, suggestive of a consolidation of major amphibole growth reservoirs
in the AVC underpinnings.
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Figure 4.15: Schematic Pressure/Temperature trajectory for magmas of the AVC based
on the intensive parameters reported here. Pressures for zircon crystallization and Fe-Ti
oxide equilibrium are unknown, but estimated to be similar to amphibole crystallization
pressures. Andesite solidus from Eggler and Burnham (1973).



Table 4.1: AVC samples and phases used in this study. Amph/plag pairs from Giles
(2009); Amphibole with AP2-00 prefix and (*) ages (Klemetti, 2005); zircon data and
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(**) ages from Walker et al. (2010). Italicized ages estimated from stratigraphic position.

Sample rock type | Age (Ma) 2-Px Amph Zircon | Fe-Tiox | amph/plag
AP2-00-61 dacite 0.5 X X
AP2-00-60 dacite 0.33* X X
AP2-00-73 dacite 0.5 X X
AP2-00-59 dacite 0.5 X
AP2-00-77 inclusion 0.62* X X X X

AP-07-07 dacite 0.7 X X
AP2-00-98 dacite 0.8 X X
AP2-00-71 inclusion 0.8 X
AP2-00-97 dacite 1 X
AP-00-61B inclusion 1 X X
AP2-00-94 dacite 1 X
AP2-00-92 dacite 1.02* X X X X

AP-07-19 dacite 2.2 X X X X
AP-07-62B inculsion 2.2 X

AP-00-52 dacite 2.57 X X

AP-07-51 dacite 3.2% X X X

AP-00-30 andesite 3 X

AP-07-45 dacite 2.6 X X X

AP-00-51 dacite 3 X X

VM99-52 dacite 3.3 X
AP-00-65 dacite 3.4* X X
AP-07-36 andesite 3.5 X X
AP-00-86 dacite 3.5% X X X
AP-00-48 dacite 4 X X
AP-07-27 dacite 4 X X X
AP-00-37 dacite 4.4 X X
AP-07-26 dacite 4.5* X X X
AP-00-69 dacite 5 X
AP-07-41 dacite 5.5 X X X
AP-00-83 andesite 5.5 X
AP-07-17 dacite 7.2%* X
AP-07-08 dacite 7.5 X X X
AP-07-10B inclusion 7.5 X X
AP-00-82 dacite 7.99* X X X
AP-07-81 andesite 9 X
AP-00-11 andesite 10.5 X
AP-00-03 dacite 10.5 X X
AP-00-04 andesite 10.78* X
AP-00-17 dacite 10.97* X X X




Table 4.2: Fe-Ti oxide compositions from AVC lavas. Data collected using the electron
microprobe at Oregon State University. All Fe is reported here as FeO. Data reduction was
accomplished using the ILMAT program (LePage, 2003). Intensive parameters shown here

were calculated using the geothermombarometers of Andersen and Lindsley (A & L; 1985) and
Ghiorso and Evans (G & E; 2008). Usp = ulvospinel; Ilm = ilmenite; The Mol % Usp and Ilm
from Stormer (1983) are shown. Activity of TiO2 calculated from Ghirso and Evans (2008).

Sample AP-07-27 AP-07-27 AP-07-27
analysis 1/20. 1/5. 1/28. 1/24. 1/26. 1/25.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.07 0.02 0.05 0.02 0.01 0.01
TiO2 9.18 35.69 11.71 42.29 12.32 35.06
Al203 2.48 0.29 1.43 0.06 1.96 0.23
FeO(T) 78.30 56.12 77.61 51.03 77.02 58.42
MnO 0.38 0.29 0.30 0.33 0.32 0.17
MgO 1.69 1.96 2.08 3.20 2.07 2.23
CaO 0.01 0.04 0.01 0.05 0.00 0.01
Na20 0.00 0.00 0.01 0.00 0.01 0.01
Cr203 0.22 0.10 0.11 0.03 0.10 0.06
V203 0.79 0.61 0.55 0.40 0.45 0.47
Sum: 93.17 95.13 93.87 97.40 94.34 96.66
Recalculated Total: 97.8 98.2 98.3 99.5 98.6 100.1
Log(Mg/Mn) 0.89 1.08 1.09 1.24 1.05 1.37
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.28 0.68 0.34 0.79 0.36 0.65
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 915.36 -10.53 908.64 -11.05 985.11 -9.60
G & E (2008) 938.5 945.2 1043.4
NNO + 1.17 0.75 1.06

TiO2 activity 0.73 0.66 0.67
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Table 4.2 continued
Sample AP-07-26 AP-07-26 AP-07-26
analysis 2/12. 2/15. 2/21. 2/18. 2/23. 2/25.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.06 0.04 0.05 0.01 0.05 0.02
TiO2 12.45 38.34 12.53 36.76 10.12 37.22
Al203 1.74 0.24 1.88 0.31 1.86 0.31
FeO(T) 76.24 54.57 77.59 56.30 78.37 55.71
MnO 0.35 0.36 0.39 0.27 0.36 0.23
MgO 1.70 2.31 1.85 2.13 1.99 2.49
CaO 0.03 0.11 0.00 0.02 0.01 0.02
Na20 0.00 0.01 0.00 0.00 0.00 0.01
Cr203 0.08 0.04 0.19 0.07 0.21 0.05
V203 0.57 0.39 0.63 0.43 0.64 0.51
Sum: 93.23 96.44 95.17 96.35 93.61 96.58
Recalculated Total: 97.4 99.2 99.4 99.4 98.2 99.6
Log(Mg/Mn) 0.93 1.05 0.93 1.14 0.99 1.29
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.37 0.72 0.37 0.69 0.30 0.70
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 960.69 -10.14 970.91 -9.91 920.26 -10.52
G & E (2008) 1017 1027 958
NNO + 0.89 0.96 1.11
TiO2 activity 0.68 0.68 0.70
Sample AP-07-26 AP-07-41 AP-07-41
analysis 1/32. 1/30. 1/1. 1/3. 1/8. 1/6.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.02 0.03 0.08 0.04 0.10 0.07
TiO2 3.22 37.37 8.94 27.98 5.34 26.71
Al203 0.70 0.17 1.28 0.38 1.62 0.31
FeO(T) 82.82 54.15 80.65 64.10 83.21 65.56
MnO 0.65 0.18 0.69 0.32 0.57 0.34
MgO 3.45 1.13 1.53 1.16 0.91 0.99
CaO 0.02 0.02 0.06 0.04 0.03 0.04
Na20 0.01 0.00 0.02 0.01 0.01 0.00
Cr203 0.13 0.06 0.04 0.05 0.02 0.04
V203 0.58 0.72 0.25 0.55 0.34 0.45
Sum: 91.64 93.83 93.58 94.66 92.19 94.53
Recalculated Total: 97.8 96.4 98.5 99.3 97.7 99.4
Log(Mg/Mn) 0.97 1.05 0.59 0.80 0.45 0.72
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.08 0.74 0.25 0.54 0.16 0.51
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 768.06 -12.44 967.73 -9.34 896.51 -10.09
G & E (2008) 631 1166 852
NNO + 2 1.93 1.67

TiO2 activity 1.13 0.58 0.71



Table 4.2 continued
Sample AP-07-19
analysis 29/3. 29/4.
Wt% Oxides Magnetite Ilmenite
SiO2 0.02 0.03
TiO2 4.10 33.17
Al203 243 0.34
FeO(T) 79.66 54.84
MnO 0.49 0.36
MgO 4.07 5.29
CaO 0.10 0.13
Na20 0.00 -0.01
Cr203 0.18 0.04
V203 0.65 0.33
Sum: 91.75 94.58
Recalculated Total: 97.54 98.46
Log(Mg/Mn) 1.16 1.41
Usp Ilm
Mol % 0.11 0.58
Geothermobarometer: Temp (°C) logl0 fO2
A & L (1985) 822.70 -11.25
G & E (2008) 780
NNO + 1.89
TiO2 activity 0.73
Sample AP2-00-77
analysis 25/3. 25/1.
Wt% Oxides Magnetite Ilmenite
SiO2 0.05 0.03
TiO2 10.58 44.30
Al203 2.88 0.13
FeO(T) 75.68 49.92
MnO 0.35 0.42
MgO 1.32 241
CaO 0.17 0.13
Na20 0.02 -0.01
Cr203 0.70 0.02
V203 0.51 0.32
Sum: 92.27 97.69
Recalculated Total: 96.49 99.30
Log(Mg/Mn) 0.82 1.00
Usp Ilm
Mol % 0.34 0.83
Geothermobarometer: Temp (°C) logl0 fO2
A & L (1985) 883.59 -11.72
G & E (2008)
NNO + 907
TiO2 activity 0.56

AP2-00-77 AP2-00-77
17/2. 17/1. 23/1. 22/1.
Magnetite Ilmenite Magnetite Ilmenite
0.08 0.09 0.14 0.14
10.70 44.00 12.38 44.78
2.51 0.15 2.05 0.18
76.02 48.64 74.21 47.88
0.46 0.50 0.45 0.77
1.31 2.26 1.59 2.46
0.09 1.89 0.07 0.06
0.02 0.01 0.03 -0.01
0.05 0.04 0.03 0.08
0.62 0.27 0.33 0.27
91.94 97.88 91.33 96.62
96.20 99.65 95.29 98.02
0.70 0.91 0.79 0.75
Usp Ilm Usp Ilm
0.34 0.82 0.38 0.86
Temp (°C) logl0 fO2 Temp (°C) logl10 fO2
889.99 -11.51 887.03 -11.90
886 911
0.45 0.26
AP-07-36 AP-07-36
1/3. 1/1. 1/4. 1/2.
Magnetite Ilmenite Magnetite Ilmenite
0.21 0.07 0.14 0.37
6.96 46.48 7.04 45.05
2.49 0.24 3.22 0.41
81.34 47.29 80.16 48.44
0.22 0.49 0.21 0.40
1.02 2.47 1.06 2.57
0.02 0.02 0.04 0.05
-0.02 0.01 0.02 0.05
0.14 0.04 0.16 0.04
0.66 0.43 0.57 0.37
93.10 97.57 92.69 97.81
98.15 98.72 97.64 99.20
0.91 0.95 0.95 1.06
Usp Ilm Usp Ilm
0.22 0.88 0.23 0.86
Temp (°C) logl0 fO2 Temp (°C) logl10 fO2
780.99 -13.83 807.38 -13.03
734 782
0.31 0.62
0.62 0.68
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Table 4.2 continued
Sample AP-07-27 AP-07-27 AP-07-27
analysis 1/71. 1/70. 1/68. 1/69. 2/6. 2/3.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.10 0.02 0.09 0.01 0.05 0.17
TiO2 12.61 36.19 12.73 37.46 12.77 40.27
AI203 1.94 0.34 1.89 0.30 2.13 0.33
FeO(T) 76.85 57.77 76.90 56.72 76.04 52.20
MnO 0.38 0.27 0.40 0.25 0.39 0.39
MgO 1.82 2.12 1.78 2.21 1.84 2.68
CaO 0.03 0.01 0.02 0.01 0.04 0.03
Na20 0.00 0.00 0.01 0.00 0.00 0.00
Cr203 0.07 0.07 0.06 0.08 0.06 0.03
V203 0.56 0.47 0.51 0.45 0.61 0.35
Sum: 94.41 97.27 94.42 97.53 93.95 96.44
Recalculated Total: 98.6 100.5 98.6 100.6 98.0 98.8
Log(Mg/Mn) 0.92 1.14 0.89 1.19 0.92 1.09
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.37 0.68 0.38 0.70 0.38 0.76
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 984.55 -9.69 975.51 -9.87 949.74 -10.43
G & E (2008) 1042.7 1034.1 1008.4
NNO + 0.98 0.94 0.8
TiO2 activity 0.67 0.68 0.68
Sample AP-07-27 AP-00-37 AP-00-37
analysis 2/14. 2/10. 2/45. 2/41. 2/83. 2/84.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.01 0.01 0.02 0.00 0.04 0.00
TiO2 11.31 35.85 10.40 37.16 10.44 37.68
AI203 1.64 0.25 2.12 0.25 1.85 0.18
FeO(T) 78.22 56.97 78.96 55.94 79.92 55.77
MnO 0.36 0.26 0.32 0.21 0.30 0.26
MgO 2.07 2.50 1.87 2.56 1.52 2.23
CaO 0.01 0.01 0.00 0.00 0.03 0.02
Na20 0.00 0.00 0.01 0.00 0.02 0.00
Cr203 0.11 0.08 0.12 0.07 0.10 0.05
V203 0.70 0.54 0.61 0.46 0.52 0.54
Sum: 94.48 96.49 94.51 96.66 94.73 96.75
Recalculated Total: 99.0 99.8 99.1 99.7 99.4 99.7
Log(Mg/Mn) 1.01 1.23 1.01 1.34 0.95 1.17
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.33 0.67 0.31 0.69 0.31 0.71
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 950.98 -10.05 927.73 -10.42 923.03 -10.53
G & E (2008) 1003 969.6 956.7
NNO + 1.1 1.1 1.03

TiO2 activity 0.67 0.69 0.70



Table 4.2 continued
Sample
analysis

Wt% Oxides
SiO2
TiO2

Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

Sample
analysis
Wt% Oxides
Si02
TiO2
Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

AP-07-41 AP-07-41
1/10. 1/11. 1/14. 1/15.
Magnetite Ilmenite Magnetite Ilmenite
0.12 0.04 0.07 0.10
4.16 28.32 5.18 27.26
1.22 0.32 1.58 0.39
84.97 62.84 82.13 62.74
0.15 0.38 0.67 0.46
0.38 1.21 0.94 1.14
0.04 0.03 0.01 0.03
0.01 0.00 0.01 0.00
0.03 0.05 0.02 0.06
0.31 0.52 0.29 0.53
91.43 93.71 90.89 92.82
97.2 98.2 96.4 97.3
0.65 0.74 0.39 0.64
Usp Ilm Usp Ilm
0.13 0.55 0.16 0.53
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
852.80 -10.76 882.83 -10.34
721 785
1.5 1.45
0.82 0.77
AP-07-17 AP-07-17
2/4. 2/2. 2/5. 2/9.
Magnetite Ilmenite Magnetite Ilmenite
0.12 0.06 0.04 0.00
13.76 39.90 14.74 39.39
1.70 0.06 0.96 0.08
74.88 53.88 76.56 54.95
0.03 0.23 0.21 0.67
0.32 1.21 0.64 2.24
0.04 0.03 0.02 0.01
0.00 0.00 0.01 0.01
0.11 0.04 0.11 0.03
0.57 0.46 0.57 0.20
91.57 95.92 93.84 97.60
95.2 98.2 97.6 100.3
1.21 0.97 0.73 0.77
Usp Ilm Usp Ilm
0.45 0.77 0.44 0.73
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
990.53 -9.99 1013.52 -9.55
1029 1080
0.57 0.62
0.68 0.62
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AP-07-41
1/18. 1/19.
Magnetite Ilmenite
0.10 0.03
5.27 29.24
0.68 0.27
83.23 60.87
0.80 0.63
1.09 1.38
0.02 0.02
0.00 0.01
0.02 0.05
0.24 0.56
91.44 93.05
97.1 97.2
0.38 0.59
Usp Ilm
0.15 0.57
Temp (°C) logl0 fO2
864.77 -10.69
769
1.45
0.77
AP-07-17
2/8. 2/11.
Magnetite Ilmenite
0.05 0.00
14.75 42.10
1.77 0.09
75.17 52.24
0.49 0.73
1.29 2.02
0.02 0.01
0.00 0.01
0.10 0.02
0.56 0.25
94.23 97.49
97.9 99.6
0.67 0.69
Usp Ilm
0.45 0.79
Temp (°C) logl0 fO2
980.14 -10.21
1031
0.55
0.67



Table 4.2 continued
Sample
analysis

Wt% Oxides
SiO2
TiO2

Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

Sample
analysis
Wt% Oxides
SiO2
TiO2
Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

AP-07-36
9/3. 9/2.
Magnetite Ilmenite
0.07 0.05
8.38 47.79
1.58 0.08
80.06 44,98
0.25 0.50
1.07 2.95
0.03 0.03
0.02 0.01
0.10 0.03
0.53 0.37
92.15 96.82
97.02 97.68
0.88 1.01
Usp Ilm
0.25 0.91
Temp (°C) logl0 fO2
760.08 -14.85
712
-0.36
0.50
AP-07-81
20/2. 20/1.
Magnetite Ilmenite
0.09 0.08
14.99 42.77
1.43 0.18
72.30 49.63
0.41 0.40
1.90 2.09
0.06 0.09
0.01 0.00
0.33 0.05
0.69 0.48
92.25 95.77
95.77 97.47
0.91 0.97
Usp 1Ilm
0.45 0.83

Temp (°C) logl0 fO2
961.40 -10.65

1002
0.43
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AP-07-81 AP-07-81
13/2. 13/1. 16/2. 16/1.
Magnetite Ilmenite Magnetite Ilmenite
0.08 0.09 0.14 0.06
11.66 43.61 9.57 42.62
2.14 0.25 1.46 0.17
75.23 48.63 78.41 50.49
0.35 0.36 0.33 0.41
2.15 3.64 1.42 2.64
0.14 0.16 0.05 0.05
0.00 0.02 0.01 0.04
0.12 0.05 0.13 0.03
0.65 0.32 0.59 0.36
92.53 97.16 92.14 96.88
96.73 98.98 96.78 98.78
1.04 1.25 0.88 1.05
Usp Ilm Usp Ilm
0.35 0.81 0.29 0.81
Temp (°C) logl0 fO2 Temp (°C) logl10 fO2
900.88 -11.33 870.29 -11.66
937 878
0.59 0.74
AP-00-83 AP-00-17
24/2. 24 /1. 33/3. 33/1.
Magnetite Ilmenite Magnetite Ilmenite
0.05 0.03 0.65 0.02
6.69 39.14 5.24 43.35
3.90 0.31 1.64 0.11
79.04 51.73 79.95 49.60
0.37 0.35 0.19 0.60
2.88 4.48 0.80 2.41
0.11 0.20 0.06 0.04
0.01 0.01 0.11 0.02
0.16 0.06 0.04 0.01
0.61 0.42 0.62 0.26
93.85 96.72 89.37 96.43
99.00 99.49 94.51 98.16
1.14 1.36 0.87 0.85
Usp Ilm Usp Ilm
0.20 0.71 0.17 0.82
Temp (°C) logl0 fO2 Temp (°C) logl10 fO2
857.20 -11.30 800.33 -12.69
869 730
1.39 1
0.73 0.74
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Table 4.2 continued
Sample AP-00-37 AP-00-37 AP2-00-92
analysis 2/60. 2/64. 2/10. 2/12. 1/18. 1/17.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.00 0.02 0.07 0.01 0.09 0.04
TiO2 8.59 43.00 13.26 45.83 9.58 38.14
AI203 1.38 0.04 1.98 0.04 1.29 0.11
FeO(T) 81.58 51.44 75.88 47.75 82.38 56.12
MnO 0.23 0.35 0.26 0.33 0.42 0.46
MgO 1.12 2.81 1.69 3.23 1.18 1.94
CaO 0.00 0.02 0.01 0.03 0.00 0.04
Na20 0.01 0.00 0.02 0.00 0.02 0.00
Cr203 0.16 0.05 0.28 0.03 0.05 0.03
V203 0.84 0.36 0.77 0.33 0.43 0.37
Sum: 93.94 98.10 94.24 97.58 95.45 97.25
Recalculated Total: 98.9 100.1 98.2 99.0 100.4 100.1
Log(Mg/Mn) 0.94 1.15 1.06 1.23 0.70 0.87
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.25 0.80 0.40 0.86 0.28 0.71
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 856.59 -11.78 897.09 -11.78 900.57 -10.82
G & E (2008) 849 920 911
NNO + 0.82 0.18 1.03
TiO2 activity 0.68 0.60 0.70
Sample AP-07-07 AP-07-51 AP-07-51
analysis 2/22. 2/18. 1/7. 1/5. 1/24. 1/22.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 0.03 0.03 0.08 0.02 0.05 0.00
TiO2 6.82 39.30 9.97 31.85 6.89 35.79
AI203 1.68 0.10 2.20 0.37 1.68 0.21
FeO(T) 81.25 54.02 78.08 60.27 81.84 57.61
MnO 0.48 0.42 0.38 0.17 0.30 0.28
MgO 1.28 2.04 1.75 1.80 1.66 2.16
CaO 0.00 0.00 0.08 0.03 0.01 0.01
Na20 0.01 0.02 0.00 0.01 0.01 0.01
Cr203 0.12 0.02 0.18 0.10 0.25 0.05
V203 0.55 0.30 0.74 0.49 0.61 0.45
Sum: 92.23 96.25 93.46 95.10 93.40 96.58
Recalculated Total: 97.4 98.8 98.0 99.0 98.7 99.9
Log(Mg/Mn) 0.67 0.93 0.91 1.27 0.98 1.14
Usp Iim Usp Ilm Usp Ilm
Mol % 0.20 0.75 0.30 0.61 0.20 0.67
Geothermobarometer: 7Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 849.09 -11.56 962.95 -9.68 869.31 -11.01
G & E (2008) 821 1020 844
NNO + 1.21 1.29 1.35

TiO2 activity 0.77 0.67 0.76
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Table 4.2 continued
Sample AP-07-17 AP-07-17 AP-07-17
analysis 2/15. 2/14. 2/20. 2/18. 2/22. 2/23.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
Sio2 1.99 0.08 0.14 0.06 0.07 0.05
TiO2 14.03 44.23 15.15 40.25 8.14 35.26
Al203 2.03 0.13 1.54 0.10 1.70 0.53
FeO(T) 71.67 48.33 72.69 50.69 83.80 57.63
MnO 0.33 0.37 0.38 0.61 0.17 0.45
MgO 0.73 0.88 0.50 1.28 0.42 0.86
CaO 0.06 0.05 0.04 0.05 0.01 0.03
Na20 0.01 0.01 0.01 0.01 0.01 0.00
Cr203 0.10 0.04 0.14 0.03 0.09 0.03
V203 0.86 0.40 0.78 0.50 0.64 0.30
Sum: 91.85 94.50 91.40 93.56 95.14 95.15
Recalculated Total: 94.9 95.7 94.7 95.5 100.2 98.3
Log(Mg/Mn) 0.60 0.62 0.37 0.57 0.64 0.53
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.49 0.88 0.49 0.80 0.25 0.69
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 927.29 -11.65 1009.00 -9.90 892.87 -10.81
G & E (2008) 928 1049 872
NNO + 0 0.42 1.09
TiO2 activity 0.64 0.67 0.73
Sample AP-07-45 AP-07-45 AP-07-45
analysis 3/2. 3/4. 3/9. 3/6. 3/10. 3/13.
Wt% Oxides Magnetite Ilmenite Magnetite Ilmenite Magnetite Ilmenite
SiO2 0.11 0.04 0.08 0.44 0.12 0.05
TiO2 9.13 42.52 10.98 41.80 11.18 42.38
AI203 1.39 0.04 1.18 0.12 1.16 0.11
FeO(T) 79.19 50.27 78.41 49.66 76.91 48.62
MnO 0.30 0.64 0.45 0.62 0.35 0.23
MgO 1.13 2.83 1.43 2.65 0.93 1.28
CaO 0.03 0.05 0.01 0.03 0.03 0.04
Na20 0.00 0.00 0.01 0.00 0.00 0.00
Cr203 0.13 0.04 0.12 0.03 0.06 0.03
V203 0.74 0.40 0.86 0.31 0.67 0.33
Sum: 92.12 96.81 93.59 95.70 91.52 93.06
Recalculated Total: 96.8 98.8 98.1 97.6 95.8 94.5
Log(Mg/Mn) 0.82 0.89 0.74 0.88 0.67 0.99
Usp Ilm Usp Ilm Usp Ilm
Mol % 0.28 0.80 0.32 0.81 0.34 0.85
Geothermobarometer: Temp (°C) logl0 fO2 Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
A & L (1985) 867.84 -11.65 889.09 -11.43 869.63 -12.07
G & E (2008) 872 916 876
NNO + 0.75 0.66 0.39

TiO2 activity 0.66 0.65 0.66



Table 4.2 continued
Sample
analysis

Wt% Oxides
SiO2
TiO2

Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

Sample
analysis
Wt% Oxides
Si02
TiO2
Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

AP-07-08 AP-00-86
2/21. 2/17. 3/6. 3/2.
Magnetite Ilmenite Magnetite Ilmenite
0.51 0.02 0.06 0.00
8.90 36.75 7.51 35.14
2.07 0.11 1.63 0.19
77.12 57.32 82.91 57.52
0.29 0.15 0.14 0.34
1.03 1.59 1.15 2.78
0.14 0.01 0.00 0.01
0.03 0.00 0.00 0.00
0.11 0.05 0.23 0.08
0.78 0.60 0.86 0.54
91.05 96.60 94.61 96.68
95.5 99.6 99.8 100.2
0.80 1.28 1.16 1.16
Usp Ilm Usp Ilm
0.29 0.70 0.22 0.65
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
913.24 -10.61 890.26 -10.69
922 890
1.09 1.25
0.74 0.68
AP-00-86 AP-00-86
3/18. 3/22. 3/7. 3/10.
Magnetite Ilmenite Magnetite Ilmenite
0.09 0.00 0.04 0.00
7.63 35.86 9.85 35.55
1.76 0.19 1.60 0.21
80.15 56.15 79.94 56.50
0.20 0.32 0.17 0.23
0.87 2.41 1.74 2.74
0.04 0.01 0.07 0.01
0.02 0.00 0.00 0.00
0.29 0.08 0.23 0.06
0.93 0.50 0.72 0.52
92.07 95.53 94.38 95.81
97.0 98.7 99.1 99.1
0.88 1.12 1.26 1.33
Usp Ilm Usp Iim
0.24 0.68 0.29 0.66

Temp (°C) logl0 fO2
890.82 -10.79
893
1.18
0.70

Temp (°C) logl0 fO2
926.52 -10.32
965
1.14
0.67
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AP-00-86
3/13. 3/15.
Magnetite Ilmenite
0.10 0.01
8.61 33.51
1.77 0.26
78.83 58.84
0.25 0.24
0.72 2.23
0.02 0.02
0.00 0.00
0.24 0.09
0.66 0.55
91.28 95.81
96.0 99.5
0.70 1.21
Usp Ilm
0.27 0.63
Temp (°C) logl0 fO2
931.01 -10.14
952
1.13
0.65
AP-00-65
4/2. 4/3.
Magnetite Ilmenite
0.07 0.02
11.09 43.07
1.28 0.03
78.44 50.82
0.40 0.49
1.54 2.83
0.02 0.03
0.00 0.00
0.23 0.04
0.57 0.42
93.74 97.80
98.2 99.8
0.83 1.01
Usp Ilm
0.32 0.80
Temp (°C) logl0 fO2
892.11 -11.37
917
0.66
0.65



Table 4.2 continued
Sample AP-07-45
analysis 3/14. 3/16.
Wt% Oxides Magnetite Ilmenite
Sio2 0.12 0.24
TiO2 11.17 39.68
Al203 1.21 0.25
FeO(T) 77.38 51.03
MnO 0.17 0.56
MgO 0.69 225
CaO 0.03 0.04
Na20 0.00 0.01
Cr203 0.07 0.03
V203 0.56 0.35
Sum: 91.49 94.43
Recalculated Total: 95.7 96.6
Log(Mg/Mn) 0.86 0.85
Usp Ilm
Mol % 0.35 0.77
Geothermobarometer: Temp (°C) logl0 fO2
A & L (1985) 920.37 -10.84
G & E (2008) 958
NNO + 0.68
TiO2 activity 0.64
Sample AP-00-69
analysis 4/4. 4/3.
Wt% Oxides Magnetite Ilmenite
Sio2 0.26 0.01
TiO2 12.80 44.44
Al203 1.87 0.14
FeO(T) 71.57 48.20
MnO 0.34 0.33
MgO 1.50 2.95
CaO 0.07 0.02
Na20 0.10 0.01
Cr203 0.10 0.03
V203 0.54 0.24
Sum: 89.16 96.40
Recalculated Total: 92.83 97.94
Log(Mg/Mn) 0.89 1.19
Usp Ilm
Mol % 0.41 0.84
Geothermobarometer: Temp (°C) logl0 fO2
A & L (1985) 916.60 -11.37
G & E (2008) 948
NNO + 0.3
TiO2 activity 0.62
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AP-00-69 AP-00-69
3/1. 3/3. 3/2. 3/6.
Magnetite Ilmenite Magnetite Ilmenite
0.12 0.26 0.13 0.00
12.34 33.98 10.47 44.44
1.83 0.65 1.83 0.13
73.25 54.05 74.48 48.11
0.28 0.39 0.26 0.34
1.45 3.05 0.87 2.69
0.02 0.02 0.03 0.06
0.00 0.02 0.01 0.00
0.08 0.06 0.12 0.03
0.75 0.55 0.65 0.30
90.11 93.03 88.95 96.11
93.97 96.26 93.07 97.59
0.95 1.14 0.77 1.15
Usp Ilm Usp Ilm
0.39 0.66 0.34 0.85
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
1009.18 -9.33 871.04 -12.03
1108 881
0.95 0.3
0.58 0.50
AP-00-69 AP-00-69
8/4. 8/2. 9/1. 9/3.
Magnetite Ilmenite Magnetite Ilmenite
0.04 0.02 0.08 0.02
10.29 44.41 11.00 44.69
5.42 0.29 2.30 0.13
71.18 4448 75.16 48.13
0.39 0.46 0.34 0.40
4.18 6.29 1.86 3.16
0.02 0.05 0.05 0.02
-0.01 -0.01 0.01 0.00
0.21 0.04 0.20 0.03
0.75 0.37 0.84 0.28
92.53 96.45 91.85 96.85
96.68 98.25 96.06 98.41
1.28 1.39 0.99 1.15
Usp Ilm Usp Ilm
0.33 0.81 0.34 0.84
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
891.70 -11.39 876.06 -11.89
941.5 894
0.78 0.45
0.63 0.64



Table 4.2 continued
Sample
analysis

Wt% Oxides
SiO2
TiO2

Al203

FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:

Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

Sample
analysis
Wt% Oxides
Si02
TiO2
Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

AP-00-65 AP-00-65
4/10. 4/13. 4/12. 4/15.
Magnetite Ilmenite Magnetite Ilmenite
0.06 0.00 0.05 0.02
12.63 4297 11.49 43.19
1.30 0.05 1.35 0.06
76.79 51.46 77.89 50.93
0.37 0.42 0.36 0.42
1.72 2.85 1.58 2.88
0.02 0.02 0.01 0.01
0.02 0.00 0.00 0.00
0.22 0.05 0.21 0.04
0.67 0.45 0.79 0.52
93.91 98.31 93.76 98.07
98.1 100.4 98.1 100.0
0.92 1.07 0.89 1.08
Usp Ilm Usp Ilm
0.37 0.80 0.34 0.80
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
923.05 -10.94 899.94 -11.27
963 929
0.63 0.64
0.65 0.65
AP-00-65 AP-07-26
4/26. 4/25. 2/1. 2/2.
Magnetite Ilmenite Magnetite Ilmenite
0.05 0.01 0.08 0.08
11.72 40.26 12.25 42.98
1.54 0.13 1.68 0.09
78.11 53.28 78.91 50.12
0.37 0.34 0.40 0.50
1.86 2.60 1.85 3.25
0.01 0.01 0.02 0.05
0.02 0.00 0.02 0.01
0.25 0.04 0.07 0.04
0.70 0.40 0.57 0.43
94.64 97.07 96.02 97.57
99.0 99.5 100.4 99.5
0.95 1.12 0.91 1.06
Usp Ilm Usp Iim
0.34 0.75 0.35 0.80
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
926.10 -10.68 909.66 -11.13
970 947
0.87 0.63
0.69 0.64
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AP-00-65
4/16. 4/21.
Magnetite Ilmenite
0.06 0.01
11.21 44.57
2.61 0.13
77.11 48.48
0.29 0.39
247 4.19
0.03 0.01
0.01 0.00
0.11 0.03
0.66 0.31
94.64 98.15
99.0 100.0
1.18 1.28
Usp Ilm
0.33 0.82
Temp (°C) logl0 fO2
888.28 -11.51
917
0.62
0.64
AP-07-26
2/11. 2/14.
Magnetite Ilmenite
0.10 0.03
13.24 38.84
1.72 0.22
74.96 54.21
0.42 0.34
1.75 2.39
0.01 0.03
0.00 0.01
0.07 0.05
0.61 0.44
92.88 96.60
96.8 99.3
0.87 1.09
Usp Ilm
0.40 0.73
Temp (°C) logl0 fO2
976.05 -9.99
1038
0.84
0.67



Table 4.2 continued

Sample AP-00-69
analysis 9/5. 9/4.
Wt% Oxides Magnetite Ilmenite
Sio2 0.06 0.04
TiO2 7.93 44.71
Al203 1.67 0.16
FeO(T) 80.68 48.44
MnO 0.47 0.43
MgO 0.99 3.14
CaO 0.02 0.02
Na20 0.00 0.00
Cr203 0.07 0.02
V203 0.39 0.32
Sum: 91.35 97.34
Recalculated Total: 97.30 98.93
Log(Mg/Mn) 0.57 1.11
Usp Ilm
Mol % 0.24 0.84
Geothermobarometer: Temp (°C) logl0 fO2
A & L (1985) 826.88 -12.52
G & E (2008) 804
NNO + 0.58
TiO2 activity 0.63
Sample AP2-00-60
analysis 9/4. 9/2.
Wt% Oxides Magnetite Ilmenite
Sio2 0.11 0.03
TiO2 8.94 44.72
Al203 1.60 0.09
FeO(T) 79.15 48.13
MnO 0.44 0.70
MgO 1.05 2.09
CaO 0.04 0.07
Na20 0.01 0.01
Cr203 0.07 0.02
V203 0.42 0.21
Sum: 91.85 96.09
Recalculated Total: 96.58 97.43
Log(Mg/Mn) 0.62 0.72
Usp Ilm
Mol % 0.27 0.86
Geothermobarometer: Temp (°C) logl0 fO2
A & L (1985) 827.08 -12.77
G & E (2008) 809
NNO + 0.4
TiO2 activity 0.64

AP-00-69 AP2-00-60
9/5. 9/3. 9/1.
Magnetite Ilmenite Magnetite Ilmenite
0.06 0.04 0.07 0.03
7.93 41.04 10.99 44.25
1.67 0.31 1.40 0.10
80.68 51.66 76.96 48.51
0.47 0.43 0.51 0.69
0.99 2.93 1.08 2.07
0.02 0.02 0.02 0.08
0.00 0.00 0.01 0.03
0.07 0.02 0.03 0.01
0.39 0.33 0.34 0.17
92.31 96.84 91.45 95.99
96.06 99.11 95.79 97.45
0.57 1.08 0.58 0.72
Usp Ilm Usp Ilm
0.34 0.77 0.33 0.85
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
918.71 -10.85 864.63 -12.15
859 873
0.96 0.33
0.68 0.62
AP2-00-60 AP-07-19
11/1. 10/1. 29/2. 29/1.
Magnetite Ilmenite Magnetite Ilmenite
0.17 0.10 0.01 0.05
7.76 45.54 5.19 33.78
1.97 0.09 2.30 0.36
79.42 47.78 78.87 54.18
0.34 0.77 0.47 0.58
0.65 1.74 4.48 5.26
0.07 0.05 0.08 0.24
0.01 0.01 0.00 0.01
0.04 0.01 0.22 0.04
0.35 0.11 0.59 0.15
90.79 96.25 92.21 94.67
95.61 97.44 97.86 98.46
0.53 0.60 1.22 1.20
Usp Ilm Usp Ilm
0.25 0.88 0.13 0.59
Temp (°C) logl0 fO2 Temp (°C) logl0 fO2
797.14 -13.51 841.75 -11.06
764 830
0.29 1.79
0.63 0.70



Table 4.2 continued
Sample
analysis

Wt% Oxides
SiO2
TiO2

Al203
FeO(T)
MnO
MgO
CaO
Na20
Cr203
V203
Sum:
Recalculated Total:
Log(Mg/Mn)

Mol %
Geothermobarometer:
A & L (1985)

G & E (2008)
NNO +
TiO2 activity

AP-00-17
33/2. 33/1.
Magnetite Ilmenite
0.20 0.02
8.82 43.35
1.23 0.11
78.24 49.60
0.39 0.60
0.97 2.41
0.16 0.04
0.02 0.02
0.04 0.01
0.52 0.26
90.59 96.43
95.27 98.16
0.64 0.85
Usp Ilm
0.27 0.82
Temp (°C) logl0 fO2

850.63 -12.06
843

0.63

0.65

AP-00-17 AP-00-17
35/2. 35/1. 38/3. 38/2.
Magnetite Ilmenite Magnetite Ilmenite
0.05 0.01 0.13 0.06
10.75 44.44 6.27 38.24
1.36 0.08 0.76 0.11
77.12 45.82 80.69 50.73
0.58 1.13 0.34 0.88
1.09 2.69 0.98 2.12
0.03 0.03 0.05 0.02
0.00 0.00 0.01 0.02
0.05 0.01 0.05 0.01
0.46 0.32 0.49 0.32
91.53 94.54 89.86 92.54
95.91 95.86 95.08 94.88
0.52 0.62 0.71 0.63
Usp Ilm Usp Ilm
0.33 0.86 0.19 0.75
Temp (°C) logl0 fO2 Temp (°C) logl10 fO2

850.39 -12.48 837.69 -11.73
853 793

0.16 1.16

0.57 0.73
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Table 4.3: Pyroxene compositions from AVC lavas. Data collected with the electron microprobe
at Oregon State University. Temperature, pressures, and equilibrium test values calculated using
formulation of Putirka (2008). Two pressure estimates, from different equations in

Putirka (2008), along with their average, are provided. The numbers reported in the text
correspond to this average. The equilibrium test is based on the Fe-Mg exchange between
orthopyroxene and clinopyroxene, and should be between 0.95 and 1.23 for pairs in equilibrium
(see Putirka, 2008). All pairs presented here pass this equilibrium test.

Pyroxene components: En = Enstatie; Wo = Wollastonite; Fs = Ferrosilite.

sample AP-00-04 AP-00-04 AP-00-04
analysis 18/2. 18/8. 21/3. 21/5. 21/10. 21/9.
opx cpx opx cpx opx cpx
Sio2 54.26 52.50 55.50 51.69 55.19 51.32
TiO2 0.22 0.40 0.16 0.50 0.13 0.54
AI203 1.73 2.64 1.58 3.32 0.85 3.49
FeO 15.84 9.36 15.59 9.37 15.36 9.47
MnO 0.57 0.20 0.47 0.30 0.59 0.28
MgO 26.58 15.89 27.04 15.40 27.24 15.73
CaO 1.35 18.43 1.26 18.69 1.38 18.48
Na20 0.01 0.36 0.00 0.37 0.03 0.33
K20 0.01 0.01 0.00 0.00 0.01 0.00
Cr203 0.00 0.00 0.00 0.00 0.01 0.01
NiO 0.00 0.00 0.00 0.03 0.02 0.02
Total 100.57 99.78 101.60 99.66 100.80 99.67
En 72.94 46.20 73.70 45.18 73.92 45.82
Wo 2.66 38.52 2.46 39.40 2.70 38.70
Fs 24.40 15.28 23.84 15.42 23.38 15.48
Temp 1010 1014 1023
Press (eq 38) 6.7 6.4 6.9
Press (eq 39) 4.4 4.3 3.4
avg Press 5.5 53 5.1

Equilirium test 0.99 1.06 1.07



Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203

FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total

En

Wo

Fs
Temp

Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP-00-30 AP-00-30 AP-00-30
8/7. 8/3. 8/6. 8/2. 9/6. 9/2.
opx cpx opx cpx opx cpx
54.34 52.83 55.42 50.97 54.23 52.23
0.40 0.50 0.19 0.77 0.35 0.63
1.93 1.93 0.93 4.07 1.88 2.47
15.89 10.05 15.95 9.78 16.49 10.01
0.25 0.28 0.30 0.21 0.25 0.23
26.50 16.41 27.10 15.34 26.65 16.68
1.97 18.23 1.43 18.74 1.64 17.88
0.03 0.36 0.03 0.38 0.06 0.35
0.02 0.00 0.01 0.00 0.00 0.02
0.00 0.00 0.01 0.11 0.00 0.04
0.00 0.09 0.00 0.00 0.06 0.00
101.32 100.68 101.37 100.37 101.61 100.53
71.96 46.67 73.10 44.74 71.87 47.47
3.84 16.05 2.77 16.00 3.18 15.98
24.21 37.28 24.13 39.27 24.94 36.56
1066 1053 1088
4.2 6.2 6.8
4.7 42 5.6
4.4 52 6.2
1.02 1.08 0.97
AP-00-30 AP-00-30 AP-00-30
10/2. 9/2. 11/5. 11/3. 11/6. 11/3.
opx cpx opx cpx opx cpx
54.37 52.23 54.23 51.16 53.57 51.16
0.40 0.63 0.43 0.70 0.45 0.70
1.80 2.47 2.06 2.55 2.64 2.55
15.99 10.01 15.95 10.69 16.19 10.69
0.28 0.23 0.26 0.24 0.22 0.24
26.55 16.68 26.40 16.49 26.17 16.49
1.91 17.88 1.64 17.57 1.67 17.57
0.02 0.35 0.05 0.37 0.06 0.37
0.00 0.02 0.00 0.00 0.00 0.00
0.02 0.04 0.03 0.04 0.01 0.04
0.02 0.00 0.12 0.00 0.04 0.00
101.35 100.53 101.19 99.81 101.02 99.81
71.96 47.47 72.27 46.96 71.78 46.96
3.72 15.98 3.24 17.08 3.30 17.08
2431 36.56 24.49 35.96 24.92 35.96
1072 1093 1101
44 5.6 6.0
4.0 42 5.1
4.2 4.9 5.5
1.00 1.07 1.05
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP2-00-77 AP2-00-77 AP2-00-77
35/2. 35/4. 35/6. 37/1. 38/4. 38/5.
opx cpx opx cpx opx cpx
55.09 52.89 55.42 53.00 54.51 51.81
0.24 0.40 0.28 0.51 0.26 0.60
2.12 2.16 2.16 3.23 2.08 3.26
12.32 7.80 12.40 7.67 12.15 7.69
0.17 0.11 0.11 0.12 0.16 0.10
29.79 17.79 29.76 16.67 30.00 16.75
1.35 18.56 1.32 17.76 1.22 18.72
0.02 0.28 0.03 0.33 0.00 0.37
0.00 0.00 0.01 0.02 0.02 0.00
0.34 0.30 0.30 0.31 0.27 0.50
0.04 0.00 0.02 0.00 0.00 0.05
101.49 100.28 101.83 99.60 100.67 99.86
79.07 50.11 79.01 49.42 79.59 48.52
2.58 12.32 2.52 12.75 2.33 12.50
18.35 37.57 18.47 37.83 18.08 38.98
1095 1092 1083
53 6.0 4.9
52 4.7 49
5.3 53 49
1.06 1.10 1.13
AP2-00-77 AP2-00-77 AP2-00-77
38/3. 38/6. 38/2. 38/7. 38/1. 38/8.
opx cpx opx cpx opx cpx
54.76 51.39 55.60 52.41 54.26 52.34
0.29 0.82 0.23 0.56 0.34 0.67
2.68 4.58 2.18 3.03 2.52 3.49
13.55 9.35 12.23 7.31 13.70 8.52
0.21 0.08 0.18 0.14 0.24 0.14
28.98 15.67 29.87 16.64 28.02 16.92
1.35 18.58 1.23 19.10 1.93 18.22
0.04 0.42 0.03 0.41 0.03 0.34
0.01 0.00 0.01 0.00 0.01 0.00
0.14 0.09 0.35 0.50 0.11 0.31
0.08 0.02 0.00 0.03 0.01 0.06
102.10 101.01 101.92 100.14 101.18 101.00
77.16 45.73 79.41 48.28 75.54 48.63
2.59 15.30 2.35 11.90 3.74 13.73
20.25 38.97 18.24 39.83 20.72 37.63
1073 1070 1094
6.0 53 43
4.6 5.4 4.7
53 53 4.5
1.28 1.07 1.03
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test
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AP-00-04 AP-00-04 AP-07-08
21/11. 21/8. 22/3. 22/5. 3/2. 3/1.
opx cpx opx cpx opx cpx
54.58 51.69 53.96 52.53 54.90 51.97
0.23 0.58 0.17 0.36 0.20 0.60
2.27 3.81 1.81 2.56 2.66 4.05
15.49 9.79 16.18 9.29 13.48 8.29
0.37 0.30 0.45 0.32 0.26 0.18
26.82 15.19 26.45 1591 28.31 15.68
1.44 18.64 1.26 18.67 1.23 18.82
0.03 0.35 0.04 0.35 0.02 0.44
0.00 0.02 0.02 0.01 0.00 0.00
0.01 0.00 0.01 0.01 0.22 0.36
0.00 0.04 0.01 0.00 0.12 0.08
101.24 100.40 100.36 100.02 101.40 100.47
73.40 44.57 72.60 46.07 77.02 46.31
2.83 39.32 2.49 38.85 241 39.96
23.77 16.12 24.92 15.08 20.57 13.73
1038 1030 1054
6.4 83 6.2
5.0 5.8 53
5.7 7.0 5.8
1.12 0.95 1.11
AP-07-08 AP-07-08 AP-07-08
3/6. 3/4. 5/1. 5/4. 6/3. 6/1.
opx cpx opx cpx opx cpx
55.54 50.69 55.24 52.47 55.82 52.61
0.17 0.73 0.22 0.58 0.16 0.46
1.29 4.77 232 4.00 1.62 3.33
14.30 9.07 13.07 8.16 12.77 8.21
0.20 0.09 0.32 0.13 0.20 0.17
28.58 15.51 28.58 15.71 29.20 16.35
1.26 18.19 1.29 18.83 1.17 18.49
0.02 0.55 0.01 0.44 0.04 0.40
0.03 0.01 0.00 0.00 0.00 0.00
0.06 0.26 0.20 0.44 0.12 0.18
0.00 0.02 0.05 0.07 0.06 0.00
101.46 99.87 101.32 100.84 101.14 100.20
76.19 46.07 77.57 46.44 78.49 47.75
242 38.82 2.52 40.02 2.26 38.81
21.39 15.11 19.91 13.54 19.25 13.44
1072 1045 1069
6.3 5.5 6.5
45 4.5 5.2
5.4 5.0 59
1.17 1.14 1.15



Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP-00-30 AP-00-30 AP2-00-59
12/7. 12/5. 12/8. 12/3. 14/4. 14/2.
opx cpx opx cpx opx cpx
54.26 50.97 54.51 50.04 55.24 52.26
0.35 0.75 0.36 0.93 0.29 0.45
1.49 3.52 1.79 4.82 2.34 2.82
16.04 10.45 15.39 10.05 12.71 7.15
0.33 0.29 0.19 0.17 0.16 0.13
27.18 15.66 27.49 15.38 29.53 16.68
1.54 18.13 1.64 18.68 1.51 19.40
0.03 0.45 0.03 0.38 0.01 0.30
0.02 0.01 0.00 0.01 0.00 0.01
0.01 0.10 0.02 0.08 0.27 0.29
0.05 0.02 0.00 0.01 0.03 0.00
101.32 100.34 101.42 100.55 102.09 99.49
72.90 45.33 73.69 44.66 78.24 48.16
2.96 16.96 3.17 16.37 2.87 11.59
24.13 37.71 23.14 38.98 18.90 40.25
1061 1076 1057
5.7 4.5 3.6
39 32 5.0
4.8 3.8 43
1.13 1.17 1.00
AP2-00-59 AP2-00-59 AP2-00-59
14/6. 15/2. 14/7. 16/1. 18/5. 18/2.
opx cpx opx cpx opx cpx
54.48 51.30 54.75 53.35 54.75 53.67
0.28 0.61 0.26 0.39 0.25 0.39
2.30 3.44 2.18 2.10 2.08 2.19
12.76 8.21 12.08 7.64 13.37 8.43
0.18 0.14 0.24 0.15 0.27 0.20
29.18 16.58 29.08 17.32 28.86 18.17
1.56 19.15 2.04 19.17 1.25 17.91
0.06 0.37 0.03 0.30 0.04 0.39
0.03 0.00 0.00 0.00 0.00 0.02
0.21 0.36 0.16 0.18 0.12 0.29
0.00 0.05 0.14 0.02 0.04 0.00
101.02 100.20 100.98 100.60 101.04 101.65
77.90 47.45 77.91 48.95 77.45 50.79
2.99 13.18 3.93 12.12 242 13.22
19.11 39.38 18.16 38.94 20.13 35.99
1095 1078 1100
4.8 3.7 7.1
5.1 4.9 5.5
4.9 43 6.3
1.13 1.06 1.00
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP2-00-77 AP2-00-73 AP2-00-73
39/3. 39/1. 40/6. 40/2. 40/8. 40/5.
opx cpx opx cpx opx cpx
55.69 52.82 54.65 52.07 54.46 52.18
0.26 0.61 0.21 0.67 0.30 0.63
2.27 3.21 1.72 3.63 2.19 3.22
12.17 7.71 14.22 8.56 14.02 8.73
0.21 0.22 0.31 0.14 0.25 0.13
29.77 16.78 28.53 16.11 28.54 16.09
1.35 18.72 1.48 19.36 1.36 19.42
0.03 0.45 0.03 0.37 0.05 0.34
0.00 0.01 0.02 0.00 0.02 0.00
0.35 0.53 0.08 0.17 0.10 0.16
0.03 0.00 0.00 0.04 0.01 0.03
102.13 101.06 101.24 101.14 101.32 100.93
79.25 48.55 75.94 46.25 76.34 46.05
2.58 12.52 2.83 13.80 2.62 14.02
18.17 38.93 21.24 39.95 21.04 39.94
1081 1046 1054
53 5.1 52
5.6 4.5 4.8
5.4 4.8 5.0
1.12 1.07 1.10
AP2-00-73 AP2-00-73 AP2-00-73
42/4. 42/3. 42/5. 42/6. 43/2. 43/4.
opx cpx opx cpx opx cpx
54.55 52.36 55.07 51.96 54.26 51.05
0.26 0.56 0.23 0.74 0.27 0.78
1.96 2.82 2.05 3.61 2.38 4.17
14.64 8.63 14.56 8.98 15.55 10.18
0.15 0.09 0.24 0.17 0.29 0.17
28.60 16.54 28.52 15.93 27.32 15.74
1.23 19.43 1.22 19.34 1.50 18.38
0.02 0.32 0.05 0.37 0.02 0.36
0.01 0.00 0.01 0.00 0.00 0.01
0.04 0.07 0.01 0.07 0.08 0.12
0.10 0.05 0.00 0.02 0.00 0.02
101.56 100.86 101.95 101.18 101.68 100.98
75.87 46.80 75.93 45.69 73.60 45.40
2.34 13.70 2.33 14.45 2.90 16.48
21.79 39.51 21.74 39.86 23.50 38.12
1057 1056 1072
5.5 6.5 6.3
52 5.1 4.5
5.4 5.8 5.4
1.02 1.10 1.14
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP-07-08 AP-07-08 AP-00-11
7/1. 71/5. 13/2. 13/1. 34/3. 34/4.
opx cpx opx cpx opx cpx
54.22 51.80 54.87 51.35 54.74 51.05
0.21 0.64 0.21 0.65 0.19 0.47
2.25 431 2.33 4.39 1.05 2.98
14.32 8.64 13.01 8.41 15.50 9.75
0.32 0.12 0.29 0.18 0.48 0.34
27.75 15.99 29.00 15.39 27.09 15.80
1.19 18.32 1.22 18.89 1.49 18.64
0.03 0.47 0.03 0.45 0.05 0.35
0.01 0.02 0.01 0.03 0.00 0.03
0.09 0.37 0.18 0.25 0.01 0.00
0.05 0.04 0.15 0.04 0.02 0.00
100.45 100.72 101.30 100.03 100.63 99.42
75.73 47.02 78.01 45.69 65.66 45.58
2.34 38.72 2.36 40.31 1.47 38.65
21.93 14.26 19.63 14.01 32.87 15.77
1067 1048 1040
7.4 59 6.4
5.0 4.6 3.9
6.2 53 5.1
1.05 1.22 1.08
AP-00-11 AP-00-11 AP-00-11
36/2. 36/5. 37/3. 37/4. 38/4. 38/2.
opx cpx opx cpx opx cpx
54.66 52.55 55.94 53.25 53.99 53.11
0.27 0.45 0.17 0.41 0.28 0.43
1.58 2.12 0.80 2.02 1.69 1.94
16.20 9.91 15.27 10.03 16.32 10.14
0.52 0.38 0.48 0.34 0.62 0.40
26.46 15.96 27.67 16.04 26.31 16.21
1.62 18.80 1.56 18.74 1.65 18.23
0.08 0.36 0.03 0.45 0.04 0.34
0.02 0.02 0.03 0.00 0.01 0.00
0.01 0.00 0.01 0.01 0.00 0.00
0.00 0.00 0.00 0.04 0.05 0.00
101.42 100.55 101.95 101.33 100.97 100.81
72.07 45.56 74.08 45.66 71.79 46.32
3.18 38.57 2.99 38.33 3.23 37.43
24.75 15.87 22.93 16.01 24.98 16.25
1036 1025 1023
6.9 5.6 6.7
5.0 4.8 4.6
6.0 52 5.6
1.01 1.13 1.01



Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP2-00-59 AP2-00-59 AP2-00-59
20/6. 20/2. 20/8. 20/5. 21/3. 21/1.
opx cpx opx cpx opx cpx
54.15 51.59 54.31 51.99 55.95 53.72
0.31 0.61 0.28 0.60 0.15 0.36
3.16 3.33 2.68 3.10 1.03 1.89
12.66 8.42 12.91 8.68 11.74 8.10
0.26 0.13 0.21 0.17 0.31 0.19
27.87 16.92 28.35 17.40 29.98 17.83
1.93 17.92 2.02 17.70 1.40 17.99
0.04 0.36 0.03 0.35 0.02 0.25
0.03 0.00 0.01 0.02 0.01 0.00
0.21 0.42 0.24 0.20 0.11 0.14
0.09 0.12 0.07 0.00 0.00 0.06
100.69 99.82 101.10 100.20 100.69 100.54
76.65 49.02 76.53 49.73 79.79 50.50
3.81 13.67 3.92 13.92 2.68 12.87
19.54 37.31 19.55 36.36 17.53 36.63
1110 1115 1077
4.7 4.8 5.6
5.3 49 5.0
5.0 4.8 5.3
1.09 1.10 1.16
AP2-00-77 AP2-00-77 AP2-00-77
25/3. 25/1. 25/4. 26/1. 25/5. 27/2.
opx cpx opx cpx opx cpx
54.00 51.75 55.17 52.12 55.31 51.13
0.20 0.61 0.24 0.64 0.27 0.61
1.56 3.53 2.14 3.40 2.13 3.46
11.77 7.63 11.98 8.04 12.59 7.75
0.28 0.16 0.20 0.16 0.22 0.21
29.85 16.71 29.47 16.77 29.55 16.76
1.38 18.51 1.32 18.27 1.38 18.39
0.03 0.38 0.03 0.38 0.03 0.36
0.00 0.00 0.02 0.01 0.01 0.00
0.19 0.54 0.39 0.50 0.27 0.49
0.08 0.07 0.04 0.01 0.00 0.00
99.33 99.88 100.99 100.29 101.76 99.15
79.72 48.74 79.35 48.74 78.59 48.82
2.64 12.48 2.55 13.10 2.64 12.67
17.64 38.78 18.10 38.16 18.78 38.51
1083 1097 1093
52 5.7 5.1
5.1 5.1 4.8
5.1 5.4 5.0
1.16 1.18 1.09
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP2-00-73 AP2-00-73 AP2-00-73
43/1. 43/5. 47/1. 47/2. 47/5. 47/2.
opx cpx opx cpx opx cpx
54.23 51.57 55.22 51.36 54.11 51.36
0.31 0.73 0.29 0.75 0.30 0.75
2.66 4.12 2.67 4.18 3.09 4.18
15.64 11.00 14.28 9.81 14.37 9.81
0.24 0.15 0.20 0.12 0.23 0.12
27.40 15.98 28.38 15.85 28.19 15.85
1.35 17.82 1.43 18.97 1.47 18.97
0.00 0.35 0.02 0.32 0.05 0.32
0.03 0.00 0.02 0.02 0.00 0.02
0.07 0.11 0.13 0.18 0.16 0.18
0.07 0.06 0.06 0.00 0.00 0.00
102.00 101.89 102.71 101.56 101.96 101.56
73.77 45.72 75.84 45.30 75.56 45.30
2.61 17.65 2.75 15.73 2.83 15.73
23.62 36.64 21.41 38.97 21.60 38.97
1085 1077 1085
7.0 52 6.2
4.4 44 5.0
5.7 4.8 5.6
1.21 1.23 1.21
AP-00-52 AP-07-26 AP-07-26
32/1. 32/2. 16/2. 16/1. 17/1. 17/2.
opx cpx opx cpx opx cpx
54.29 51.99 54.32 52.48 54.71 52.19
0.23 0.58 0.17 0.38 0.26 0.46
1.45 3.30 2.87 3.75 232 2.83
17.03 10.02 13.38 7.89 14.11 8.41
0.42 0.14 0.19 0.22 0.24 0.17
25.59 15.68 28.45 16.44 27.51 16.49
1.45 18.43 1.23 18.34 1.40 18.82
0.03 0.38 0.05 0.63 0.01 0.38
0.02 0.04 0.02 0.00 0.01 0.00
0.00 0.01 0.17 0.46 0.15 0.25
0.00 0.00 0.02 0.00 0.05 0.03
100.51 100.55 100.87 100.58 100.76 100.03
70.72 45.39 77.22 48.28 75.52 47.47
2.87 38.34 2.40 38.72 2.76 38.96
26.41 16.27 20.38 13.00 21.72 13.58
1040 1090 1059
7.5 7.9 4.9
4.7 7.4 52
6.1 7.6 5.1
0.96 1.02 0.99
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP-00-11 AP-00-11 AP-00-11
39/3. 39/2. 40/4. 40/2. 41/4. 41/3.
opx cpx opx cpx opx cpx
54.80 52.34 54.54 52.84 55.21 52.09
0.24 0.50 0.24 0.43 0.19 0.51
1.53 2.34 1.59 2.07 1.00 2.76
16.30 10.04 15.17 10.01 15.71 9.84
0.50 0.31 0.52 0.30 0.50 0.31
26.85 16.03 27.09 16.71 27.18 15.85
1.48 18.22 1.89 17.73 1.44 18.68
0.02 0.40 0.04 0.31 0.04 0.33
0.02 0.00 0.01 0.00 0.00 0.00
0.01 0.01 5.00 0.00 0.00 0.00
0.00 0.05 0.02 0.01 0.00 0.01
101.75 100.22 101.11 100.40 101.27 100.38
72.45 46.13 73.30 47.66 73.40 45.56
2.88 37.67 3.67 36.34 2.80 38.57
24.67 16.20 23.03 16.01 23.80 15.87
1032 1054 1030
6.7 5.7 6.5
4.8 43 4.1
5.7 5.0 53
1.03 1.07 1.07
AP-00-30 AP-00-30 AP-00-30
1/5. 1/4. 1/6. 1/7. 2/4. 2/5.
opx cpx opx cpx opx cpx
54.29 51.37 54.28 51.58 53.57 51.52
0.34 0.80 0.29 0.83 0.34 0.82
2.32 3.12 1.53 3.03 1.96 3.48
15.53 10.48 15.77 11.12 16.22 11.22
0.25 0.20 0.34 0.19 0.23 0.20
26.79 16.13 27.24 15.98 26.56 16.15
1.58 17.87 1.49 17.77 1.67 17.36
0.03 0.33 0.04 0.38 0.04 0.38
0.00 0.01 0.00 0.00 0.00 0.01
0.06 0.03 0.02 0.00 0.00 0.01
0.05 0.07 0.00 0.01 0.02 0.00
101.23 100.41 100.99 100.89 100.59 101.15
73.12 46.29 73.32 45.67 72.07 46.24
3.10 16.86 2.88 17.82 3.25 18.02
23.77 36.84 23.81 36.51 24.68 35.73
1081 1072 1097
5.7 6.7 6.7
4.6 43 5.0
5.2 5.5 59
1.12 1.20 1.14



Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP2-00-77 AP2-00-77 AP2-00-77
29/1. 29/2. 29/1. 29/3. 29/5. 29/4.
opx cpx opx cpx opx cpx
54.61 52.21 54.61 53.26 55.67 53.11
0.27 0.42 0.27 0.41 0.19 0.45
2.09 2.24 2.09 2.23 1.18 2.37
12.38 7.17 12.38 7.33 11.98 7.27
0.19 0.14 0.19 0.14 0.26 0.12
29.72 17.07 29.72 17.31 30.32 17.29
1.34 18.65 1.34 19.18 1.36 19.07
0.03 0.29 0.03 0.39 0.04 0.36
0.00 0.00 0.00 0.00 0.00 0.01
0.27 0.37 0.27 0.40 0.14 0.33
0.00 0.01 0.00 0.00 0.05 0.00
100.90 98.57 100.90 100.65 101.19 100.38
78.99 49.49 78.99 49.16 79.75 49.30
2.57 11.66 2.57 11.68 2.58 11.63
18.45 38.85 18.45 39.16 17.68 39.06
1074 1069 1067
4.8 4.7 4.9
5.5 5.7 5.4
52 52 52
1.01 1.02 1.06
AP2-00-77 AP2-00-77 AP2-00-77
30/4. 30/3. 30/5. 30/3. 31/3. 31/4.
opx cpx opx cpx opx cpx
54.92 51.63 56.18 51.63 55.39 53.57
0.26 0.78 0.25 0.78 0.28 0.45
1.93 3.93 1.96 3.93 2.25 2.25
12.44 8.71 12.44 8.71 12.96 7.56
0.23 0.18 0.18 0.18 0.19 0.13
29.89 16.79 29.85 16.79 29.18 17.33
1.33 17.95 1.36 17.95 1.33 18.93
0.04 0.35 0.05 0.35 0.03 0.28
0.00 0.03 0.00 0.03 0.00 0.00
0.26 0.31 0.24 0.31 0.17 0.29
0.02 0.00 0.05 0.00 0.01 0.00
101.32 100.65 102.57 100.65 101.79 100.80
79.03 48.56 78.95 48.56 78.01 49.26
2.52 14.12 2.59 14.12 2.55 12.06
18.45 37.32 18.46 37.32 19.44 38.68
1099 1110 1071
6.0 6.0 5.1
42 4.7 5.5
5.1 5.4 53
1.25 1.24 0.98
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP-07-26 AP-07-26 AP-07-26
18/1. 18/4. 20/1. 20/2. 24/1. 24/2.
opx cpx opx cpx opx cpx
54.74 51.01 55.21 51.77 55.35 51.99
0.22 0.55 0.19 0.45 0.18 0.57
2.08 3.27 1.15 2.99 1.40 3.30
13.74 8.38 13.87 8.31 13.30 8.21
0.29 0.17 0.27 0.22 0.26 0.20
28.43 16.05 28.51 16.37 28.92 16.06
1.28 19.17 1.39 18.86 1.44 19.08
0.02 0.34 0.02 0.35 0.01 0.38
0.00 0.03 0.01 0.02 0.00 0.01
0.14 0.18 0.06 0.28 0.16 0.29
0.06 0.07 0.00 0.01 0.01 0.05
101.00 99.22 100.69 99.63 101.02 100.13
76.72 46.48 76.45 47.33 77.30 43.57
2.48 39.91 2.68 39.19 2.76 40.79
20.80 13.62 20.86 13.48 19.94 15.65
1046 1057 1048
5.0 4.8 4.5
43 4.7 4.7
4.7 4.8 4.6
1.08 1.04 1.11
AP-07-51 AP-07-36 AP-07-36
9/2. 9/4. 2/1. 2/3. 4/6. 4/2.
opx cpx opx cpx opx cpx
55.80 52.89 54.75 51.66 55.07 53.58
0.20 0.47 0.30 0.86 0.23 0.23
2.07 3.39 2.29 3.83 0.73 1.30
12.91 8.49 12.78 8.70 16.24 10.06
0.18 0.04 0.30 0.18 0.50 0.23
29.14 15.54 29.03 16.08 27.06 15.15
1.16 19.41 1.53 18.93 1.20 19.57
0.01 0.52 0.01 0.36 0.04 0.48
-0.01 0.00 0.02 0.00 0.03 0.02
0.36 0.10 0.07 0.24 0.00 0.02
0.02 0.00 0.08 0.08 0.09 0.03
101.85 100.84 101.17 100.92 101.19 100.65
78.30 4538 77.83 46.53 73.07 43.46
2.24 40.72 2.95 39.35 233 40.35
19.47 13.90 19.22 14.12 24.60 16.19
1029 1056 986
52 3.9 6.6
4.6 42 5.1
4.9 4.0 59
1.23 1.23 1.11
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP-00-30 AP-00-30 AP-00-30
3/3. 3/2. 4/1. 3/5. 5/6. 5/3.
opx cpx opx cpx opx cpx
54.69 51.94 54.50 51.70 53.86 51.50
0.34 0.71 0.31 0.78 0.32 0.95
1.81 2.86 1.86 2.98 1.65 3.71
15.63 11.19 16.04 10.77 16.00 11.22
0.34 0.15 0.25 0.25 0.34 0.16
26.78 15.66 26.74 16.27 26.98 15.61
1.61 17.98 1.52 17.71 1.63 18.32
0.05 0.47 0.03 0.40 0.05 0.44
0.00 0.00 0.00 0.00 0.01 0.01
0.00 0.00 0.01 0.00 0.03 0.01
0.08 0.00 0.06 0.00 0.09 0.04
101.34 100.97 101.32 100.84 100.95 101.98
72.95 44.92 72.59 46.43 72.68 44.51
3.16 18.00 2.98 17.24 3.16 17.95
23.89 37.07 24.43 36.33 24.17 37.55
1064 1081 1070
5.7 6.4 6.4
4.5 4.9 4.1
5.1 5.6 52
1.22 1.10 1.21
AP-00-30 AP-00-30 AP-00-30
6/1. 5/3. 7/3. 7/4. 8/4. 8/3.
opx cpx opx cpx opx cpx
53.87 51.50 54.51 52.06 53.15 52.83
0.40 0.95 0.31 0.57 0.32 0.50
2.46 3.71 1.36 2.24 2.26 1.93
16.35 11.22 16.06 11.06 16.41 10.05
0.38 0.16 0.29 0.18 0.39 0.28
26.95 15.61 27.25 16.68 26.37 16.41
1.58 18.32 1.60 17.18 1.40 18.23
0.07 0.44 0.03 0.36 0.01 0.36
0.03 0.01 0.00 0.01 0.02 0.00
0.03 0.01 0.02 0.02 0.02 0.00
0.11 0.04 0.07 0.04 0.02 0.09
102.23 101.98 101.50 100.39 100.35 100.68
72.32 44.51 72.84 47.34 72.09 46.67
3.05 17.95 3.08 17.61 2.75 16.05
24.62 37.55 24.08 35.04 25.16 37.28
1070 1089 1043
7.0 6.6 7.0
44 4.7 5.6
5.7 5.6 6.3
1.18 1.13 0.98
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Table 4.3 continued
sample
analysis

SiO2
TiO2
Al203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

sample
analysis

Si02
TiO2
AI203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
NiO
Total
En
Wo
Fs
Temp
Press (eq 38)
Press (eq 39)
avg Press
Equilirium test

AP2-00-77 AP2-00-77 AP2-00-77
31/2. 31/5. 32/6. 32/1. 32/9. 32/3.
opx cpx opx cpx opx cpx
54.59 52.06 54.93 52.11 55.81 52.32
0.29 0.62 0.30 0.56 0.27 0.64
2.56 3.24 2.19 3.26 2.26 3.42
12.79 7.79 12.51 7.59 12.45 8.58
0.23 0.12 0.18 0.13 0.16 0.17
29.10 16.40 29.42 16.80 29.33 16.58
1.30 19.25 1.47 18.78 1.27 18.79
0.05 0.36 0.05 0.36 0.02 0.37
0.01 0.00 0.02 0.01 0.00 0.00
0.18 0.32 0.31 0.61 0.33 0.37
0.03 0.04 0.06 0.06 0.03 0.04
101.14 100.20 101.44 100.25 101.94 101.28
78.19 47.39 78.47 48.62 78.79 47.51
2.52 12.63 2.81 12.32 2.45 13.79
19.29 39.98 18.72 39.07 18.76 38.70
1064 1097 1085
52 4.8 5.1
53 5.4 4.6
52 5.1 49
1.08 1.06 1.22
AP2-00-77 AP2-00-77 AP2-00-77
32/10. 32/3. 33/3. 33/2. 34/2. 34/3.
opx cpx opx cpx opx cpx
55.18 52.32 54.70 51.82 55.12 53.19
0.22 0.64 0.25 0.61 0.28 0.43
2.31 3.42 2.03 3.36 2.12 2.21
12.30 8.58 12.59 7.94 12.11 7.39
0.14 0.17 0.34 0.09 0.18 0.08
29.60 16.58 29.62 16.71 29.62 17.32
1.42 18.79 1.32 18.72 1.36 19.05
0.03 0.37 0.05 0.38 0.04 0.31
0.00 0.00 0.01 0.01 0.00 0.00
0.36 0.37 0.28 0.51 0.28 0.33
0.03 0.04 0.00 0.04 0.08 0.10
101.60 101.28 101.19 100.19 101.21 100.41
78.89 47.51 78.70 48.26 79.21 49.26
2.73 13.79 2.53 12.87 2.62 11.79
18.38 38.70 18.77 38.87 18.17 38.94
1096 1078 1077
5.4 5.7 4.7
5.5 4.5 5.4
5.4 5.1 5.1
1.25 1.12 1.04
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Table 4.4: Amphibole analyses for AVC lavas. All data from electron microprobe analysis
at Oregon State University. All Fe reported as FeO. Temp and P (MPa) are the temperature
and pressure calculated using the model of Ridolfi et al (2010). Temperature reported

in degrees C, pressure in MPa. The error for each Ridolfi temperature is 22 degrees C.

The error for each pressure calculation is shown. Al IV and Al VI calculated on the basis
of 13 cations, after Leake et al (1997). Concentrations are in oxide weight percent.

Sample AP-07-19 AP-07-19 AP-07-19 AP-07-19 AP-07-19 AP-07-19 AP-07-19

Analysis 1/1. 1/2. 4/2. 5/1. 6/1. 6/2. 6/3.
SiO, 47.28 47.12 44.21 44.77 42.88 42.94 43.58
TiO, 1.47 1.54 2.60 243 2.07 2.51 2.12
AlLO, 8.33 8.28 10.93 9.88 12.21 12.15 12.19
FeO 13.35 13.24 12.00 12.26 12.18 11.47 11.76
MnO 0.33 0.26 0.25 0.30 0.14 0.16 0.08
MgO 15.28 15.27 14.67 14.74 15.08 15.09 15.49
CaO 11.07 11.29 11.41 11.26 11.28 11.47 11.30
Na,O 1.71 1.73 2.15 2.15 2.26 231 2.35
K,O 0.61 0.61 0.60 0.69 0.52 0.54 0.59
F 0.21 0.25 0.15 0.22 0.07 -0.02 0.13

Cl 0.11 0.10 0.04 0.05 0.02 0.02 0.02
total 99.74 99.69 99.03 98.74 98.70 98.64 99.61
AlTV 1.35 1.35 1.70 1.58 1.92 1.89 1.88
AlVI 0.03 0.03 0.14 0.08 0.13 0.15 0.14
Temp 839 843 927 902 959 965 955
P (MPa) 140 139 269 212 363 360 350

error 15 15 30 23 40 40 38
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Table 4.4 continued
Sample AP-00-03 AP-00-03 AP-07-41 AP-07-41 AP-07-41 AP-07-41 AP-07-41
Analysis 9/1. 9/2. 14/1. 17/1. 17/2. 18/1. 18/2.
SiO, 44 .47 4433 43.30 44.04 44.94 45.04 46.62
TiO, 1.68 1.89 1.91 1.20 1.23 2.01 1.85
AlLO; 11.02 11.00 12.08 11.25 10.58 11.03 10.54
FeO 12.97 12.65 14.64 16.02 15.36 10.30 10.87
MnO 0.26 0.25 0.14 0.23 0.28 0.12 0.05
MgO 14.69 14.66 13.06 12.62 13.03 15.96 16.04
Ca0O 11.31 11.44 11.63 11.40 11.54 11.72 11.58
Na,O 2.16 2.28 2.25 2.03 1.88 2.27 2.19
K,O 0.59 0.58 0.55 0.56 0.62 0.58 0.50
F 0.02 -0.03 0.26 0.17 0.16 0.33 0.19
Cl 0.04 0.03 0.04 0.05 0.03 0.03 0.03
total 99.21 99.08 99.87 99.55 99.65 99.39 100.47
AlIV 1.69 1.69 1.80 1.68 1.57 1.64 1.52
Al VI 0.15 0.15 0.24 0.22 0.22 0.20 0.21
Temp (R) 917 923 940 903 888 931 901
Press (R) 272 273 360 296 250 269 230
error 30 30 40 74 28 30 25
Sample AP-07-41 AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B
Analysis 18/3. 20/1. 20/2. 21/1. 21/2. 22/1. 22/2.
SiO, 4491 44.78 44.51 43.25 44.07 43.21 4343
TiO, 2.04 2.47 2.85 291 2.69 2.99 2.62
Al O, 11.26 11.06 11.77 11.76 11.32 11.66 11.26
FeO 11.26 11.67 11.97 12.02 11.44 11.77 11.85
MnO 0.06 0.14 0.17 0.17 0.17 0.18 0.17
MgO 15.66 15.28 15.07 14.96 15.26 15.20 15.19
Ca0O 11.61 11.49 11.43 11.46 11.64 11.40 11.28
Na,O 2.35 3.02 2.37 2.70 2.48 2.39 2.53
K,0 0.55 0.52 0.57 0.58 0.54 0.51 0.60
F 0.16 0.93 0.22 0.43 0.24 0.28 0.36
Cl 0.02 0.02 0.03 0.02 0.03 0.02 0.03
total 99.88 101.39 100.95 100.26 99.87 99.61 99.35
AlIV 1.69 1.69 1.79 1.87 1.77 1.88 1.82
Al VI 0.18 0.14 0.15 0.09 0.12 0.06 0.07
Temp (R) 932 938 943 962 947 958 948
Press (R) 280 269 311 323 290 315 290

error 31 30 34 36 32 35 32
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Table 4.4 continued
Sample AP-07-10B AP-07-10B AP-07-10B AP-07-10B AP-07-45 AP-07-45 AP-07-45
Analysis 8/4. 8/5. 9/1. 9/2. 13/1. 13/2. 13/3.
Sio, 46.03 47.27 45.03 44.13 44.18 43.75 4432
TiO, 1.77 1.44 2.23 2.39 2.20 2.08 2.18
Al O, 8.42 7.65 9.58 9.94 11.40 11.65 11.37
FeO 14.05 13.57 14.31 14.91 12.57 13.07 12.42
MnO 0.37 0.39 0.28 0.28 0.20 0.23 0.23
MgO 14.27 14.67 13.72 13.36 14.77 14.72 14.91
Ca0O 11.48 11.40 11.25 11.39 11.30 11.29 11.39
Na,O 1.52 1.37 1.74 1.79 2.36 2.39 2.63
K,O 0.78 0.73 0.90 0.88 0.55 0.50 0.52
F 0.23 0.11 0.13 0.22 0.13 0.17 0.12
Cl 0.16 0.16 0.12 0.12 0.03 0.02 0.03
total 99.09 98.76 99.28 99.41 99.70 99.85 100.13
AlIV 1.40 1.24 1.54 1.64 1.76 1.82 1.75
Al VI 0.03 0.05 0.08 0.04 0.14 0.11 0.14
Temp (R) 852 824 880 897 932 939 936
Press (R) 149 123 197 217 295 312 291
error 16 14 22 24 32 34 32
Sample AP-07-45 AP-07-45 AP-07-45 AP-07-45 AP-07-45 AP-07-45 AP-07-45
Analysis 14/1. 14/2. 14/3. 14/4. 14/5. 15/3. 16/1.
SiO, 43.63 43.39 43.85 44.14 4421 44 .89 4398
TiO, 2.16 2.12 2.18 2.16 2.06 1.96 2.20
Al O, 11.26 11.80 11.97 11.39 11.19 10.69 10.56
FeO 12.96 12.32 12.84 12.25 13.06 12.29 12.68
MnO 0.26 0.20 0.18 0.23 0.26 0.25 0.22
MgO 14.64 14.91 14.69 14.91 14.91 15.12 15.03
Ca0O 11.33 11.44 11.32 11.34 11.24 11.29 11.27
Na,O 3.02 243 242 2.96 2.53 2.34 2.43
K,O 0.52 0.48 0.51 0.48 0.48 0.53 0.53
F 0.64 0.17 0.35 0.29 0.08 0.39 0.60
Cl 0.03 0.04 0.02 0.04 0.03 0.04 0.05
total 100.45 99.31 100.33 100.20 100.05 99.77 99.54
AllV 1.79 1.84 1.83 1.75 1.77 1.66 1.74
Al VI 0.09 0.13 0.16 0.15 0.08 0.12 0.04
Temp (R) 944 951 944 942 930 914 924
Press (R) 290 328 333 295 278 248 246

error 32 36 37 32 31 27 27
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Table 4.4 continued
Sample AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B
Analysis 22/3. 23/1. 23/2. 24 /1. 24 /2. 25/1. 25/2.
SiO, 43.71 44.68 43.74 43.77 44.29 45.52 44 .82
TiO, 2.51 2.67 2.66 2.58 2.56 2.58 2.61
AlLO; 11.19 10.93 11.93 11.47 11.05 10.42 10.55
FeO 11.92 11.45 12.09 11.60 11.19 11.09 11.31
MnO 0.13 0.15 0.12 0.15 0.13 0.13 0.15
MgO 15.28 15.56 14.80 15.68 15.69 15.78 15.77
Ca0O 11.43 11.35 11.61 11.26 11.27 11.41 11.46
Na, O 2.74 2.35 2.82 2.57 2.64 2.41 2.27
K,O 0.52 0.52 0.58 0.50 0.46 0.49 0.48
F 1.09 0.31 0.61 0.57 0.55 0.46 0.29
Cl 0.03 0.02 0.04 0.02 0.03 0.03 0.03
total 100.54 99.97 101.00 100.17 99.86 100.31 99.74
AlIV 1.80 1.72 1.82 1.84 1.75 1.61 1.69
Al VI 0.07 0.09 0.16 0.06 0.09 0.11 0.06
Temp (R) 947 930 959 950 938 915 924
Press (R) 283 260 333 296 270 229 238
error 31 29 37 33 30 25 26

Sample AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B AP-07-62B

Analysis 25/3. 26/1. 26/2. 26/3. 27/1. 27/2. 28/1.
Sio, 43.79 43.51 43.22 43.59 43.59 44.57 43.47
TiO, 2.65 2.90 2.77 2.60 292 2.54 2.86
AL O, 11.51 11.47 11.61 11.06 11.72 11.08 11.50
FeO 11.77 11.95 11.71 11.63 12.19 12.74 11.78
MnO 0.16 0.20 0.15 0.20 0.18 0.19 0.14
MgO 15.17 15.46 15.08 15.34 15.17 14.91 15.26
CaO 11.36 11.38 11.51 11.29 11.43 11.20 11.42
Na,O 2.55 2.38 243 2.75 2.48 2.38 2.79
K,O 0.58 0.55 0.61 0.57 0.55 0.52 0.54

F 0.45 0.41 0.37 0.65 0.38 0.20 0.24

Cl 0.03 0.03 0.03 0.03 0.03 0.04 0.03
total 100.02 100.23 99.47 99.72 100.64 100.39 100.03

AlTV 1.81 1.88 1.85 1.80 1.88 1.74 1.85

Al'VI 0.11 0.02 0.10 0.06 0.06 0.09 0.07

Temp (R) 949 953 958 947 956 925 958

Press (R) 303 296 316 277 313 268 302

error 33 33 35 30 34 29 33



Table 4.4 continued
Sample
Analysis
Sio,
TiO,
ALO,
FeO
MnO
MgO
CaO
Na,O
K,O
F
Cl
total
AllV
Al VI
Temp (R)
Press (R)
error

Sample
Analysis
Sio,
TiO,
AL O;
FeO
MnO
MgO
Ca0O
Na,O
K,O
F
Cl
total
AllV
Al VI
Temp (R)
Press (R)
error

AP-07-45
16/2.
43.95
2.08
10.65
13.37
0.26
15.26
11.17
2.49
0.52
0.88
0.04
100.68
1.77
0.00
937
245
27

AP-00-03
2/3.
43.83

2.04
11.40
13.30
0.30
14.39
11.22
2.12
0.70
0.07
0.05
99.42
1.78
0.13
929
298
33

AP-07-45 AP-07-45 AP-00-03 AP-00-03 AP-00-03 AP-00-03

17/1.
45.07
2.19
10.36
12.89
0.27
14.79
11.32
2.88
0.53
1.52
0.04
101.86
1.63
0.09
914
230
25

AP-00-03 AP-00-03 AP-00-03 AP-00-03 AP-00-03 AP-00-03

2/4.
44.37
2.04
11.34
13.31
0.26
14.20
11.33
2.15
0.73
0.05
0.04
99.81
1.72
0.18
923
292
32

17/2.
44.62
2.08
10.96
12.62
0.27
14.98
11.25
2.46
0.45
0.27
0.03
100.00
1.71
0.11
922
263
29

3/2.
43.41
1.67
11.67
14.07
0.19
13.94
11.51
2.15
0.63
0.11
0.04
99.38
1.81
0.15
935
323
36

1/1.
43.59
2.15
11.82
13.49
0.22
14.24
11.46
2.28
0.67
0.14
0.04
100.08
1.83
0.14
943
327
36

4/1.
43.81
2.08
11.76
13.09
0.18
14.28
11.50
2.19
0.67
0.11
0.03
99.69
1.78
0.18
939
325
36

1/2.
44.68
2.03
11.55
12.94
0.21
14.85
11.50
2.23
0.65
0.13
0.03
100.82
1.75
0.15
930
297
33

4/2.
44.54
2.04
11.44
13.06
0.20
14.73
11.55
2.17
0.59
0.00
0.04
100.35
1.75
0.15
929
292
32

2/1.
44.47
1.98
11.40
12.96
0.25
14.44
11.42
2.10
0.68
0.08
0.03
99.79
1.71
0.19
924
295
32

5/1.
43.89
1.95
11.85
13.65
0.23
14.14
11.58
2.18
0.68
0.18
0.03
100.36
1.80
0.17
938
328
36

2/2.
44.60
1.90
10.82
12.93
0.21
14.98
11.52
2.05
0.56
0.07
0.04
99.70
1.71
0.09
918
256
28

5/2.
43.70
2.05
11.86
13.63
0.19
13.93
11.46
2.11
0.66
0.07
0.04
99.71
1.79
0.19
937
334
37
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Table 4.4 continued
Sample AP-07-62B AP-07-62B AP-07-27 AP-07-27 AP-07-27 AP-07-27
Analysis 28/2. 28/3. 29/1. 29/2. 29/3. 31/1.
SiO, 43.15 43.88 43.68 43.47 43.92 45.99
TiO, 2.71 2.68 2.24 2.27 2.29 2.17
AlLO, 11.54 11.55 12.56 12.53 12.28 8.75
FeO 11.73 11.80 11.34 10.57 10.65 13.46
MnO 0.17 0.15 0.10 0.10 0.12 0.19
MgO 15.22 15.27 15.51 15.67 15.92 15.07
Ca0O 11.69 11.58 11.59 11.75 11.59 11.21
Na, O 2.41 2.42 2.38 2.32 2.38 2.11
K,O 0.57 0.60 0.45 0.47 0.47 0.78
F 0.27 0.54 0.10 -0.02 0.05 0.43
Cl 0.03 0.03 0.01 0.01 0.02 0.08
total 99.49 100.48 99.95 99.15 99.70 100.23
AlIV 1.87 1.82 1.89 1.87 1.85 1.46
Al VI 0.07 0.10 0.19 0.21 0.18 0.00
Temp (R) 960 951 965 971 962 879
Press (R) 310 303 379 383 354 157
error 34 33 42 42 39 17
Sample AP-07-27 AP-07-27 AP-07-27 AP-07-27 AP-07-27 AP-07-27
Analysis 32/1. 32/2. 32/3. 33/1. 33/2. 33/3.
SiO, 43.48 43.80 43.84 44.06 43.24 43.86
TiO, 2.23 1.84 1.99 2.30 2.36 2.09
Al O, 12.51 12.00 12.34 12.39 12.36 12.83
FeO 12.13 12.62 12.13 10.72 11.98 10.35
MnO 0.14 0.18 0.19 0.10 0.11 0.12
MgO 14.94 14.90 14.80 15.78 15.12 16.00
Ca0O 11.23 11.37 11.44 11.44 11.55 11.47
Na,O 2.47 2.25 2.28 2.46 2.33 2.47
K,0 0.49 0.48 0.47 0.49 0.51 0.51
F 0.08 0.12 0.15 0.14 0.26 0.05
Cl 0.02 0.02 0.01 0.01 0.02 0.02
total 99.73 99.56 99.64 99.88 99.83 99.75
AlIV 1.89 1.83 1.82 1.84 1.91 1.88
Al VI 0.19 0.17 0.23 0.20 0.15 0.23
Temp (R) 958 943 949 960 964 970
Press (R) 379 338 366 362 368 399

error 42 37 40 40 40 44



Table 4.4 continued
Sample
Analysis
Sio,
TiO,
ALO,
FeO
MnO
MgO
CaO
Na,O
K,O
F
Cl
total
AllV
Al VI
Temp (R)
Press (R)
error

Sample
Analysis
Sio,
TiO,
AL O;
FeO
MnO
MgO
Ca0O
Na,O
K,O
F
Cl
total
AllV
Al VI
Temp (R)
Press (R)

error

AP-00-03
5/3.
44.07

2.03
11.81
13.95
0.27
14.01
11.34
2.22
0.76
0.13
0.04
100.63
1.79
0.17
932
322
35

AP-00-03
7/5.
44.00

2.00
11.34
13.47
0.24
14.40
11.31
2.14
0.70
0.09
0.03
99.74
1.77
0.12
927
292
32

AP-00-03 AP-00-03 AP-00-03 AP-00-03 AP-00-03 AP-00-03

6/1.
43.43
1.90
11.97
13.27
0.23
14.12
11.43
2.17
0.66
0.11
0.03
99.30
1.82
0.19
942
345
38

AP-00-03 AP-00-03 AP-00-03 AP-00-03 AP-00-03 AP-00-03

8/1.
44.00
2.09
11.65
12.91
0.22
14.20
11.42
2.16
0.70
0.11
0.04
99.50
1.75
0.21
933
318
35

6/2.
43.68
2.04
11.86
13.53
0.22
14.08
11.48
2.24
0.64
0.15
0.03
99.95
1.81
0.17
940
332
37

8/2.
44.74
2.00
10.84
12.30
0.21
14.85
11.38
2.08
0.61
0.12
0.05
99.18
1.65
0.16
915
261
29

7/1.
44.51
2.08
11.29
12.90
0.26
14.60
11.39
2.15
0.68
0.13
0.04
100.03
1.72
0.15
924
285
31

8/3.
44.70
1.79
10.62
12.68
0.26
14.87
11.42
2.13
0.56
-0.03
0.04
99.05
1.65
0.12
912
247
27

7/2.
43.60
2.02
11.90
13.53
0.26
14.06
11.31
2.26
0.64
0.04
0.03
99.65
1.81
0.17
939
335
37

8/4.
44.93
1.91
10.73
12.68
0.28
14.89
11.30
2.07
0.58
0.14
0.04
99.56
1.65
0.13
909
250
28

7/3.
43.73
1.84
11.66
13.63
0.26
14.11
11.31
2.17
0.65
0.25
0.03
99.64
1.79
0.16
932
318
35

8/5.
43.59
2.12
11.69
13.11
0.21
14.18
11.31
2.20
0.61
0.15
0.04
99.21
1.79
0.17
937
323
36

7/4.
43.51
2.05
12.02
12.85
0.21
14.32
11.45
223
0.61
-0.03
0.03
99.25
1.82
0.20
946
348
38

8/17.
43.86
2.03
11.32
12.93
0.21
14.43
11.34
2.14
0.69
0.02
0.04
99.02
1.75
0.15
929
296
33
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Table 4.5 : Amphibole analyses paired with plagioclase An contents for AVC lavas. All

data from electron microprobe analysis at Oregon State University. All Fe reported as FeO.
Plagioclase compositions shown as An content. Temp (R) and Press (R) are the temperature
and pressure calculated using the model of Ridolfi et al (2010). Temp (H & B) is the
temperature calculated using the formulation of Holland & Blundy (1994). Press (A & L)

is the pressure calculated from Al-in-hornblende formulation of Anderson & Lindsley (1995).
Temperature reported in degrees C, pressure in MPa. The error for each Ridolfi temperature
22 degrees C and for pressure is shown. Al IV and Al VI calculated on the basis of

13 cations, after Leake et al (1997).

Sample AP-07-19 AP-07-19 AP-07-19 AP-07-19 AP-07-10B AP-07-10B AP-07-10B
Analysis 2/1. 2/2. 7/1. 7/2. 8/1. 8/2. 8/3.
SiO, 44.14 44.30 46.51 46.19 47.79 47.83 48.74
TiO, 2.20 2.21 1.31 1.28 1.37 1.45 1.43
AlLO; 11.75 11.93 8.12 8.49 7.41 7.43 7.26
FeO 10.56 10.74 15.66 15.69 13.80 13.32 13.53
MnO 0.09 0.12 0.34 0.44 0.39 0.37 0.40
MgO 16.13 16.17 13.50 13.11 14.83 14.70 14.99
CaO 11.39 11.53 11.55 11.68 11.50 11.46 11.48
Na,O 2.39 241 1.42 1.45 1.31 1.27 1.35
K,O 0.46 0.53 0.90 0.92 0.76 0.74 0.69
F 0.03 0.15 0.22 0.15 0.15 0.16 0.16
Cl 0.01 0.01 0.18 0.16 0.14 0.14 0.13
total 99.17 100.10 99.73 99.56 99.44 98.86 100.15
AllV 1.80 1.82 1.32 1.34 1.21 1.17 1.14
Al VI 0.14 0.14 0.05 0.10 0.03 0.08 0.06
Temp (R) 950 954 833 841 817 814 806
Press (R) 314 323 138 153 114 116 109
error 35 35 15 17 13 13 12
analysis (plag) 2/1. 2/2. 7/1. 7/2. 8/1. 8/2. 8/1.
Xab (plag) 0.53 0.53 0.65 0.64 0.55 0.58 0.55
Xan (plag) 0.45 0.45 0.30 0.31 0.41 0.37 0.41
Temp (H & B) 843 847 770 762 795 771 790

Press (A& L) 251 247 218 261 111 165 107
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Table 4.5 continued
Sample AP-07-10B AP-07-10B AP-07-10B AP-07-10B AP-07-10B AP-07-10B AP-07-10B
Analysis 10/1. 10/2. 10/3. 1/1. 11/2. 11/3. 12/1.
SiO, 47.71 47.39 48.47 47.44 47.15 47.27 46.47
TiO, 1.37 1.55 1.45 1.69 1.67 1.71 1.67
AL O, 7.66 7.74 7.54 8.25 8.31 8.28 8.56
FeO 13.95 13.67 13.90 14.38 14.24 14.15 14.18
MnO 0.41 0.43 0.35 0.33 0.38 0.29 0.33
MgO 14.84 14.88 15.03 14.35 14.43 14.40 14.41
Ca0O 11.60 11.54 11.55 11.41 11.59 11.52 11.49
Na,O 1.33 1.34 1.31 1.55 1.41 1.51 1.56
K,O 0.79 0.73 0.78 0.83 0.86 0.87 0.84
F 0.16 0.14 0.24 0.13 0.09 0.14 0.16
Cl 0.15 0.15 0.16 0.14 0.15 0.14 0.14
total 99.98 99.55 100.78 100.50 100.29 100.27 99.79
AlIV 1.25 1.28 1.21 1.31 1.33 1.31 1.39
Al VI 0.03 0.02 0.04 0.07 0.05 0.07 0.04
Temp (R) 824 829 815 834 840 838 851
Press (R) 121 124 115 138 141 140 151
error 13 14 13 15 15 15 17

analysis (plag) 10/1. 10/1. 10/1. 117/2. 11/3. 11/3. 12/1.

Xab (plag) 0.59 0.59 0.59 0.53 0.55 0.55 0.53
Xan (plag) 0.37 0.37 0.37 0.43 0.42 0.42 0.44
Temp (H & B) 782 783 781 822 815 814 831

Press (A& L) 154 159 144 96 119 119 95
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Table 4.5 continued
Sample AP-07-10B AP-07-45 AP-07-45 AP-07-45 AP-00-03 AP-00-03 AP-00-03
Analysis 12/2. 15/1. 15/2. 16/3. 3/1. 7/6. 8/6.
SiO, 47.14 43.77 45.39 43.71 44.64 43.72 44.72
TiO, 1.67 1.69 1.92 2.02 1.96 1.98 1.90
AL O, 8.57 12.00 10.58 11.13 11.22 12.13 11.07
FeO 13.74 12.89 11.23 12.08 13.56 13.19 12.86
MnO 0.33 0.20 0.29 0.30 0.33 0.20 0.23
MgO 14.44 14.88 15.87 15.08 14.23 14.39 14.49
Ca0O 11.55 11.32 11.16 11.33 11.18 11.50 11.47
Na,O 1.52 2.45 2.11 3.04 2.11 2.23 2.04
K,O 0.74 0.49 0.50 0.51 0.67 0.59 0.62
F 0.23 0.25 0.08 1.22 0.14 0.07 0.04
Cl 0.11 0.02 0.03 0.05 0.05 0.02 0.03
total 100.03 99.95 99.15 100.48 100.09 100.01 99.49
AllV 1.32 1.84 1.63 1.77 1.70 1.83 1.66
Al VI 0.11 0.15 0.12 0.10 0.16 0.18 0.18
Temp (R) 844 944 908 945 914 945 916
Press (R) 150 336 238 283 281 349 274
error 17 37 26 31 31 38 30
analysis (plag) 12/2. 15/3. 15/1. 16/3. 3/1. 7/6. 8/6.
Xab (plag) 0.45 0.44 0.46 0.62 0.46 0.44 0.46
Xan (plag) 0.45 0.53 0.52 0.31 0.52 0.54 0.52
Temp (H & B) 829 888 856 854 876 887 865

Press (A & L) 96 108 140 185 106 116 138
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Table 4.5 continued
Sample AP-07-41 AP-07-41 AP-07-41 AP-07-41 AP-07-41 AP-07-41 AP-07-41
Analysis 10/1. 10/2. 10/3. 11/2. 12/1. 12/2. 12/3.
SiO, 43.39 43.15 44.23 43.74 43.82 42.90 42.35
TiO, 2.25 2.37 1.53 2.10 2.04 1.97 1.88
AL O, 12.12 12.00 11.72 11.45 12.06 12.83 12.75
FeO 12.56 12.49 14.32 13.49 12.22 14.47 14.87
MnO 0.11 0.06 0.20 0.17 0.12 0.11 0.17
MgO 14.27 14.14 13.13 14.14 14.84 12.98 12.50
Ca0O 11.43 11.56 11.41 10.98 11.41 11.65 11.40
Na,O 2.38 2.36 2.08 2.24 2.38 2.34 2.18
K,O 0.55 0.51 0.71 0.52 0.62 0.66 0.63
F 0.22 0.18 0.14 0.09 0.19 0.31 0.13
Cl 0.02 0.02 0.05 0.02 0.02 0.03 0.04
total 99.31 98.84 99.51 98.95 99.71 100.26 98.90
Al IV 1.82 1.81 1.67 1.77 1.81 1.88 1.88
Al VI 0.22 0.22 0.30 0.15 0.20 0.28 0.29
Temp (R) 951 953 917 925 948 958 953
Press (R) 359 355 329 305 345 428 436
error 39 39 82 33 38 47 48

analysis (plag) 10/1. 10/3. 10/1. 1/1. 12/1. 12/2. 12/2.

Xab (plag) 0.51 0.60 0.51 0.50 0.50 0.60 0.60
Xan (plag) 0.47 0.37 0.47 0.48 0.49 0.38 0.38
Temp (H & B) 863 827 820 872 866 819 817

Press (A& L) 212 332 335 142 194 408 419
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Table 4.5 continued
Sample AP-07-41 AP-07-41 AP-07-41 AP-07-41 AP-07-62B
Analysis 13/1. 13/2. 16/1. 16/2. 19/2.
SiO, 4341 43.57 43.64 45.26 44.27
TiO, 2.12 1.66 1.66 1.75 2.55
AL O, 12.18 11.91 12.04 10.80 11.63
FeO 12.85 14.77 14.77 12.93 11.64
MnO 0.05 0.19 0.15 0.11 0.14
MgO 14.17 13.02 13.17 14.58 15.18
Ca0O 11.43 11.52 11.52 11.59 11.54
Na,O 2.44 2.13 2.17 2.12 2.43
K,O 0.44 0.57 0.59 0.45 0.63
F 0.13 0.13 0.26 0.24 0.23
Cl 0.02 0.04 0.03 0.02 0.02
total 99.24 99.51 100.01 99.85 100.26
Al IV 1.82 1.76 1.78 1.60 1.77
Al VI 0.23 0.25 0.24 0.20 0.16
Temp (R) 949 929 932 906 946
Press (R) 363 346 353 255 308
error 40 38 39 28 34

analysis (plag) 13/3. 13/1. 16/2. 16/2. 19/2.

Xab (plag) 0.50 0.56 0.47 0.47 0.60
Xan (plag) 0.48 0.42 0.52 0.52 0.38
Temp (H & B) 866 824 862 855 844

Press (A & L) 207 333 211 156 241
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CHAPTER 5

General Conclusions

Erupted lavas at the Aucanquilcha Volcanic Cluster document eleven million years of
stationary and relatively continuous arc volcanism in the central Andes. Bulk
compositional trends of AVC lavas indicate that fractional crystallization and recycling
of precursor magmas (magma mixing) are the most important processes generating
compositional diversity observed in any given eruptive phase. Time transgressive trends
suggest that the high flux period of AVC volcanism (5 — 2 Ma) was characterized by
magma mixing and mush remobilization, likely leading to the development and
homogenization of a large, upper crustal batholith. Lavas from the beginning and waning
phases of AVC volcanism lack this strong mixing signal, suggesting these low-flux times

were characterized by disparate, physically isolated magmatism.

The phenocryst assemblages of AVC lavas have been probed for various intensive
parameters. Crystallization of pyroxene, amphibole, Fe-Ti oxide, and zircon is
documented for over 7 kb (~24 km) of pressure and from ~1150 to 750°C in these lavas.
The diversity of crystallization temperatures and pressures recorded by phases in
individual AVC lavas suggests erupting magma batches accumulate phases from different
levels within the upper crust. Many crystals in AVC lavas are likely to be true
phenocrysts, but eruptions also extensively recycled crystals from the possibly multi-
tiered, evolving reservoir. Age and compositional data from erupted zircons indicate that
they are broadly cognate crystal cargo at the multi million-year scale, and that the
plutonic underpinnings were episodically active in concert with the volcanic pulses.
Most zircon recycling involved grains only a few hundred thousand years older than the
eruption age. We take this to reflect the timescale of plutonic episodes. Antecrysts of
older vintage document the magmatic cannibalism associated with batholith assembly—
that is, the blending of discrete plutons into a patchwork body. Intensive parameters of
AVC phases indicate a spatial focusing of the upper crustal subvolcanic system that

accompanying increased volcanic output, and presumably system power. If intensive
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parameters of erupted crystals are indicative of those left behind at similar conditions of
formation, they imply the existence of a large, zoned batholith, ranging from at least ~3

to 25 km depth.

All AVC lavas are isotopically contaminated (high *’Sr/**Sr and 8'*0, low €Nd) with

respect to primitive mantle and have pronounced garnet signatures (elevated Dy/Yb
ratios). Though bulk compositions do not change appreciably, the baseline isotopic
signature and the Dy/Yb ratios of AVC lavas increase through time, suggesting the site of
the isotopic contamination and acquisition of garnet signature was likely the middle to
deep crust where higher temperatures and pressures promote fusion of crustal material
and/or reactions between crust and basaltic magma. Time-integrated basaltic
underplating and an expanding zone of melting, assimilation, homogenization, and
storage (MASH) likely influence, to a first order, this progressive evolution. With
prolonged magmatism, successive basalt injections into such an expanding MASH zone
would be increasingly intercepted, where prodigious crystallization of garnet is likely to
occur. The large, blurred MOHO from ~50 — 80 km beneath the AVC is probably the
result of such protracted MASH expansion.

Petrologic modeling of trace element and Sr, Nd, and O isotopic variation suggests that
magmagenesis of AVC lavas involved the incorporation of 10 — 30 % pre-existing crust.
Accompanying this assimilation was prodigious crystallization, which deposited
thousands of cubic kilometers of unerupted, residual material in the crustal column.
Though difficult to constrain precise volumes, it is a safe assumption that the crystal
residue from this process is vast, accumulating both from the modeled AFC processes
modeled and from the extra basalt crystallization that is necessary to thermally drive such
assimilation (Grunder, 1995). Furthermore, estimates of intrusive:extrusive ratios from
other continental subduction systems (cf. White et al., 2006; Dilles,1987) indicate that
magma stalled in the crust could be equal to ten to one hundred times the amount of

erupted material.
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The eruptive flare-up from ~5 — 2 Ma at the AVC is characterized by a focusing of Sr and
Nd isotopes, suggesting that the dramatic increase in eruptive output was not the result of
peak rates of crustal addition, but rather the result of peak rates of mantle delivery and
thermal modulation in the crust accompanied by modest crustal input. Although the
history of central Andean magmatism is replete with large scale crustal recycling,
compositions of AVC lavas suggest that the current magmatic phase is largely a crust

formation event.
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