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CHAPTER 1

Introduction

1.1 Overview

The connection between magmatic and volcanic systems is key to understanding eruptions; however, study-

ing magma bodies poses signi�cant challenges. The presence of melt, crystals, and bubbles complicates the

mechanical behavior of magma. However, one of our primary sources of evidence for these behaviors, plu-

tons (crystallized magma bodies) preserve long histories but may erase dynamics through time (Bachmann

et al., 2007; Hildreth, 2004; Mader et al., 2013). Therefore, analyzing how volcanic eruptions are generated

from magma bodies is dif�cult. In our current understanding, magma bodies contain both melt and crystals

and varying concentrations of crystals will cause the magma to behave differently: increasing crystallinity

will cause increasing viscosity (Hess and Dingwell, 1996; Hildreth, 2004; Marsh, 1981). While there is no

simple crystal fraction that determines the behavior of the magma, evidence indicates that there is a boundary

between a melt-rich portion of a magma body and a crystal-rich portion that behaves like a solid as opposed

to a �uid (Hildreth, 2004; Marsh, 1981; Mader et al., 2013; Miller et al., 1988; Weinberg et al., 2021). Crys-

tal mushes were originally conceptualized to have a higher crystal fraction than eruptible magma, while still

behaving as a �uid ( 15-25 to 50-60% crystal fraction) (Hildreth, 2004; Marsh, 1981). However, in this

paper I use a modi�ed de�nition from Weinberg et al., 2021 and consider a crystal mush to exist where a

high crystal fraction causes the magma to behave rigidly (typically� approximately 50-60%). High crystal

contents in a magma body impact how a magma deforms and �ows and understanding these changes will aid

in our understanding of magmatic processes (Mader et al., 2013; Mueller et al., 2011).

The relationship between stress and the rate of deformation (i.e., rheology) is essential to understand how

magma �ows and erupts (Giordano et al., 2008; Mader et al., 2013; Mueller et al., 2011). While the viscosity

and rheology of pure melt is well known, the addition of crystals changes how magma behaves (Giordano

et al., 2006; Marsh, 1981; Webb and Dingwell, 1990). Crystal packing fraction, grain size, and grain shape

all impact magma rheology (Mueller et al., 2011; Saar et al., 2001). While a pure melt can be modelled as

a Newtonian �uid, high concentrations of crystals generate non-Newtonian behavior (Coussot and Ancey,

1999; Mader et al., 2013; Mueller et al., 2011; J.J.Stickel and Powell, 2005). Connecting magma rheology to

magmatic processes evidenced in plutonic rocks is a challenge in igneous petrology.

Plutonic rocks preserve evidence of the lifetime of a magmatic system, and they thus provide an integrated

record of crystallization (Bachmann et al., 2007); however, they do not provide clear snapshots into how the
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behavior of magma changes with increasing crystallization. Studies that connect evidence found in plutons to

magma rheology evolution can provide insight on magma mingling and mixing, rejuvenation events, enclave

formation, and melt extraction using geochemical techniques as well as in depth textural analyses (Harper

et al., 2004; Wiebe et al., 2007; Weinberg et al., 2021). Magmatic fabrics recorded in plutonic rocks can be

used to understand aspects of such magma dynamics (Holness, 2018; Ji et al., 2014;�Zák et al., 2008). Fabrics

can indicate magmatic deformation; however, it is a challenge to connect an oriented fabric with the stress

that generated it.

The Aztec Wash pluton (southern Nevada, USA) provides a unique opportunity to connect observed

magmatic fabrics to a known stress by looking at a fabric generated beneath a large felsic enclave within a

coarse granite host. In this study I identify and quantify an oriented fabric underneath the enclave and explore

how this fabric changes in the granitic rocks relative to the enclave location. The fabric characteristics yield

insights into the rheology of the mush and mush deformation process.

1.2 Geologic Background

1.2.1 Aztec Wash Pluton

The Aztec Wash pluton is located in the Eldorado Mountains of southern Nevada, 80 km south of Las Vegas

(Falkner et al., 1995). It is exposed within the northern Colorado River extensional corridor, in which east-

west extension occurred between 16 and 13 Ma. Regional volcanism spanned a longer interval, beginning

around 20 Ma and ending around 8 Ma (Faulds et al., 2001; Harper et al., 2004). The pluton was emplaced

near the onset of extension, between 15.5 and 15.8 Ma (Cates et al., 2003; Leigh et al., 2018).

The Aztec Wash pluton is of particular interest and use because it is within a crustal block that was tilted

up to 90 degrees and thus exposes a cross section through the pluton (Faulds et al., 2001; Harper et al.,

2004; Miller et al., 2005; Miller and Miller, 2002). The pluton is generally divided into two main zones

(see Figure 1). The heterogeneous zone has been the focus of many studies and it includes rocks of varying

composition from troctolites and quenched basalts to leucogranites (Harper et al., 2004). The granite zone

is more homogeneous in composition, but it also records dynamic cumulate processes (Harper et al., 2004).

Harper et al. (2004) interpret the granite zone to have been constructed through a series of episodes of upward

accumulation of crystals, interrupted by pulses of injection of ma�c magma that interacted with granitic

material in the heterogeneous zone. Fine-grained felsic enclaves with a slightly more ma�c composition than

the surrounding host granite are found throughout the granite zone (Harper et al., 2004; Lazzareschi, 2004).

While the origins of the enclaves in the Aztec Wash pluton are not the primary concern for this study, their

emplacement into the granite is important to note as it pertains to the interpretation of the evidence presented

in this thesis.
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Figure 1: Geologic map of Aztec Wash showing the location of the Big Felsic Enclave (BFE) – the red X – in
the GZ cumulate (Granite Zone). Modi�ed from Harper et al. (2004). The location of the Aztec Wash Pluton
in Nevada is marked by the orange star in the inset.

1.2.2 Enclave Formation

Multiple types of enclaves exist in the granite zone of Aztec Wash; however, this study will focus on the

abundant �ne-grained felsic enclaves (Harper et al., 2004; Lazzareschi, 2004). An in-depth study of these

enclaves has not been published. However, Danny Lazzareschi's thesis from Pomona College presents com-

pelling evidence on their formation. The main �ndings that are relevant to this study are:

1. The composition of the enclaves is between 68% and 72 wt% SiO2, and are thus more ma�c than the

host granite.

2. The enclaves are very �ne-grained to aphanitic, contrasting to the coarse-grained host granite.

3. The compositions and textures of the enclaves imply that they were not formed in place, rather they

were transported throughout the magma body.

From very �ne-grained to aphanitic, the textures of these enclaves contrast with the host granite, implying

that they are quenched melt (Lazzareschi 2004). Typical enclaves are ovoid and range from 5 to 20 cm in
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diameter (Lazzareschi 2004). The composition of the enclaves is clustered between 68% and 72% SiO2,

contrasting to the composition of the host granite whose composition is mostly 72%-74% SiO2 (Lazzareschi

2004). This compositional difference implies that the enclaves were not fractioned liquids from the granite;

textural and compositional differences show that the enclaves were formed by a different process than the

granite and they were transported to their �nal locations (Lazzareschi 2004). The formation of the enclaves

and the method of transport to their present locations is not fully understood, but Lazzareschi (2004) presents

hypotheses for both questions. Enclave composition indicates that they could have been formed in or at the

margin of the heterogeneous zone as well-mixed hybrids rich in a granitic end member (Lazzareschi 2004).

Alternatively, the enclaves could be quenched margin materials (Lazzareschi 2004). Understanding how the

enclaves were transported through the magma body is challenging, but Lazzareschi (2004) hypothesizes that

some of the enclaves formed from the dissociation of felsic hybrid dikes within the granite or that they were

material carried off the heterogeneous zone by gravity or convection. While the formation of the enclaves

is not thoroughly understood, it is important to note that the enclaves were transported and then deposited

throughout much of the granitic portion of the magma body (Lazzareschi 2004). In this study, I will focus on

the largest enclave observed (approximately 2 m diameter) and the textures of the surrounding granite.

1.2.3 The Big Felsic Enclave (BFE) and Magma Deformation

The BFE is visibly distinct from the surrounding coarse-grained granite, and it appears light grey (Figure

2). Field observations reveal that the feldspar crystals directly underlying the enclave appear aligned, with

a preferred orientation forming a nearly horizontal foliation (Figure 3); feldspar crystals some distance from

the enclave do not appear to have an oriented fabric. These �eld observations suggest that the BFE may

be located at a past interface between the mush portion of the magma body and the crystal-poor, melt-rich

portion (Wiebe et al., 2007; Wiebe and W.J.Collins, 1998). In this study, I analyze samples from underneath

the enclave and in the far �eld from the enclave to understand the effect of the emplacement of the enclave

into the granite. The primary questions guiding this study are as follows:

1. What evidence is there of deformation in the granite surrounding the enclave?

2. To what extent does a preferred orientation exist and how does this fabric connect to stresses imposed

from an enclave moving through magma?

I hypothesize that an oriented fabric exists beneath the enclave and that it results from the impingement

of the enclave on a crystal-rich region of a magma body.
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