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On the kinematic and dynamic evolution of magma mush: from liquidus to solidus

Michael Z. MclIntire

Chair of the Supervisory Committee:
Dr. George Bergantz
Department of Earth and Space Sciences

Magmas are dynamic hydrogranular systems where the interactions between the melt and
the residing crystals influences the eruptive behavior of volcanoes, the concentration of
economic metals, and the stratification of the Earth’s crust. Despite the importance of the
interaction between these phases, little is known about the mechanics of these systems. The
purpose of this dissertation is to investigate the interactions of the melt and crystals of magma
from the formation of the crystal-rich mush to the expulsion of the melt from its interstitial
spaces. | first examine the dilute case where suspended crystals are coupled to the fluid. |
employed a combination of discrete element computational fluid dynamic (DEM-CFD)
numerical simulations, field observations, and electron backscatter diffraction (EBSD) analyses

to explore the mechanics of the interactions between the crystals and the melt of magmas. The



formation of crystal clusters was explored using VVoronoi tessellations in both a settling only
model at a solid volume percent of 9 and an open system models (where a magma like fluid is
injected into the accumulating mush) with solid volume percents of 1, 9, and 20. | find that there
is statistically no difference in the distribution of clustering between the two systems and that
clusters are just as likely as a random distribution. Indicating that abundant crystal clusters found
in sampled magmatic systems are likely from a disaggregated magma mush. Next, | examined
the crystal-rich state where the formation of granular flows transfer momentum to the resident
fluid. I employed a DEM-CFD numerical dam break model of a polydisperse particle column to
explore the kinematics of the collapse and runout of the particle column. The column develops
two collapse regimes a toppling collapse, and a sliding collapse, which transition into three
kinematic runout regimes, gravity current, heap flow, and a quasi-static region. Both a force and
contact fabric develop in the heap flow where the particles have enduring contacts. The
difference in anisotropy between the normal force and contact fabrics illustrates the non-affine
nature of granular material and the issue with applying the concepts of continuum modelling to
hydrogranular systems. The first two chapters were based on numerical models analyses to
create an idealized framework of knowledge on hydrogranular systems. The final chapter builds
on geological observations and fieldwork with a goal of determining the mechanisms of pore
space reduction in a crystal-rich magma mush. | collected 12 samples from the mafic complex of
Sierra Valle Fértil from which | conducted EBSD analyses to quantify the crystallographic
preferred orientation (CPO) and the internal lattice distortions. | considered the evidence for
tectonic filter pressing, mechanical compaction, and viscous compaction. The internal lattice
distortions have a similar distribution across plagioclase, hornblende, and quartz. This suggests

the crystal deformation happened subsolidus and was not caused by either viscous compaction or



tectonic filter pressing, and that a mechanical compaction process was responsible for pore space
reduction. Future work should focus on the physics of hydrogranular systems with non-spherical

particles employing analogue and numerical models to better capture natural systems.
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Chapter 1. INTRODUCTION

Magmas supply the material erupted from volcanoes, and the rheology of the magma is an
important control on the eruption style. There exists a positive correlation between magma
viscosity and explosivity, where the former increases with increased crystal cargo. Despite its
importance to our understanding of eruption explosivity, there is a lack of insight into the
mechanics of crystallizing magmatic systems. The inability to observe active magmatic systems is
amajor hinderance to learning about these complex systems. Petrologic, geochemical, and seismic
analyses provide evidence that magmas are complex systems that exist as crystal-rich mushes for
much of their entirety (Calvert, 2011; Calvert et al., 2008; Ducea et al., 2015; Jagoutz & Klein,
2018), but lack in explanation of the mechanics of the systems. In order to start rectifying this gap
in knowledge, we need to first explore the qualities of melt-rich vs crystal-rich systems, the process
of density-driven crystal settling, the interactions between melt and magma mush, and the possible
modes of extracting interstitial melt from mushes.

Magmas are dynamic, heterogenous hydrogranular systems where the rheology of the
crystallizing magma changes as it transitions from melt-rich to crystal-rich systems (Marsh, 1981).
The change in rheology is largely a consequence of the number of interacting crystals (Bergantz
et al., 2017). In a melt-rich system where crystals are suspended or settling from the melt, the
interactions between crystals is minimal and thus the melt is free to flow unhindered by crystal
interactions. Conversely, when crystallinity is high, crystals form a network of touching grains.
These crystal interactions dominate the behavior of the magma and can impede magma movement
via crystal jamming (Bergantz et al., 2017; Marsh, 1981). There is also an intermediate phase

where both a crystal mush and a melt reservoir can exist simultaneously within a system.
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Erupted volcanic material often includes an abundance of crystal clusters (Cooper, 2015;
Cooper & Kent, 2014; Seaman, 2000). However, there is uncertainty as to whether these clusters
are a product of disaggregation and eruption of portions of the crystal mush or result from the
eruption of crystals clusters already in suspension in the melt. As crystals nucleate and grow,
differences in density between the crystals and the melt cause relatively denser crystals to settle
out. The settling crystals can either directly settle to the floor of the magma as individual crystals,
or they may cluster while in the suspended regime to form glomerocrysts by a process termed
synneusis (Vance, 1969), eventually settling as glomerocrysts. A mush formed by individually
settled crystals exhibits tighter packing and a higher solid volume fraction compared to a mush
consisting of settled glomerocrysts (Jerram, 2003). The degree of crystal packing may influence
the remobilization of the mush with magma recharge and determines the mechanical response of
a mush to shearing. Shearing a loosely packed mush will compact the mush body while shearing
a tightly packed mush will dilate the mush body.

The interface between the crystal mush and the bulk magma is a dynamic region where
granular flows along the interface can entrain melt from the bulk magma into the mush. Evidence
for crystal-rich gravity currents exists in the trough bands of the Skaergaard layered mafic intrusion
and the schlieren bound troughs of the Tuolumne Batholith (Paterson et al., 2008; Vukmanovic et
al., 2018). Yet, little is known about the kinematics of particle-rich gravity currents that propagate
inaviscous fluid. Analogue dam break experiments (Forien, Tremblay, Barnes, Burgisser, & Page,
2015), debris flow flume experiments (Iverson, 1997), photoelastic discs (Estep & Dufek, 2013),
and numerical models of dam breaks in fluids with a similar viscosity to water (Topin et al., 2012)
all provide insights into particle-rich gravity currents. However, analogue experiments fail to

provide information on fluid flow pathways and the distribution of force and contacts between
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granular material, while numerical models in fluids with viscosities similar to water fail to capture
the kinematics of systems with a low Reynolds number.

The expulsion of interstitial melt from the crystal-mush is necessary to separate the liquid
from the solid and fractionate the magma. The mechanisms that reduce pore spaces and extract
melt from the interstice of crystals within cumulates are still highly debated topics in igneous
petrology (Holness et al., 2017). An obstacle to understanding the melt extraction process is the
inability to directly observe in situ crystal-rich magmas. Our current understanding of magmatic
systems is that they exist mostly in a crystal-rich, near solidus state (Cooper & Kent, 2014; Ward
et al., 2014). When crystallinity of the magma is greater than 50%, The magma is believed to
become rheologically locked and unable to flow (Marsh, 1981; Tapster et al., 2016). This has led
to viscous compaction (Mckenzie, 1984, 2011) being one of the most cited mechanisms for melt
extraction (Bertolett et al., 2019; Cashman et al., 2017; Shirley, 1986). However, cumulates of the
Skaergaard layered mafic intrusion have geochemical evidence of melt extraction and both shape
preferred and crystallographic preferred orientations (SPO and CPO respectively) of plagioclase
crystals with minimal deformation (Holness et al., 2017; Vukmanovic et al., 2018). The lack of
plastic deformation indicates that viscous compaction could not be responsible for the extraction
of melt from the Skaergaard cumulates, indicating that other mechanisms must be at work. The
formation of both an SPO and CPO without deforming the crystals suggests that our understanding
of the rheology of crystal-rich magmas is incomplete.

To address the different rheological regimes of magmatic systems, this dissertation is
divided into three standalone chapters. Chapter 2 “On the hydrodynamics of crystal clustering”
uses numerical models of both an open system that has crystal settling while new melt is intruded

and a settling only system to investigate the formation of crystal clusters. Chapter 3 “On the
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hydrogranular dynamics of magmatic gravity currents” employs numerical models of dam break
scenarios in tilted domains to study the different kinematic regimes that can develop in the
advancing gravity current. The final chapter “On the expulsion of melt from the interstitial spaces
of a magma mush by pore space reduction” combines field-based sampling and observations with
petrographic analyses to determine the mechanism of pore space reduction and melt extraction in

a crystal mush.



Chapter 2. ON THE HYDRODYNAMICS OF CRYSTAL
CLUSTERING

Originally published in Philosophical Transactions A
Co-authored by Michael Z. Mclntire, George W. Bergantz, Jillian M. Schleicher

2.1 INTRODUCTION AND BACKGROUND

211 introduction

The clustering of particles in a moving fluid was first described in the 1940's in the context of
industrial applications (Wilhelm, 1948), and has been subsequently described in sedimentology,
volcanology, and atmospheric transport and has been of significant interest in the chemical
processing industry (Cahyadi et al., 2017). Clustering is an emergent phenomenon in that it arises
from the complex interplay between a hydrodynamic template and a dispersed phase, typically
solids, and can manifest multiphase instabilities that have no counterpart in molecular fluids
(Fullmer & Hrenya, 2017). Even the definition of a cluster will depend on the application; perhaps
the most generic definition of a cluster might be that it is a region of elevated particle concentration
relative to a random reference state, where particles move as an ensemble. It has been standard
practice in material science to differentiate clusters, which result from hydrodynamic processes
alone, from orthokinetic agglomerates, which are bonded, jammed or otherwise cohesive
arrangements of particles in contact (Horio & Clift, 1992). Our objective here is to exemplify
measures of particle clustering from hydrodynamic forces that might occur in magmas. A complete
assessment of the formation of crystal agglomerates and their fragmentation (e.g. (Hansen et al.,
1998; Wang et al., 2005)) will be the subject of a future communication. Below, we first describe

the general emergence, kinematics and dynamics of clustering. We then describe specific
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applications to magmatic processes, by consideration of simple examples involving crystal settling

and open-system stirring in three idealized basaltic systems.

2.1.2  Geologic observations and motivations

There are numerous examples of crystal clustering in the volcanic and plutonic record, but the
understanding of how they arise under dynamic conditions is incomplete. The proposition that the
mechanical behaviour of magmas may be strongly influenced by crystal clusters (Jerram, 2003)
and that magmas may often reside in a mushy or crystal-rich state (Bachmann & Bergantz, 2004),
motivates renewed interest in understanding the origins of clustering. In particular the recognition
that many of the "crystal clots™ and glomerocrysts found in volcanic rocks may be samples of
crystal mush (Beane & Wiebe, 2012; Ellis et al., 2014; Neave et al., 2013; Seaman, 2000; Sliwinski
et al., 2015; Troch et al., 2017), while others may originate by hydrodynamic interaction under
dilute conditions, commonly referred to as synneusis (Coetzee et al., 1995; Schwindinger &
Anderson, 1989; Vance, 1969; Vogt, 1923). The textural analysis of plutonic rocks has also
motivated an interest in crystal clusters in an effort to better understand cumulate formation, stress
transmission and the corresponding magmatic fabric (Beane & Wiebe, 2012; Paterson et al., 2019).

One of the obstacles in the interpretation of complex crystal zoning in crystal clusters is
the degree to which clusters originate by repeated magma stirring, and those which form while
they reside in a static or near static crystal mush. Hence our goal is simply to explore how crystals

clusters arise by stirring and sedimentation under plausible geological conditions.

2.1.3 Theoretical overview

In this study we consider the clustering that may occur as a result of two processes operating

simultaneously: sedimentation from the steady acceleration due to gravity, and particle dispersion



7

from non-steady forces arising from fluid circulation caused by an open system intrusion of new
magma. Non-cohesive particle clusters can form in either inertial (Monchaux et al., 2012) or
viscous (Thegersen et al., 2016; Wylie & Koch, 2000) dominated conditions, and by processes
related to dissipation from inelastic particle-particle interactions (Hoomans et al., 1996; J. Li &
Kuipers, 2007), hydrodynamic sorting as a function of particle Stokes number (defined below)
(Bergantz & Ni, 1999; Burgisser & Bergantz, 2002; Crowe et al., 1988; Tang et al., 1992), and by
particle-wake attraction producing KDT (kissing-drafting-tumbling) and clustering behaviour
(Chen et al., 1991; EI Yacoubi et al., 2012; Fortes et al., 2006; Fu et al., 2017; Jayaweera et al.,
1964; Joseph et al., 1994; Nie et al., 2015; Schwindinger, 1999; Suckale et al., 2012; Wang et al.,
2014; Wu & Manasseh, 1998). Individual particles can leave and join clusters intermittently, and
clusters can form from systems with initially low particle volume fractions even under viscous
conditions (Arbaret et al., 1996; Chen et al., 1991; Crowley, 2006; Huisman et al., 2016; Kawabata
et al., 2013; Suckale et al., 2012). Particle clustering can give rise to what are termed mesoscale
transient structures as manifested in both laboratory and numerical experiments (Tanaka et al.,
2002; Tsuji et al., 2008; Tsukada et al., 1997).

A dilute multiphase system undergoing sedimentation in an otherwise quiescent fluid can
manifest clustering. Strong clustering can arise from the progressive unsteadiness associated with
the cycle of particle wake formation, asymmetry and shedding (Ern et al., 2012; Jenny et al., 2004;
Kajishima, 2004; Parthasarathy & Faeth, 2006; Suckale et al., 2012). This in turn enhances
sedimentation by a wake attraction effect that produces a reduction in drag of trailing particles,
and an increase of sedimentation flux by up to an order of magnitude (Huisman et al., 2016;
Uhlmann & Doychev, 2014). A freely sedimenting system is described by three degrees of

freedom, the particle volume fraction, the particle-fluid density ratio and the Galileo number, Ga,
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oo Vot (2.1)
1

where d is the particle diameter, 7 the kinematic viscosity and Ug a scaled settling velocity,

1/2 2.2
0|5 ”

The Galileo number as defined in (2.1) can be considered as a kind of Reynolds number
based on the gravitational settling velocity; we retain the use of Galileo number here to be
consistent with the use in Uhlmann and Doychev (2014). For an isolated particle it has been
observed that a value of Ga equal to around 120 produces steady vertical motion with an
axisymmetric wake, and a value of Ga equal to 178 produces steady oblique motion. The onset of
strong clustering in a semi-dilute multi-particle system (volume fraction of O(10%)) is associated
with values of the Ga above 120, reinforcing the notion that non-steady wake behaviour and
particle attraction can yield clustering.

Non-dilute sedimenting systems also manifest complex velocity fluctuations even under
conditions of low particle Galileo (or Reynolds) numbers, where particle wakes produce fluid
channelization and hence clustering (Crowley, 2006; Faroughi & Huber, 2015; Guazzelli & Hinch,
2011; Hoyal et al., 1999; Suckale et al., 2012). It has been difficult to experimentally resolve and
generalize the stochastic nature of local many-body interactions, whether by collisions or by wake
unsteadiness at high Ga, or from wake interference effects at low Ga. Significant progress has
been made in describing the macroscopic average behaviour of particle sedimentation within the
context of traditional notions of hindered settling particle flux (Faroughi & Huber, 2015; Suckale
etal., 2012). Predicting clustering and the role of particle-local wake perturbations, relative to fluid
reorganizations and particle crowding that occurs in non-dilute conditions at both high and low

Ga, is not yet possible.
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Sedimentation in an environment where there is fluid motion arising from far-field forces
has also been studied, typically under conditions of near-laminar viscous flow (Lavorel & Le Bars,
2009; Marsh & Maxey, 1985; Verhoeven & Schmalzl, 2009; Weinstein et al., 1988) or chaotic and
formally turbulent flow (Crowe et al., 1988; D. Martin & Nokes, 1988; J. E. Martin & Meiburg,
1994; Michaelides et al., 2017; Paiement-Paradis et al., 2003; Raju & Meiburg, 1995). One
measure of particle interaction and hence the possibility of clustering, is called the dense-dilute

threshold Do (Crowe et al., 1998):

tf __ 1 _(pp—pp)d? (23)
t, ¢ nnU,,d? " 18u

DD=

where tc is characteristic time between collisions, 7 the particle number density, x is the dynamic

viscosity, Ums the root mean square of the particle speed and tv is the particle velocity response

time. The drag factor, f, is:

0.0175 U,d (2.4)

Re, = 3=
1+ 42500Re, 116" P

f=1+0.15Re)*%" + -

where Rep is the particle Reynolds number based on Uq the terminal fall velocity with a kinematic
viscosity 7; f approaches unity for small values of Rep as might occur in magmatic conditions. If
Db is < 1, particles do not have time to respond to the far field fluid dynamic forces before
interacting with another particle, and the multiphase dynamics are dominated by particle-particle

interactions. This distinction can be important in establishing regimes of clustering behaviour.

For conditions relevant to magmatic behaviour Burgisser et al. (2005) proposed two

dimensionless groups to identify when the particle motion was dominated by the non-steady, far-
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field fluid motion, or by the steady acceleration of gravity associated with sedimentation. The first
is the Stokes number, St:

2 AU (2.5)

where AU is the characteristic speed change of the fluid over a length scale 6. Particles with a St
> 1 are decoupled from the flow; buoyancy forces will dominate their behaviour and settling can
be described as occurring in a still fluid. The importance of the steady acceleration of gravity

relative to the background flow AU is given by:

_ 9t (pp - pf) (2.6)

9 AU\ p,

where the sign of 2 indicates whether particles rise, sink or are neutrally buoyant. The magnitude

is a measure of the time scale it takes a particle to settle a characteristic distance over the time

scale the far field velocity has to transport the particle that characteristic distance. At vanishing St
and 2y, the particles circulate as passive tracers.

The dimensionless groups described above give some guidance as to the conditions that
might influence clustering. For magmas, the Galileo and Stokes numbers will typically be much
less than unity (Burgisser et al., 2005), expressing the absence of particle inertia resulting from the
control by viscosity. In the absence of fluid circulation and with low Ga, it is unlikely that KDT
processes will produce significant clustering in an otherwise dilute fluid (Uhlmann & Doychev,
2014). And at low St, clustering is likely to result primarily from advective gathering of crystals,
either in stagnation points, wall boundary layers or along horizons of particle sedimentation. The
simulations described below are designed to include all these processes and quantify the resulting

clustering.
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2.14  Objectives of the study
The objectives of this study are to exemplify measures of clustering as might arise in both dilute
and dense magmatic systems undergoing simultaneous sedimentation and circulation from open
system input. Our focus is on the mobile portion of the multiphase mixture, hence we do not
address clustering that occurs in the settled bed. We will consider bulk measures of clustering as
discussed in (Jerram & Cheadle, 2000; Jerram et al., 1996; Rudge et al., 2008), as well as VVoronoi
tessellation, and demonstrate how they recover clustering scales and fabric. We will do this with
multiphase, time dependent numerical simulations that track the trajectory of every particle (the
terms crystal and particle are used interchangeably) and hence recover the entire distribution of all
particles at every time step. This will allow for the examination of how clustering changes during

on-going sedimentation and open-system circulation.

2.2 METHODS

2.2.1 DEM-CFD simulations of an open-system intrusion into an olivine bearing magma

chamber

To develop and exemplify some relevant concepts of crystal clustering caused by hydrogranular
processes, we employ the discrete element method combined with computational fluid dynamics
(DEM-CFD), a framework we have previously employed and is well described elsewhere in the
literature (Bergantz et al., 2015; Schleicher et al., 2016) (please see Supporting Information in
(Bergantz et al., 2017; Schleicher & Bergantz, 2017) for a full elaboration of the theory and
numerical implementation). Briefly, the DEM-CFD method combines a Eulerian representation of
the conservation of mass and momentum balance for the fluid phase, and the motion of a particle

of mass m, is explicitly solved as a Lagrangian quantity,



ma(a) = 2.(¢) -

Where t is time and with translational velocity vector v and rotational velocity vector o subject to
force vector F and torque vector I'. Our application of the DEM-CFD method explicitly resolves
particle sustained frictional contact, collisions, buoyancy, hydrodynamic drag, interphase
momentum transfer and implicitly treats lubrication; additional information regarding the
governing equations, and the verification and validation procedures are can be found in (Bergantz
et al., 2017; Garg et al., 2012a; Garg et al., 2012b; T. Li & Guenther, 2012). The fluid phase is
modeled with the usual Navier-Stokes equation on a cell size that is approximately 2.5 particle
diameters. One simplification we make is that the particles are spherical. This will clearly impact
the styles of clustering (Bergantz et al., 2017; Rudge et al., 2008) and as most crystals only
approximate spherical conditions, our results are not intended for direct comparison with
geological examples. Nor do we model crystal transport from plumes that might originate at
crystal-rich boundary layers (Bergantz & Ni, 1999; Jellinek & Kerr, 2001; Marsh, 1988). Rather
our aim is to develop and demonstrate a framework for the quantification of clustering that can
serve as a proof-of-concept, which can then be extended to the complexity of natural examples in
subsequent work.

We present the results from four numerical models. All have the same size of 2.56 m by
1.28 m and initial fluid condition of a reservoir filled with basaltic melt at a temperature of 1290°
and an MgO content of 10.76%. The melt phase has the properties of basalt with a viscosity of .2
Pa s that was held constant throughout the simulations. The first model is initialized with a
continuous (pseudorandom) random distribution of olivine crystals with a uniform diameter of
.004m that comprise nine volume percent, and this system is allowed to settle. This model is

referred to the 'settling model’ and will be identified as 'SM' in the discussion below. The next three
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models are initialized with a continuous pseudorandom distribution of, one, nine and twenty
volume percent crystals. In these three models more primitive crystal-free basaltic magma is
injected into the domain from the base with a velocity of .023 m/s with a temperature of 1340° and
an MgO content of 12.94%. In these models crystals are redistributed by the complex interplay of
both settling and fluid motion resulting from the new intrusion from below. We will refer to these
three as 'open-system models’ or 'OSM' below. The reader is strongly encouraged to now view the
three models designated OSM in the movie file OSM-1.mp4 in the supplemental information.

Figure 2.1 shows the initial nine volume percent crystals system at three time steps for

dimensionless times of 7 =0, .5 and 1.1. Dimensionless time z is defined as,

t (2.8)

where t is time and t* is the time it takes a single particle to settle the vertical height of the domain
under conditions of laminar Stokes settling. For our simulation parameters each increment of zis
90.332 seconds of wall-clock time. In figure 2.1 one can see the progress of sedimentation and the
fluid mixing that takes place as a result of the open system intrusion. As crystals accumulate on
the floor a so-called 'mixing bowl' is formed where the incoming magma has fluidized crystals
arriving from positions initially in the upper portions of the magma reservoir; see discussion in
(Bergantz et al., 2015; Schleicher et al., 2016).

All three initial crystal fractions for the OSM are shown together in figure 2.2 for three
time steps, =0, .5 and 1.1 (this is 0, 45.166 and 99.365 seconds of wall-clock time); See movie
file OSM-1.mp4. Each time step has two rows, the upper row shows the melt temperature and the
bottom row the position of the particles as well as the MgO compositional variation in the melt

phase from mixing between the resident and in-coming more primitive basalt. As the simulation
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proceeds for each case, the location of each crystal is tracked creating a time series with position,
velocity, and local temperature and melt composition for the entire crystal population. In this study
we are only interested in the dynamics of clustering, and do not consider the evolution of the scalar
fields of temperature and composition further. We refer the interested reader to (Schleicher et al.,
2016) for a discussion of time-dependent scalar field mixing and associated crystal reactions in

open-system magmatic events.

2.3 MEASURES OF CLUSTERING

In order to discuss the processes that produce clustering in the mobile portion of magmatic systems
there needs to be a means of quantifying the clustering. The domain area within which the mobile
portion resides changes with time as particles exit to form a settled bed, and the upper boundary
between the region of pure melt and that with settled particles moves downward with time. For
example, the yellow horizontal line in figures 2.1 and 2.2 is the upper boundary (at those time
steps) of the mobile domain, and the lower boundary is settled bed. So, the clustering statistics
discussed below are applied within that region, which itself is becoming smaller as settling
proceeds.

Several methods of cluster quantification are implemented in this study and discussed below. The
first section introduces the R index and two correlation functions, Rippley’s L(r) and g(r)

functions. These methods have been used to describe the distribution of point arrays and have been
used for textural analysis in metamorphic and igneous petrology (Hirsch et al., 2000; Jerram et
al, 1996; Jerram et al., 2003; Rudge et al., 2008). The second section introduces the use of

Voronoi tessellations for cluster analysis. The Voronoi tessellation has the ability to provide

geometric data without predefining length scales (Uhlmann & Doychev, 2014). Below we
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9 vol% crystals 9 vol% crystals 9 vol% crystals

Figure 2.1. Three steps, t=0,0.5,1.1, from the initially 9% solid volume fraction of olivine open
system model (OSM). The top row shows the changes in the temperature of the multiphase system
between the initial temperature of 1290° and the temperature of the new intruding basalt of 1340°.
The bottom three panels show the particles (olivine crystals) as black points and the background
color is the change in MgO wt% between the initial value of 10.76 and the new intruding value of
12.94. Variations between these reflect mixing of the resident and incoming magma. A yellow line
is drawn at the shock front that separates the settling particles and the region of the domain that no
longer has particles.

apply these measures of clustering to the simulations described in section 2 and discuss the

implications for geological applications in section 4.

2.3.1  Bulk clustering measures, R, Ripley’s K(r), L(r), and g(r) functions

One method that has been used for quantifying crystal clusters is the aggregation index, R (Clark
& Evans, 1954; Jerram et al., 1996; Rudge et al., 2008)}. The R index is the ratio of the mean
nearest neighbour distance over the expected value from a spatially continuous random

distribution.
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Here, ra is the mean nearest neighbour distance, and rE the expected value. The value of rg is:

L (2.9)
v

where A is the intensity or the total number of points over the total area. Jerram et al. (Jerram et
al., 1996) demonstrate how the R value can provide criteria for a collection of objects to be
described as ordered, random or clustered. For a system of points of vanishing volume that
transition is indexed to a value R equal to unity. However as discussed in (Jerram et al., 1996)
there is no single value of R that discriminates ordered from clustered states in natural materials
with finite area. A random distribution of natural grains will always have an R value greater than
unity. We have illustrated this in figure 2.3, which shows the random sphere distribution line or
RDSL, that delimits the ordered from clustered states as a function of the solid volume per cent.
The interested reader is directed to figure 2.5 of (Jerram et al., 1996) for the derivation of the RDSL
as a function of solid volume per cent.

The R value of four simulations as a function of solid volume fraction is shown in figure 2.3, which
is a plot of R as a function of solid volume fraction. The random sphere distribution line (RDSL),
as developed in (Jerram et al., 1996), is shown dividing the clustered from ordered regions. A
number of interesting features are apparent. Firstly, note that the z = 0 values for the four
simulations increasingly departs from the expected ideal RDSL as the solid volume per cent
increases. This is a consequence of the fact that our initialization of the domain, which is based on

a thinned continuous pseudorandom algorithm, leads to an apparent ordering; that is an artefact.
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This arises as the domain is progressively initialized with finite area particles; the remaining space
induces a filtering such that a truly random choice is moderated by the available locations that can
accommodate a particle. Secondly, it is interesting to note that for any individual simulation, there
isn't a large change in the solid fraction of the mobile region as the simulation proceeds. This is
due to the fact that the loss of particles to the settled bed, which should decrease solid per cent, is
almost balanced by the reduction in the mobile volume that contains crystals. For example, in
figures 2.1 and 2.2 the mobile volume is between the horizontal yellow line and the settled bed,
and the solid volume per cent stays nearly constant is that region. The fact that the solid per cent
does not change markedly as the simulations proceed suggests that there is a local self-similarity
or qualitative stationary state in the average mass per cent.

The R value provides a global metric of the clustering in the system but does not provide
information on cluster size when clustering is present. To obtain more information about the
particle distributions we will use what are called Ripley’s K(r), L(r), and g(r) functions (Ripley,
1976, 1977), the reader is directed to (Rudge et al., 2008) for a more complete presentation. The
K(r) function is defined as:

E
k== (2.10)

where E is the number of particle centers in a given radial distance, r, from a randomly chosen
particle center. The result of this equation is an area. The more points present within the boundary
of the radial distance, the larger the area will be. If the area is larger than the area created by the
area of a circle using the radial distance there is clustering, while a smaller area indicates ordering.

A complete random spatial distribution of points within the radial distance will yield a K value of



18

(b) T=0.5
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Figure 2.2. Three time steps, z=0,0.5,1.1, from three open system models (OSM) which differ by
solid volume per cent. From left to right the solid volume fractions are, 1%, 9% and 20%. The
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three times correspond to those in text. A yellow line is drawn at the shock front between the
settling particles and the region of the domain that no longer has particles in the lower half of
figures (b) and (c). The reader is directed to the movie OSM-1.mp4 in the electronic
Supplementary material.

ar. The K(r) function is usually expressed in a more useable form as (Rudge et al., 2008):

(2.11)

where a completely spatially random distribution would yield an L(r) equal to r.

16 T = ( r 1.1
1.4- Ordered e = 0.8
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Figure 2.3. R index vs solid volume per cent, ¢.. The black line is the Random Sphere Distribution
Line (RSDL) from Jerram et al., (1996). The points shown are from t = 0, 0.5, and 1.1 of the 9%
solid volume per cent settling model (SM) and the solid volume per cent of 1%, 9% and 20% open
system models (OSM).

Figure 2.4 shows the L(r) function for different radius values for the OSM and the SM for
the initially 9%, and figure 2.5 shows the same for the OSM initially 1% and 20% systems. By
selecting a random subset of particles from the system and obtaining their L(r) values, one can
potentially obtain insight into the particle distribution of the system. However, in this study we
used the average L(r) of all the particles in the system to obtain the average behaviour. We use the

average because the system has over 10”5 particles in several different kinematic regimes. The
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total number of particles needed to accurately display the particle distribution was not
computationally feasible. We calculated the K(r) function for all particles in each system and used
the average K(r) values of the individual systems in the L(r) function. The black line in figures 2.4
and 2.5 indicates a completely random distribution; the region above the line indicates a clustered
distribution, and below the line indicates an ordered distribution. As with the solid fraction versus
the R index, there is no significant difference between the L(r) function values for the first two
time steps in the 9% OSM and SM systems. In figure 2.4 for =0, .5 both the open-system and
settling-only cases both start in the ordered regime and trend to spatial randomness with larger
radial distances. For figure 2.4c, z= 1.1, there is a bifurcation of the two curves after a radial
distance of 0.4 cm. Each radial distance is increased by 0.2 cm, the radius of the particles in the
system. In figure 2.4c at greater radial distances the OSM tends to a more ordered distribution,
while the SM tends to spatial randomness with greater radial distances.

Figure 2.5a-c are L(r) curves for the 1% and 20% systems at 7 =0, .5 and 1.1. The OSM
1% and 20% are diverging by z= 0.5 and the 1% system undergoes clustering near the particles
and moves to ordered with increasing radial distances, while the 20% system is ordered near the
particles, but converges on random with increasing radial distances. In figure 2.5c, at 7= 1.1 the
20% system starts in the ordered regime, but approaches randomness before increasing to a more
ordered state. Figure 2.5c and f omits the 1% OSM results because by that time step the majority
of particles have settled and the clustering analysis gives spurious results.

Another way to represent the clustering is with Ripley’s pair correlation function g(r),

where:

1 dK(r) (1 (2.12)
g(r)—% dr (F)
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A solution of g(r) = 1 indicates a complete spatial random particle distribution, g(r) > 1 means the
distribution is clustered, and a solution of g(r) < 1 means the distribution is ordered. This function

Ripley's L value Pair Correlation
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Figure 2.4. Ripley’s L value(a-c) and pair correlation (d-f) functions and for both the open system
model (OSM) and settling model (SM) at 9% crystal volume per cent. The results for the OSM
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and SM were similar for z=0and 0.5 so only the curve of the SM is shown. For z=1.1 the maroon
line indicates the OSM simulations and the cyan line indicates the SM simulation. The black line
represents a random distribution; points above the black line are clustered and points below are
ordered. The vertical scale varies between figures.
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Figure 2.5. Ripley’s L value (a-c) and pair correlation (d-f) functions of the open system models
(OSM) for a solid volume fraction of 1% and 20%. The one percent OSM is represented by the
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red lines and the 20% OSM is represented by the blue lines. The vertical scale varies between
figures.

assesses the likelihood that a particle center will be found at or near a specific radial distance of
the randomly selected particle center.

The g(r) function is shown on the right-hand side of figures 2.4d,e,f and 2.5d,e,f with the
same systems considered as in the L(r) value as in figure 2.4a,b,c and 2.5,a,b,c. As with the L(r)
function, the mean value of K(r) was used to calculate the results for the g(r) function giving the
average behaviour of the system. Similar to the L(r) function, the results of the g(r) function do

not significantly differ between the first two =0, .5 in figure 2.4a,b. However, there is a

difference at 7 =1.1 figure 2.4f; the OSM strongly tends to an ordered distribution, while the SM
maintains a near-random distribution.

The OSM 1% and 20% initial particle fraction systems in figure 2.5d have similar pair
correlations at the initial time step; both start ordered but tend to spatial randomness with
increasing radial distance. At 7 = 0.5 in figure 2.5e the 1% system starts in the clustered regime,
drops to ordered and then converges to random, while the 20% system starts in the ordered regime

and converges to spatially random with distance. At = =1.1, figure 2.5f the 20% system starts in

the ordered regime and tends towards spatial randomness.

2.3.2  Voronoi tessellation as a measure of clustering

Voronoi diagrams are a method to quantify clustering: local cluster size, location and cluster
orientation. In the two-dimensional case, VVoronoi tessellations are polygons where the area of the
polygon is the portion of the domain where the closest particle center is the particle within the
Voronoi polygon (Ferenc & Néda, 2007). Hence the size and orientation of the polygon is

determined by the particle distribution. Figure 2.6b,c are examples of a VVoronoi tessellation from
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Figure 2.6. Open system model for = 0.3 and VVoronoi tessellation for two regions of the settling
particles. (a) Snapshot of OSM = 0.3 with regions A and B highlighted. (b) VVoronoi tessellation
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for region A. This region was chosen above the new fluid injection site but near the shock front.
(c) Region B covers the new fluid injection site. The Voronoi polygons are colored by polygon
area normalized to the mean VVoronoi polygon area of a random distribution. An area of 1 indicates
a random Voronoi polygon size, areas larger than 1 indicate ordering, and areas smaller than 1
indicate clustering.

the OSM 9% solid volume fraction simulation. The VVoronoi polygons are coloured by normalized
area. Normalization was achieved by dividing each VVoronoi polygon area by the mean VVoronoi
polygon area of a continuous uniform random distribution of particles, using the same number of
particles and area. Particles and their VVoronoi polygons around the edges are not included in the
calculations below to avoid edge effects. Since we are not interested in clustering associated with
the static settled bed, all particles that are in fluid cells with a solid volume per cent greater than
46% were removed.

Two regions of the settling regime are highlighted in figure 2.6. Region A is is the VVoronoi
tessellation near the sedimentation shock and region B is the VVoronoi tessellation at the mixing
bowl. Voronoi polygons in inset A are mostly the same size, as seen by the uniform colour in
figure 2.6b, with a value close to that of the mean polygon area of a continuous uniform random
distribution (MCURD). The Voronoi polygons in figure 2.6¢ (inset B) are heterogeneous, and are
both larger and smaller than MCURD. The sides of the mixing bowl are composed of VVoronoi
polygons that are smaller than MCURD, while the centre has regions that are larger than MCURD.

The settling interface between the settled bed and the particles still settling are VVoronoi polygons

that are smaller than MCURD.

2.3.2.1 Voronoi polygon area

The Voronoi polygon area can also be used to determine if the distribution of the system is random,
clustered, or ordered. Figure 2.7a-d are probability density functions (PDF), which are a type of

histogram, from the settling system (SM) and the open-system (OSM) for =10, 0.5,and 1.1. 7=
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0 is used as a reference for our initial state and is compared on each plot along with an idealized
random curve from an equation in (Ferenc & Néda, 2007):

343 [7 5 7 (2.13)

5,50

f@ == [z-aze?

where a is the normalized area of a random distribution of similar particles and area. The starting
condition for the system differs from the truly random curve from (Ferenc & Néda, 2007) in that
the PDF has a greater maximum value but a smaller range of VVoronoi polygon area. In figure 2.7a,
for SM where 7= 0.5, there is a reduction in the range of VVoronoi polygon area, but little change
in the maximum value or location of the PDF. The OSM case in figure 2.7b is similar, indicating
that at this time there has been no significant expression of clustering relative to the initial
distribution.

In figure 2.7b,d, for = 1.1, the PDF approaches that of the Ferenc & Néda idealized
random curve (Ferenc & Néda, 2007) indicating a shift to a more spatially distribution of particles.

There are two peaks in the PDF, both around 1.

2.3.2.1 Voronoi region aspect ratio

The Voronoi polygon area combined with the VVoronoi tessellation of the simulation, figure 2.6,
provides insight into distribution and magnitude of clustering. Adding information about the
aspect ratio and orientation of the aspect ratio provides additional insights into the kinematic
conditions associated with the creation of the clusters. Voronoi polygon aspect ratios were used in
Uhlmann and Doychev (2014) to determine if clustering was being produced by synneusis (settling
particles). In their study they used the longest horizontal distance relative to the longest vertical
distance to calculate the aspect ratio. It was found in Uhlmann and Doychev (2014) that a

horizontal stretching of the aspect ratio indicated vertical particle clustering through settling.
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Having only the horizontal or vertical component is sufficient when working with a purely settling

system, but when considering a more complex system with settling and open-system flow, VVoronoi

polygon aspect ratio orientations that are oblique to the vertical or horizontal are required.
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Figure 2.7. Voronoi polygon area histogram for the settling model (SM) (a,b) and the open system
model (OSM) (c,d) at 9% particle volume fraction. The area of each polygon is normalized to the
mean area of VVoronoi polygons for a continuous uniform random particle distribution. The black
chain line shows the ideal random distribution as set forth by Ferenc and Néda (2007), the blue
line is the histogram from 7 = 0 of the SM and the black vertical line indicates unity. The vertical

scale varies between figures.



28

CISMt=20
T=0.5; 1.1

mm above Mean

mm below mean

T=0 180"

270°
9vol® SM 9 vol% OSM
1074 104
107 4 107 4
] ('™
o o
Te=0:58 x ol
L Y, 10"
1074 ul 104
! 1
L) A A T R T T T " - LJ T T
10 20 30 40 50 ) 15 25 35
Voronol polygon aspect ratio Varonoi pelygon aspect ratio
10" 10"
\
1074 10
- e
o o
T = ll a. [+ W .
10 9 4 107 4 )
10+ M 10" 1 »l»l
T T T T "" T T T 1 v 'I' 1 T 1 T
5 15 25 35 45 10 30 50
Voronoipolygon aspect ratio Voronoi polygon aspect ratio

Figure 2.8. VVoronoi region aspect ratio for the settling model (SM) (a,b) and the open system
model (OSM) (c,d) at 9% particle volume fraction. The blue histogram is the aspect ratio
histogram for z = 0 of the SM and the orange line is the named system. The rose diagram imbedded
in the right corner of each plot shows the orientation of the long axis of the aspect ratio. The green
bins are above the mean height of the bins and the blue bins are below the mean height. The rose
diagram for z = 0 has the orientations displayed as well as the value of the inner black circle.
Vertical scale for the probability density functions varies between figures.

To obtain the aspect ratios of the VVoronoi polygons we used eigenvectors calculated using

a variance/covariance matrix by using the position of the vertices of each region. The eigenvectors
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were used as proxies for the aspect ratio of the Voronoi polygons. All aspect ratios are calculated
by the long axes length divided by the short axes length. In figure 2.8 the long axis is shown on a
rose diagram, to illustrate orientation data. Each bin represents 10 degrees, so there are 36 bins per
rose diagram. Figures 2.8a,d are the PDF of the aspect ratios and rose diagrams of the VVoronoi
polygons. The mean of the bins was calculated, and the colours indicate if the value of the bin is
above or below the mean. In the figure, green represents above the mean and blue represents those
below the mean. Values equal to the mean are displayed with those values below the mean.

The initial condition, z =0, is shown in the top rose diagram and is the blue curve in all
PDF's in figure 2.8a-d. There is an increase in VVoronoi polygon aspect ratio to the initial condition
in both the open and settling systems and for 7= 0.5 and 1.1 indicating stretching of the VVoronoi
polygons. The rose diagram for the initial condition represents our random distribution. Even
though the bins are coloured according to their value above or below mean, the bins all have values

close to mean. For 7= 0.5 there is a preferred orientation of the VVoronoi polygons towards the

vertical for both the open and settling systems. In figure 2.8d, the open system for z = 1.1 the
vertical preferred orientation is maintained, although slightly oblique, but in figure 2.8c, the

settling system there is a horizontal and an oblique preferred orientation.

2.4 DiscussioN AND CONCLUSIONS

We have demonstrated the application of a number of measures that express particle clustering at
different scales. The R value produces a single clustering metric at the domain length scale and so
express a system wide tendency to order or randomness. The probability density functions of the
Voronoi tessellations express a distribution of cluster sizes based on a closest neighbour criterion,

as well as statistics of tessellation anisotropy which is a qualitative expression of the kinematic
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state of the flow. The L(r), and pair correlation functions express an average of particle distribution
as function of distance.

We first consider the conditions of the settling only (SM) simulation with initially nine
volume percent crystals that are randomly distributed. At == 0.5 (figure 2.7a, 2.8a) there is no
significant change in the clustered state of the system. However, at 7= 1.1 (figure 2.7c, 2.8c) there
has been an increase in clustering. This change cannot be ascribed to the processes of KDT referred
to in section 1c, as the Galileo number for the system (equation 2.1) is approximately 5, which is
a factor of 25 smaller than that which would produce wake unsteadiness. Since virtually all
conditions of settling in magmas will have very low Galileo numbers this process is unlikely to be
important in producing clustering in magmas. The observed clustering can be attributed to the
combined effects of "hindered settling™ or crowding from the increase in the solid volume per cent
in the remaining liquid producing the formation of local fluid channels from the upward-directed
fluid return flow. This in turn produces a corresponding local increase in particle volume per cent.
Thus we expect that clustering from sedimentation alone will be most prevalent in regions near
the floor or settling capture-front, where hindered settling enhances particle crowding, which
produces a complex return flow and particle transport enhancing clustering.

The combined settling and open-system simulations (OSM) show a more complex pattern
of particle transport. Figure 2.6a shows the initial nine volume percent particle simulation at a time
of 7=0.3. Figure 2.6b is the Voronoi tessellation of inset A that is the portion of the system largely
dominated by particle sedimentation, while figure 2.6c is an inset of the lower portion. This figure
illustrates two points in the quantification of clustering, firstly that in a dynamic system any bulk
metric of clustering as described in section 3a, will include many scales of heterogeneity and thus

may not predict or recover the clustering on a geological sample of size less than the system size.
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The second point is expressed by figure 2.6¢, centered on a region of strong upwelling. This clearly
shows the role of fluid-particle interactions, producing fluid-rich core region surrounded by a rind
or tube of enhanced clustering around the upwelling. Above that extensional flow produces a
region with a reduced number of particles. Collectively this is similar to the complexity of mixing,
more properly called dispersion, discussed in (Schleicher etal., 2016) where a bulk index of mixing
(dispersion) suggested good mixing, but a local characterization exposed distinct domains of
heterogeneity. This is also expressed by comparison of figures 2.8b and 2.8d. Despite the presence
of the flow associated with the new magma input transporting the crystals, there is not a significant
difference in the bulk Voronoi polygon aspect ratio. But there is a significant difference in the
orientation of the polygons, with a significant contribution to the vertical orientation indicating the
presence of an extensional kinematic template (horizontal flattening).

Examination of figures 2.7b and 2.7d at 7= 1.1 leads one to the non-intuitive result that
based on bulk measures only, pure settling can produce more clustering than a system with settling
and stirring. This reflects the dual nature of open system stirring, particles are gathered by fluid
motion into regions where the local particle per cent exceeds any that might result from simple
settling, but at the same time the extensional elements of the fluid flow disperse particles and
prevent them from settling. This is in part expected given the values of the Stokes number
(equation 2.5) and settling factor (equation 2.6) discussed in section 1c. For our simulations the
Stokes number is O(10#) and the settling factor O(101), thus if there is fluid motion associated
with open-system input the particles will become almost passive tracers, with a minor 'drift flux’
velocity associated with the steady acceleration of gravity. Thus, clustering in open systems is

difficult to generalize and dependent on the details and duration of open system stirring.
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While it is desirable to compare the general trends obtained from the numerical
experiments directly with natural examples, we don't currently have access to sufficiently
characterized geological samples. However natural examples do reflect some of the general
features seen in figures 2.7 and 2.8, and we briefly describe one example below.

Plagioclase cluster formation in the Holyoke basalt has been explained as a multistage
process involving settling and compaction with a role for upward flow of interstitial melt to act as
a source of possible vertical mixing (Jerram et al., 2003; Philpotts et al., 1998; Rudge et al., 2008).
We would expect that the cluster distribution in the marginal chill would act as an initial reference,
in the same way that the Ferenc and Néda (2007) distribution did in this study. The middle unit,
which underwent some compaction, might yield VVoronoi tessellations with a preferred orientation,
with the VVoronoi polygons having a similar orientation to the plagioclase chains. If upward flow
associated with the compaction from the mush was vigorous enough cluster formation might

produce a distribution like that of the OSM in figure 2.7c¢,d.
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Chapter 3. ON THE DYNAMICS OF MAGMATIC GRAVITY

CURRENTS

3.1 INTRODUCTION

The development of the "magma mush™ paradigm for magmatic systems requires new elements of
description for the mechanics of magmas that are appropriate for crystal-rich conditions
(Bachmann & Bergantz, 2004; Ferguson et al., 2019; Holness et al., 2019; Klemetti, 2016;
Lissenberg et al., 2019; Paterson et al., 2019). In addition, observations of crystal zoning and
mineral fabric from both plutonic and volcanic systems, and the relatively rapid timescales of
magma mixing, thermochemical rejuvenation and melt extraction, requires a significant amount
of mobility under crystal-rich conditions (Ardill et al., 2020; Bennett et al., 2019; Passmore et al.,
2012; Roelofse & Ashwal, 2012; Wolff et al., 2020). Magmas manifestly have a dual nature: they
can be crystal-rich under conditions near random close packing, but also exhibit remarkable
mobility and complex mixing (Schleicher & Bergantz, 2017; Wiebe et al., 2017). Hence the
traditional proposition that magmas are a simple multiphase suspension with a single value of
crystal jamming or “lock up,” is not consistent with the diversity of observations and time scales
recovered from natural examples. A description of magma dynamics requires that both viscous
and granular stresses be resolved, hence the system is inherently hydrogranular, yet there has been
very little research on the detailed physics of hydrogranular systems under magmatic conditions
to guide the interpretation of natural examples (Bergantz et al., 2017; Carrara et al., 2020; Culha
etal., 2020; Petford, 2009; Petford & Koenders, 1998; Petford et al., 2020; Qin & Suckale, 2020).

Previous efforts to address the multiphase nature of magma physics were initially with
multifluid mixture theory, where the system is assumed to be represented by interpenetrating

continua (Eulerian-Eulerian), each of which was described by some averaging scheme with
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interface exchange terms (Bergantz & Ni, 1999; Dufek & Bergantz, 2007; Ruprecht et al., 2008).

However this approach is not able to capture the complex nature of jamming and the onset of
friction, nor can it resolve specific crystal (Lagrangian) paths as an aid to the interpretation of
crystal chemical zoning, and the constitutive framework is based on ad hoc assumptions about
granular stresses that are not well recovered in Paterson rig type lab experiments (Picard et al.,
2013). The obstacle arises in the continuum rheological closures, where the dissipation is
assumed to be dominated by viscous or plastic flow laws. In continuum mechanics the local strain
is assumed to be a continuous function of the coordinates and is defined by the displacement
gradient at a given point. But in crystal-rich materials the particles are not the volume elements of
a continuum. The strain is non-affine and non-local and the rheology of granular materials is not
governed by a single length scale. Hence the multifluid, or multi-continuum approach is limited in
the scope of physical processes it can resolve.

Tank and flume experiments have been used to illustrate magmatic and eruptive processes
such as might occur in dry pyroclastic gravity currents (Delannay et al., 2017; Dufresne, 2012;
Estep & Dufek, 2012; Farin et al., 2014) or immersed conditions (Castruccio et al., 2010; Forien,
Tremblay, Barnes, Burgisser, & Pagé, 2015). The skeletal, nonhydrostatic distribution of force on
a scale larger than the particle size was firmly established by experiments with optically sensitive
discs (Behringer et al., 1999; Dantu, 1957) and 3-D X-ray diffraction (Hurley et al., 2016). These
observations were rationalized with the notion of particle “force chains” (Antony, 2007). While
there is no singular definition of a force chain, it is generally understood as being a colinear
arrangement of at least three particles carrying more than the mean force, and typically has a length
of up to 10 particles (Cates et al., 1998; P. Guo, 2012; Muthuswamy & Tordesillas, 2006; Peters

et al., 2005; Wambaugh, 2010). The fundamental topology of a force chain is that it typically
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branches, forming arches, and transmitting force oriented around some mean at the macroscale.
During deformation the force chains migrate as percolating networks on a time scale
approximately the inverse of the shear rate, where abandoning existing force chains and the
recruitment of particles that were previously spectators into new chains discontinuously transmits
force.

While these experiments were essential for identifying the distinct large-scale kinematic
states and the skeletal nature of force distribution, they were incapable of providing any
quantitative information on the microstructure: the emergent granular and fluid stresses internal to
the flow. The application of the discrete element numerical method (DEM) where each crystal (or
particle, we will use those terms interchangeably) is explicitly resolved provides an opportunity to
quantify the fluctuating grain-scale stresses and local particle transport (Ai et al., 2014; Deen et
al., 2007; Estep & Dufek, 2013). The numerical experiments act as a probe of the micromechanics
and allow for the quantification of particulate mixtures in unprecedented detail, much of which is
summarized in a number of texts and review papers (Andreotti et al., 2013; Campbell, 2006;
Forterre & Pouliquen, 2008; Franklin & Shattuck, 2015).

Our goal in this contribution is to employ the discrete element method for calculating
particle stresses and trajectories coupled with a transport solver for the fluid phase, a Eulerian-
Lagrangian approach. We will use this numerical framework to evaluate and exemplify three
distinct regimes for the behavior of crystal-rich magmatic gravity currents, all sharing a common
initial condition. The goal is not to portray any particular realistic magma system, but instead a
generic magma system of wide application. Our aim is to provide a quantitative basis for the
interpretation of diverse natural examples, and we will do this by consideration of both the large-

scale features of the flow as well as the microstructures.
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3.2 THE ‘DAM BREAK’ SCENARIO AS A PROXY SYSTEM FOR MAGMATIC DENSITY

CURRENTS

The dynamic template we employ for investigating magmatic gravity currents is the canonical
‘dam break' or 'lock exchange," set-up. In this scenario a column of particles is placed at rest in a
half space, on one end of a planar (but possibly rough) surface that is either flat or tilted. The
volume of particles is suddenly released with no other source of induced motion. The system
responds with the gravitational collapse of the particles, which eventually comes to rest as a result
of frictional interactions with other particles and the base, and if a fluid is present by dissipation
from drag. While simple in concept, this set-up has proven to be a very useful framework for
revealing the feedback from particle-particle-fluid interactions and the associated mesoscale
emergent length and time scales (Ancey et al., 2013a, 2013b; Girolami et al., 2012; Mutabaruka et
al., 2014; Pailha et al., 2008; Topin et al., 2012).

It is well established that one of the fundamental characteristics of hydrgranular flow is
Reynold's dilatancy (Reynolds, 1885). When a granular media is sheared it will initially dilate as
particles are forced to move over and around each other to accommodate the applied stress. If a
fluid is present a feedback is induced as the expansion of the particle packing tends to develop
negative excess pressure in the pore space, influencing the deformation. This leads to a competition
during collapse between initial particle packing and hence permeability, and fluid viscosity which
can substantially impact the progress of particle motion. The viscosity of silicate melts can vary
orders of magnitude and can be quite high, yet the role of melt viscosity and the initial conditions
of a particle mush in controlling the behavior of magmatic density current is not generally

understood. The purpose of the simulation below are simplified relative to natural conditions to
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illustrate how these feedbacks can create distinctly different dynamic regimes and deposits in the

geological record.

3.21  Theory

In order to capture the dynamics and interactions of the granular flow on the micro level, the system
is modeled with the Lagrangian-Eulerian (LE) method. In the LE method the fluid is treated as a
continuum while the particles are treated as discrete elements known as the Discrete Element
Method (DEM) (Garg et al., 2012b; T. W. Li et al., 2012). The volume elements on which the
fluid is resolved is typically a few particles. MfiX-DEM has been validated and verified (Garg et
al., 2012b; T. W. Li et al., 2012), which is discussed below.

MFIX-DEM approaches LE modeling in two steps; the first is the continuity and
momentum conservation equations for the liquid-phase which considers drag on the fluid from the
particles. The continuity and momentum equations are:

a(ep) (3.1)
# + V- (epv) = 0.

and

D i u (3.2)
D—t(flplvl) =V-S+epg— Z I

m=1
In both equations & is the gas volume fraction, pi is the density of the liquid-phase, and vi is the
volume averaged liquid-phase velocity. For the conservation of momentum equation lim is the
term for momentum transfer between the liquid-phase and the mt solid-phase, and §lis the liquid-

phase stress tensor (Garg et al., 2012b).
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The second method is the treatment of the solid-phase. MFiX-DEM solves the Newtonian
equations for position and both linear and angular velocities. The evolution of the particles

position, linear velocity and angular velocity are represented by the following equations (Garg et

al., 2012b):
# — D), (3.3)
(i)%lz(t) _ FT(i) = m® g + FiEkm(g) + Fc(i)(t) N F/’L(i) @, (3.4)
and
000 _ (35)

dt

Particles are represented in the Lagrangian frame by X®, V® and o®. Where (i) represents the i"

particle and X is the position, V is the velocity, and o is the angular velocity. The total force on
the it particle is represented by FT(i),FUile"'m is the drag force of the it particle in the k" cell and
belonging to the mt" solid-phase,Fc(i)is the contact force that is a result of contact with other

particles, and F)L(i)is the lubrication force between two particles. 1) is the moment of inertia on the
i" particle, and T® is the total sum of all torques acting on the it" particle.

Particle-particle and particle-wall collisions are modeled using the soft sphere approach,
which is based on the spring-dashpot model (Garg et al., 2012b). The overlap between colliding
inelastic particles is represented by a spring and dashpot where the rebound is caused by the spring,
and the dissipation of kinetic energy is caused by the dashpot. The spring stiffness determines the
particle overlap during collision, however, a large value for spring stiffness decreases the contact

time, increasing the computation time (Garg et al., 2012b). Damping effects of the dashpot are
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related to the coefficient of restitution (Garg et al., 2012b), which is the ratio of the velocity after
collision to the velocity before collision. A coefficient of restitution valued at 1 would have no
change in the velocity due to collision - thus no dampening - and the particles would behave as
purely elastic. When considering particles submerged in a fluid, lubrication forces dampen particle
collisions (Bergantz et al., 2017). Lubrication forces are not specifically modelled but can be
mimicked by setting a low coefficient of restitution (Bergantz et al., 2017; Carrara et al., 2019).

Both of our simulations use a value of 0.9 for the coefficient of restitution.

3.2.2  Simulation parameters

The initial condition is a polydisperse particle column with a porosity of approximately 0.482 that

is saturated in a viscous fluid (fig. 3.1). The column is composed of three different particle sizes

Figure 3.1. Initial condition of the dam break scenario before the domain is tilted. The red
particles simulate plagioclase, the blue particle simulate olivine/pyroxene, and the yellow particles
simulate magnetite. See table 3.1 for particle properties.



40

and densities as given in table 3.1. The fluid has a density of 2.65 g/cm? and a viscosity of 1 Pascal
second. The particle column is two dimensional with a height of 0.64 m and a width of 0.32 m.
A column thickness of 0.006 m was used for the simulations which matches the diameter of the
largest particle; the thickness of the column allows for spherical particles while maintaining a 2d

Table 3.1. Particle properties

Number of Particles | Particle Diameter (m) | Particle Density(kg/m?3)
Plagioclase 4876 0.006 2750
Olivine/Pyroxene 2438 0.004 3300
Magnetite 813 0.002 518
Total 8127
Average 0.005 3158

configuration. The overall simulation domain is 5.12 m by 2.56 m that has a grid cell size of 1 x
10*m?. To initiate column collapse under gravitational forcing the bed is tilted 16 degrees.

We employ the use of two friction coefficients (0.1 and 0.58) in our models to explore the
effect friction has on the kinematics of the collapse and runout. These friction coefficient values
were chosen to produce the end member results of a flow that will continue to advance down the

slope and one that eventually stall.

3.2.3  Scaling

The application of the simulation requires the identification of global scales. The particle velocity

is scaled to the Stokes’ settling velocity, time is scaled to the time it takes a single particle to settle
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the height of the particle column, and kinetic energy is scaled to the potential energy of a particle
positioned at the top of the column.

Particle velocity is obtained from the simulation data, but the scaling needs to be natural
scales that can be known before the simulation results. The following three equations obtained

from Chen and Zhang, (2008) are used to find the Stokes’ settling velocity:

3.6
yo |29PCc = pm) (39)
3.OmCD
where
24 0.42 (3.7)
—_ _ 0.687
Cp = 7 (1 + 0A5Re™™) + T R =16
and
DUp,, (3.8)

Re

Here Re is the Reynolds number, D is the diameter of the particles, U is the Stokes’ settling
velocity, pm is the fluid density, # is the fluid dynamic viscosity, g is gravitational acceleration, pc
is the particle density, and Cp is the drag coefficient. Because the particles are polydisperse the
average diameter and density of all the particles in the column were used in the calculations.

When calculating kinetic energy, the average mass and velocity of the particles at center
mass is used.

Ko mV? (3.9)
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In this equation m and V are the average mass and velocity of the particles at center mass. Because
the height of the column is the only natural scale in the system, potential energy is calculated
considering a particle that has a mass of the average mass of all the particles in the column at the
height of the particle column.

Pe = MgH (3.10)

M is the average mass of all the particles in the column and H is the height of the column.
To scale time, the time it would take a single particle to settle the height of the particle
column is used.

(3.11)

Using this scaling allows for a comparison of the collapse and runout of the particle column to the
Stokes’ settling time of a single particle. Contact forces are scaled by the average force at each

timestep, <F>.

3.3 MICRO AND MESOSCALE DESCRIPTIONS OF GRAVITY CURRENTS

In the following sections we employ micro and mesoscale descriptions of the evolving forces and

contact fabric to illuminate the controls that produce distinct gravity current behavior.

3.31 Force chains and microstructures

As discussed in the introduction, a granular media distributes force through a heterogeneous
network of force chains (Kruyt, 2016; Peters et al., 2005). Unlike a fluid, granular materials
transmit forces through contacts (Kruyt, 2016; Peters et al., 2005). An example of force chains in

spherical particles can be seen in Figure 3.4a. The force is distributed in filament like chains
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(Majmudar & Behringer, 2005), where it has been observed that force is not homogeneous or
hydrostatic throughout the granular media (Majmudar & Behringer, 2005). Only the forces that
are greater than average and extend through at least 3 particles are considered to be force chains
(Peters et al., 2005). The chains build arching structures where orientations will vary around the
orientation of the maximum compressional stress. Hence, two elements of description of force
transmission are requires: the orientation of the contact and the orientation of the force acting on
that contact (Kruyt, 2016). Both the contact fabric and the force chain fabric can be quantified
through use of fabric tensors and Eigenvalues (Kruyt, 2016)

The force and contact fabrics cannot typically be obtained from analog experiments, but
numerical experiments provide all contact information for every particle. Under steady conditions
the force chains tend to align with the principle (compressive) stress direction (Kruyt, 2016), but
will align at a 45° angle from the shear direction (Utter & Behringer, 2004). The anisotropic
orientations of the force and contact fabric are obtained from the model and plotted on a rose

diagram. The orientations from the rose diagram are used to find a second rank fabric tensor, Fij;.

N N - (3.12)
Z cos 8%cos0* z cos B%sin@*
1= k=1
Fij=v|w N :
Z sin % cos@* Z sin 8%sin@*
Lk=1 k=1 |

The anisotropy index is found by the equation:

F,—F .
o =2f1=F2 (3.13)
F, + F,

and Oc is the eigenvector orientation of the larger eigenvalues found from the force and contact

rose diagram distributions.
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A curve is fit to the rose diagram using a second order expansion that is representative of the
contact and force distributions.

E() = % [1+ accos2(6 — 6,)] (3.15)

3.3.2  Column collapse and runout

The following sections will describe the column collapse of both simulations. The column

collapses by two distinct methods that develop into three distinct kinematic flow regimes.

3.3.2.1 Initial condition and particle dilation

The simulation is initiated by tipping the domain to 16 degrees. The granular column is no longer
statically stable and responds by progressive collapse. As the particles at the edge of the column
begin to separate from the core and fall, a negative pore pressure develops as they separate from
neighboring particles. This creates a type of pseudo-yield strength as fluid resists being pulled
into the pore space, a type of lubrication process (Mutabaruka et al., 2014). This creates a transient
where wholesale collapse is inhibited, and instead progresses as distal particles escape the virtual
cohesion from lubrication.

The force chains at the start of the simulation (fig. 3.4a) reflect the initial gravitational
loading of the column during the initial condition and have an isotropic orientation with a natural
bias to greater values deeper in the particle column. As the particles begin to separate at the start
of collapse the bulk coordination number, the average number of particle-particle contacts for each

particle within the granular system, drops with a corresponding rearrangement of the force chains.
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3.3.2.2 Collapse regimes and runout kinematics

When the particles overcome the negative pore pressure they begin to collapse and develop into
two collapse regimes (fig. 3.2b). On the top right corner of the column the particles undergo the
most dilation and form a progressive toppling collapse. Simultaneously the core of the column
starts to bulge and granular fault, or discrete shear zone forms from the bottom right corner to the
upper left corner of the column. This fault separates the mobile core from the quasi-static base of

the column.

Toppling collapse -
/

‘

Fossil Kelvin-Helmholtz Billow

Figure 3.2. Four timesteps from the 0.1 friction coefficient dam break scenario. The domain is
rotated 16 degrees. The black fluid has the same properties as the resident white fluid and is used
as a tracer. The white box follows the center of mass. (A) is the initial condition of the system after
16 degree rotation. (B)The two collapse regimes, toppling collapse in the upper right corner of the
column and sliding collapse (white line). (C) The fossil Kelvin-Helmholtz billow is the only
remaining portion of the gravity current still in motion. Surface undulations of the heap flow are
highlighted in white. (D) The particles have settled out of the Kelvin-Helmholtz billow and the
heap flow continues to advance.
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Hence the collapse produces three distinct dynamic regimes governed by hydrogranular behavior:
1) a toppling collapse where particles tend to separate and motion is dominated by a balance of
viscous forces from the fluid and gravitational forces on the particles, which forms a dilute gravity
current, 2) a mobile region of particles sliding on the granular shear zone that maintain contact and
the transport is governed by both granular and viscous stresses, this forms a dense gravity current
at high particle volume fraction, and 3) a quasistatic regime that rests at nearly the angle of repose,
and does not participate further in the dynamics, other than acting as a base of support for the

granular shear zone.

3.3.3  Gravity current

The gravity current develops as a result of the toppling collapse producing a dilute energetic flow
that proceeds the main collapse. Velocity increases during the fall until the particles hit the sloping
floor where they begin their down slope motion. The velocity contrast between the gravity current
and the resident fluid creates a shear zone yielding a Kelvin-Helmholtz instability with a
characteristic leading billow. The energy of the gravity current is rapidly exhausted and the energy
in the Kelvin-Helmholtz billow is lost to viscous dissipation (fig. 3.2¢). Column fluid and particles
continue downslope with little circulation. Resident fluid becomes trapped under the gravity
current when the flow reaches the floor. As the velocity decreases particles begin to settle and the
current loses momentum eventually coming to a stop. Particles from the Kelvin-Helmholtz fossil
arrive at the floor, eventually settling near the other particles in the gravity current (fig. 3.2d). The
morphology of the gravity currents is not sensitive to the particle friction coefficient; both
simulations are similar in shape, flow style, and both develop a Kelvin-Helmholtz billow from the

velocity shear of the gravity current with the resident fluid. However, the duration of the collapse
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between the two is different. The collapse time of the 0.58 friction coefficient simulation is longer
than that of the 0.1 friction coefficient simulation, while the runout time is shorter for the 0.58
friction coefficient simulation. This leads to the total collapse and runout time being similar
between the two simulations. It is interesting that the gravity currents in both simulations come to
a stop at the same time because the 0.58 friction simulation collapse starts a few seconds later than
the 0.1 friction simulation. This is because the particles in the gravity current from both runs are
mostly fluidized and energy dissipation is dominated by viscous drag which is not influenced by
granular stresses. Because the particles are fluidized there is little to no force chain development
in the gravity current. Some of the particles form chains as they settle out of the gravity current,

but these chains are generally below the average force found in the granular media.

3.3.4  Plastic flow in the heap

The kinematic regime that develops from the sliding collapse is dominated by particle-particle
frictional interactions and deforms as a plastic flow. During the collapse, a heap of particles forms
a triangular wedge that advances and thins (fig. 3.2c). The slope of the triangle steepens with an
increasing friction coefficient of the particles. A higher velocity is found in the particles on the
surface of the heap flow and surface undulations form as a result (fig. 3.2c). Particles that settled
out of the gravity current are overridden by the advancing heap flow. The morphology of the heap
flows is different between the two friction coefficient simulations. In the 0.1 friction simulation
the granular heap thins at the back of the flow, forms a hump in the middle, and has a rounded
advancing front. The 0.58 friction simulation maintains a somewhat triangular shape with a slight
concavity in the middle, and a more gradual termination at the advancing front (fig. 3.2d).

The particles in the heap flow maintain enduring contacts throughout the flow, this results

in the development of force chains. Figure 3.4 shows force chains at the center of mass for four
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time steps. The four time steps are the initial condition, the collapse, the runout, and at the
termination of the simulation. The force chains transition from a near isotropic, gravity parallel
orientation to an anisotropic orientation that is near 45° from the direction of maximum shear

stress.

3.3.5  Quasi-static regime

The quasi-static regime is in the lower left corner of the domain. In the quasi-static regime, the
majority of the particles do not participate in the flow or collapse but maintain enduring contacts
and a force chain support structure for the granular media. The particles undergo some adjustment
and shifting during collapse and runout. In the 0.1 friction coefficient simulation the upper portion
of the quasi-static regime does become involved in the flow. Since the quasi-static regime is not
participating in the flow, the particles contacts and force chains maintain a mostly isotropic

orientation.

3.4  MICROSTRUCTURE ANALYSIS

Each of the three regimes have distinct microstructures, described by the orientation of contacts
and forces which yield the force chain fabric. In addition, we will look at the velocity and kinetic

energy of the different kinematic regimes.

3.4.1  Velocity and Kinetic energy

The velocity and kinetic energy for 0.58 friction coefficient simulations are shown in figures 3.3
for the gravity current and the heap flow regimes. Ten particles were chosen to represent the
kinematics of the gravity current and a 10 cm x10 cm box around the center of mass was used to

represent the particles in the heap. The axes are scaled by equations 3.6, 3.9-3.11. Velocity is
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Figure 3.3.Velocity and kinetic energy for the particle friction coefficient of 0.58 simulation.
Scaled time that are depicted in figure 3.2, t=0.16 and t=0.42 are highlighted, while =0 and
1=0.83 are the start and termination points on the axes. The line labeled RO indicates the time
where the floor parallel velocity becomes dominant.
plotted in component form which shows the transition from collapse to runout. In both the 0.1 and
0.58 friction coefficient gravity current the floor normal velocity peaks at around 10 times the

Stokes’ settling velocity and the floor parallel velocity peaks at just under 20 times the Stokes’
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settling velocity. In comparison, the center of mass has a floor normal velocity that peaks at around
7.5 times the Stokes’ settling velocity and a floor parallel velocity that peaks at around 10 times
the Stokes’ settling velocity.

The timescale of the kinetic energy dissipation differs between the gravity current and heap
flow regimes. In the gravity current case for a friction coefficient of 0.1, the Kinetic energy reaches
a maximum at the same time as the floor parallel velocity, where the floor normal velocity reaches
a minimum. The Kinetic energy and floor normal velocity approach zero at a scaled time of 0.4.
Similar behavior is observed for a friction coefficient of 0.58, however, the timescales are shifted
to greater values. This suggests that the mechanisms of dissipation are the same, and confirms the
dissipation is largely due to viscous drag.

Kinetic energy in the heap flow regime is shown in Figure 3.3 at the center of mass. The
important difference in dissipation between the gravity current and the heap flow regime is
expressed in the high frequency overprinting in the heap flow for both friction coefficients. This
is due to the intermittent gain and loss of granular contacts and the formation of fluctuating force
chains. That the dissipation is more “noisy” for the 0.58 coefficient heap flow, is expected due to

the greater energy loss by granular stresses.

3.4.2  Force and contact anisotropy

Hydrogranular systems are inherently isotropic as force chains locally branch and redirect around
some average value. Non-coaxiality between contact and force normal arises through interactions
involving grain scales properties. To quantify this anisotropy a description of the microstructure
is required. The orientation of particles contacts, the distribution of forces among those contacts
combined with the coordination number comprise the fabric, expressed as tensor state variables,

equations 3.12-3.15.
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Figure 3.4. Force and contact anisotropy for particle friction coefficient 0.58. (a) The initial
condition (t=0), (b) during the collapse (t=0.16), the transition from collapse to run-out (t=0.42),
approaching the angle of repose (t=0.83).

The contact and normal forces for four timesteps at a friction coefficient of 0.58 are shown
in figure 3.4. The initial condition (t=0) reflects the gravitational loading with a small degree of
anisotropy. At t=0.16 the progress of collapse has reoriented the contact fabric through the loss
contacts due to down slope transport of the bed. The anisotropy in the force fabric reflects the
dominant role of the remaining normal forces acting perpendicular to the bed. At the downslope
motion of the heap no longer leads to a loss of contacts and the orientations of the granular stresses
are consistent with those predicted from a simple frictional continuum. At t=0.83 the Kinetic

energy is nearly fully dissipated; the velocities are nearly zero and the anisotropy reflects the

loading in a granular system approaching the angle of repose.
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Figure 3.5. Contact anisotropy and coordination number for particle friction 0.58. The position
of t=0.16 and 1=0.42 on the x axis are indicated, while the positions for t=0 and t=0.83 are the
start and termination points of the x axis.

The time dependance of the coordination number with the contact anisotropy are shown in
figure 3.5. During the initial collapse there is a rapid decrease in the number of particle contacts
and, hence, coordination number with a corresponding increase in the contact anisotropy reflecting
the orientation of the remaining contacts. In triaxial tests, it has been shown that contacts are gained
in the direction of greatest principle stress and lost in the direction of greatest extension
(Rothenburg & Bathurst, 1989). Once the collapse is finished and the heap flow starts to translate
down slope, the coordination number increases as the anisotropy decreases. During subsequent
motion the coordination number fluctuates around a mean value, indicating the granular
microstructure has reached a self-similar state.

The coaxiality of the force fabric and the contact orientations is presented in figure 3.6.
After the initial transient associated with the collapse, the anisotropy difference fluctuates around

a mean value of approximately 0.3. This illustrates how the contact and force microstructure are

tightly coupled during the translation of the heap as the microstructure has reached a “noisy” steady



0.6 24

Figure 3.6. Contact and force fabric coaxiality for particle friction coefficient 0.58. The
position of t=0.16 and t=0.42 on the x axis are indicated, while the positions for t=0 and t=0.83
are the start and termination points of the x axis.

state, and the difficulty of describing hydrogranular systems as a simple continuum. Given the
stochastic nature of particle motion, perfect coaxiality might be approached but can never be
achieved under natural conditions.

The results for the particle friction coefficient of 0.1 were qualitatively similar to those for

the particle friction of 0.58, and so, will not be discussed further.

3.5 SuMMARY

A suite of numerical experiments was performed to investigate the kinematics and dynamics of a
simple granular gravity current of relevance to magmatic processes as an aid in interpretation of
natural examples. The multiphase system was modeled with a discrete element-computational
fluid dynamics (DEM-CFD) approach which can resolve grain scale or granular stresses and strain.
Two groups of simulations were conducted, one with a particle coefficient of friction of 0.1 and

the other of 0.58. The initial condition was the collapse of a polydisperse particle column in a
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viscous melt. Three distinct regimes were observed for both values of the friction coefficient: a
gravity current, a translating particle heap, and a quasi-static regime.

Microstructural analysis of the force and contact anisotropy, and the coordination number,
was used to quantify the role of granular stresses in particle-rich gravity current propagation. This
highlights the role of granular friction and the fundamental difference between a particle-rich and
pure fluid gravity current. Granular interactions are necessary to produce the three regimes,
especially the granular shear zone which separates the heap flow from the quasi-static regime.
These interactions are also important as an additional source of dissipation and leads to the final
arrest of the flow and reduced runout. The anisotropy of the contact fabric can be attributed to the
loss of particle contacts in the direction of initial extension. However, once the heap flow is
translating down slope in a quasi-steady state, both the contact and force anisotropies differ by a
nearly fixed amount. This reflects the nonaffine nature of particle transport and the challenge in
applying traditional concepts from rheology and continuum mechanics to hydrogranular systems.

In addition, the role of negative pore pressure was revealed by the delay in the progressive
nature of the toppling collapse. This negative pore pressure produces a pseudo-yield strength
behavior that is a function of local particle volume fraction. This is an additional non-continuum
process that cannot be recovered without consideration of grain-scale strain and transport
trajectories.

While the initial condition is not intended to reflect natural conditions, these results
illustrate the degree of particle dispersion by flow and the absence of mixing between interstitial
melt and the resident melt. Thus, crystal-rich gravity currents are not a vehicle for mixing or the
common observation of strongly zoned crystal populations. They may, however, be responsible

for the common observation of layering in mafic intrusions. However, our simulations, which
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model the crystals as spheres, are unable to address the role of shape preferred orientation and the

emergence of shape fabric as a diagnostic indicator of flow.
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Chapter 4. ON THE EXPULSION OF MELT FROM THE

INTERSTITIAL SPACES OF A MAGMA MUSH
BY PORE SPACE REDUCTION

4.1 INTRODUCTION

Arc systems create new crust largely by a process of repeated melt extraction from mantle-derived
cumulates (Jagoutz & Klein, 2018; Miintener & Ulmer, 2018; Taira et al., 1998; Taylor, 1967).
The typical arc section transitions from ultramafic/mafic rocks of the lower crust, through tonalites
in the middle crust, and dacites/granites with erupted andesite/rhyolite in the upper crust/surface
(Behn & Kelemen, 2006; Calvert, 2011; Calvert et al., 2008; Ducea et al., 2015; Rudnick, 1995;
Rudnick & Gao, 2014). However, there is still debate on the mechanisms of melt migration and
simultaneous pore space reduction (Holness, 2018; Holness et al., 2017; Vukmanovic et al., 2018).
For example, processes such as viscous compaction (Cashman et al., 2017; Mckenzie, 1984, 2011;
Shirley, 1986; VanTongeren et al., 2015), have been shown to be less of a contribution to total
pore space reduction in both mafic and felsic crustal systems (Holness, 2018; Holness et al., 2017,
VVukmanovic et al., 2018). Our aim is to describe the outcrop and microstructural evidence that
may preserve a record of the processes that initiate and sustain melt extraction, with a focus on the
mafic lower crust of an arc where the compositional contrast between melts and the cumulates is
most pronounced.

Exposed arc sections with clear evidence of transcrustal melt transport are uncommon. Exposures
of the Famatinian arc in the Sierra Valle Fértil section provide a continuous record of the growth
of the arc crust. The crustal section of Sierra Valle Fértil was created by block rotation to the east
due to pre-Triassic uplift synchronous with terrain accretion during the Ordovician (Camilletti et

al., 2020; Otamendi et al., 2020; Otamendi, VVujovich, et al., 2009). This rotation provides a cross
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section through nearly the entire crustal column, from silicic upper crustal units to mafic/ultramafic
lower crustal units. Thermobarometry conducted on metasediments indicate that the crustal
column is structurally intact and the exposed units of Sierra Valle Fértil range in pressure from <5
+/- 0.9 kbar to approximately 8.2 +/- 1.7 kbar or more (Tibaldi et al., 2013; Walker et al., 2015).
The mafic complex is comprised of intermingled bodies of centimeter to meter thick layers of
ultramarfic pyroxene amphibole peridotite and troctolite; both millimeter to meter thick layers, and
cumulate bodies of amphibole gabbronorite; and intermediate layers of millimeter to meter thick
tonalite and granodiorite (Otamendi et al., 2010; Otamendi, Vujovich, et al., 2009). These
compositional contrasts provide a unique opportunity for in-situ study of cumulate formation and
melt extraction mechanisms. Preserved within the amphibole gabbronorite are different scales of
millimeter to centimeter micro-tonalitic finger and stringers, and centimeter to meter irregular
masses that provide outcrop scale physical evidence of melt migration processes and pathways.

We utilize field observations and petrographic analysis of microstructural characteristics obtained
from Electron Backscatter Diffraction (EBSD) to quantify the mechanisms of pore space reduction
associated with tonalitic melt extraction from the amphibole gabbronorite cumulates. We collected
twelve samples, eleven of which were oriented, ranging in composition from amphibole
gabbronorites to tonalites. Sample collection was focused primarily within the central and upper
parts of the mafic complex, proximal to the transition from mafic cumulate dominated to tonalite
dominated plutons estimated to be at a pressure of between 6.7 +/- 0.5 and 7.3 +/- 1 kbar (Tibaldi
et al., 2013; Walker et al., 2015) pressures and a maximum temperature of between 830 and 860

°C (Tibaldi et al., 2013).
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4.2 MELTEXTRACTION FEATURES IN CRYSTALLIZING SYSTEMS

The diversity of melt collection and extraction features in migmatites has been documented
(Brown, 2007, 2013; Brown & Solar, 1998; Hall & Kisters, 2016; Kriegsman, 2001; Martini et al.,
2019; Sawyer, 1996, 1998, 2014; Weinberg & Mark, 2008; Zéavada et al., 2018). Despite
fundamental differences in the initial conditions and rheology that lead to melt transfer in melting
versus crystallizing systems (Burg & Vigneresse, 2002; Vigneresse & Tikoff, 1999), some features
are shared. The expression of melt extraction features found in both migmatites and crystallizing
systems are most apparent when there is a compositional contrast between the melt and residuum.
These features include patches, veins, channels, stringers, sheets, dikes, and lenses of coarser
grained regions that are crystallized remnants of melt that was extracted from a residuum. (Brown,
2007, 2013; Brown & Solar, 1998; Kriegsman, 2001; Sawyer, 1996, 1998) (figs. 4.2, 4.3b).

Evidence of melt extraction can vary with both the composition of the melt and cumulate, and the
depth in the crust where extraction is active. Webber et al. (2015) analyzed melt extraction features
of the Punta de Tracla tonalite of the Santo Domingo Complex in central Chile. They found that
the melt extraction resulted from mafic and intermediate melt intrusion through dike networks.
Intruding into the Punta de Tracla tonalite are mafic dikes preserved as enclave swarms. These
mafic dikes show the replenishment, thermal rejuvenation, and remobilization of the crystal-rich
magma chamber. The intrusion of the dikes, along with syn-magmatic deformation, caused dilation
in the intermediate host resulting in the formation of faults, tension gashes, fold hinges, and strain
shadows where the leucocratic matrix accumulated. Foliations that are defined by the preferred
orientation of plagioclase, hornblende, and biotite within the melt accumulations around mafic
enclaves are evidence of magmatic flow (Webber et al., 2015). Leucogranites intruding into the

Abbabis Metamorphic Complex of central Namibia were analyzed by Hall and Kisters (2016).
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They found fracture-controlled melt features including stromatic sheets and stringers that are
connected by various sized lenses. The initiation of fractures provided pathways for magma
movement, and as the fractures filled with magma, they grew to form lenses. The leucogranitic
magma was then sufficiently buoyant to evacuate and ascend (Hall & Kisters, 2016). Finally, High
silica granites of the Risco Bayo-Huemul Plutonic Complex in the Southern Andes of Chile are
thought to be the solidified equivalent of extracted rhyolitic melt from a quartz monzonite mush
(Schaen et al., 2018). Evidence for rhyolitic melt extraction from the quartz monzonite cumulates
are found in the enrichment of trace elements in the quartz monzonite coupled with their depletion
in the high silica granite, compositional gaps in whole rock analyses between granite and the high
silica granite, Sr ratios, and abundant miarolitic cavities in the high silica granite (Schaen et al.,
2018).

While there are similarities in the expressions of melt extraction between the crystallizing and
melting systems, they display distinct changes in rheology due to increasing or decreasing melt
fractions. In a melting system, an increase in the volume of melt leads to a decrease in the system
viscosity. This rheological transition occurs when the volume of melt, initially present only on
grain boundaries, increases to become an interconnected network of melt pockets, and eventually,
channels of melt flow. In crystallizing systems, the growth of a crystalline network causes magma
convection to transition into channelized flow and ultimately rheological lockup of the magma
(Burg & Vigneresse, 2002; Sawyer, 1996, 1998; Vigneresse et al., 1996).

Porous melt flow through a crystalline network initiates at a different solid volume fraction in the
crystallizing system than in the melting system. The point at which melting systems form an
interconnected network of melt pockets is called the liquid percolation threshold (LPT) and the

point at which crystallizing systems form a network of touching particles is termed the rigid
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percolation threshold (RPT) (Burg & Vigneresse, 2002; Vigneresse et al., 1996). The amount of

melt necessary to reach the LPT is less than that needed to reach the RPT. Field observations of
partially molten gneisses show that the LPT can be as little as 8 volume percent melt and estimates
of random loose packing place the RPT at 55 volume percent crystals (Burg & Vigneresse, 2002;
Vigneresse et al., 1996). When the melt volume of the melting system reaches approximately 20
to 25 volume percent, the melt becomes connected through a pore network and the cohesive
strength of the protolith vanishes. The loss of cohesive strength in the protolith marks the transition
from the LPT to the melt extraction threshold (MET) (Burg & Vigneresse, 2002; Vigneresse et al.,
1996). While with the crystallizing system, the continued nucleation and growth of crystals clogs
the system to the point where magma can no longer escape without crystal plastic deformation.
Crystals become jammed when a random close packing is reached, which is at approximately 70-
75 solid volume percent, and is termed the particle locking threshold (PLT) (Burg & Vigneresse,
2002; Vigneresse et al., 1996).

The differences in the amount of melt or crystals needed before melt pathways form, indicate that
the mechanisms of extraction could differ between the two regimes. In fact, Etheridge et al. (2021)
showed that the increase in volume when melting of a closed system is sufficient to initiate melt
extraction. Given that in a crystallizing regime volume should decrease, we would not expect
volume change to contribute significantly to the melt extraction process. Yet, the presence of
adcumulates (rocks where nearly all the residual melt was expelled) suggest that melt extraction is
active in crystallizing systems at high solid volume fractions (Wager et al., 1960) similar to
migmatites. The diversity in rheological conditions and expressions of melt extraction in
crystallizing systems implies that different mechanisms may be active at different crystallinities

and more than one mechanism may be active at the same time. These differences shed light on the
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need to consider the process of melt extraction from crystallizing systems as distinct from melting

systems.

4.3 MECHANISMS OF MELT EXTRACTION FROM CUMULATES

Here, we will briefly review melt extraction processes with a focus on the microstructural
indicators expected for each mechanism. These microstructural indicators are a result of both
plastic deformation such as dislocation creep and dissolution—reprecipitation, and both a shape and

crystallographic preferred orientation (SPO and CPO respectively).

4.3.1  Shearing of non-spherical particles

There is a limit to how much pore space can be reduced by deforming crystal mushes (Holness,
2018; Holness et al., 2017; Marsh, 1981). A critical volume fraction defined by a plateau volume
fraction where both compacting loosely packed and dilating densely packed materials converge
when sheared (Andreotti et al., 2013, pp. 123-125). Introducing a shape preferred orientation to
the crystals composing the mush provides a way to increase the density of the crystal packing. A
preferred orientation develops when shearing densely packed disk- and rod-shaped particles with
aspect ratios of 0.1 and 4, respectively, and a solid volume fraction of 0.5 for both (Y. Guo et al.,
2013; Y. Guo et al., 2012). However, shearing of both spherical and non-spherical particles under
constant pressure conditions increases the void ratio (Zhao et al., 2018). The void ratio is the
volume of voids over the volume of solids. Increasing the void ratio increases the diameter of the
interstitial spaces, and this dilation transports melt into the mush. Therefore, a shear induced

preferred orientation still has a net dilation and may not be the pore reducing mechanism.
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4.3.2  Accumulation and primary fabric formation
Crystal fabric that forms in the suspension regime, above the rigid percolation threshold of a
magma, where the crystals are free to re-orient, will be referred to as primary fabric. In this
suspension regime, crystals behave as rigid -non-deforming- solids, although some plastic
deformation of crystals is possible in dense suspensions, where deformation of the mush is
accommodated by the melt in the instances of magmatic flow. Non-equant grains can form a shape
preferred orientation (SPO) from settling in a static or convecting magma. This SPO can be
expressed as either foliations or lineations (Holness et al., 2017; Nicolas, 1992), and depends on
the number of grains in the suspension (this determines how often the particles interact), the aspect
ratio of the grains, and the amount of shear -a flowing magma- (Holness et al., 2017; Yamamoto
& Matsuoka, 1996). Magma flow applies stresses in the form of simple shear on the suspended
crystals. This shear causes non-equant, rigid, and isolated grains to align with the direction of
magma flow (Holness et al., 2017; Nicolas, 1992; Yamamoto & Matsuoka, 1996). Crystals
rearranged by magmatic flow can form a fabric in the form of an SPO or a crystallographic
preferred orientation (CPO) (Holness et al., 2017). When the amount of crystals suspended in the
melt have a quantity such that they are interacting with each other, the crystals can form an
imbrication or tiling texture when exposed to magmatic flow (Nicolas, 1992). Non-equant crystals
can also be rearranged at the interface of the mush and magma forming an SPO (Holness et al.,

2017).

4.3.2.1 Overprinting of melt extraction fabric

Either hypersolidus or subsolidus deformation of cumulates can overprint and obscure both an
SPO and CPO that developed as a result of primary magmatic or secondary melt extraction

processes. Textural equilibration of grains due to the reduction of interfacial energy in either a
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subsolidus or hypersolidus state, where the temperature of the system has remained elevated for a
prolonged period, can result in the obliteration of SPO, but may preserve the CPO, formed during
melt extraction. Stress can continue to deform the crystals after solidification of the magma by
dislocation creep, sub-grain formation, and grain boundary migration. This can overprint both the

SPO and CPO with one that is a result of that stress (Holness et al., 2018; Holness et al., 2017).

4.3.3  Filter pressing

Filter pressing is the forcing of melt from interstitial spaces between crystals into adjacent regions
of a magmatic system through either regional stress acting on the magmatic system (tectonic), or

pressure differences driven by exsolving volatiles (gas).

4.3.3.1 Tectonic filter pressing

Tectonic forces acting on a magmatic system can extract melt from interstitial spaces of cumulates
(Brown, 1994; Sawyer, 1994). In calc-alkaline systems, where there is a compositional contrast
between the mafic cumulates and the tonalitic interstitial melt, extraction features can be observed
at the outcrop scale as vein networks and bands of felsic melt (Berger et al., 2017). The most
common microstructure that can be readily interpreted to be a consequence of tectonic filter
pressing is a preserved Shape Preferred Orientation (SPO) (Berger et al., 2017; Garibaldi et al.,
2018). Orientations of the prismatic crystals are generally perpendicular to the direction of
shortening and subparallel to the direction of magma flow (Benn & Allard, 1989; Berger et al.,
2017; Garibaldi et al., 2018; Nicolas, 1992). As a result of filter pressing, both brittle and ductile
microstructures can be observed (Berger et al., 2017), as well as rigidly rotated grains in regions
of magmatic flow (Benn & Allard, 1989; Nicolas, 1992). Evidence for brittle deformation is often
expressed though the presence of fractures filled with felsic melt (Berger et al., 2017; Bouchez et

al., 1992), whereas crystal plasticity is recorded by the presence of bent plagioclase grains and
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sporadic low angle boundaries (Berger et al., 2017). Crystals rigidly rotating in magmatic flow
will reorient their long axis to the flow direction depending on their aspect ratio and the number
of grains suspended in the magma. Crystals with higher aspect ratios reorient slower than crystals
with lower aspect ratios and will have an orientation sub parallel to the flow. If crystals have higher
aspect ratios or there is a higher density of crystals suspended in the flow, the likelihood that the
crystals will interact with each other increases. Interacting crystals suspended in a magmatic flow
can become imbricated, forming a tiling texture. Tiling creates both an SPO and crystallographic
preferred orientation (CPO) (Benn & Allard, 1989; Nicolas, 1992).

Berger et al. (2017) looked at the West African Iguilid Mafic Intrusion to identify melt
extraction processes. They showed that tectonic shortening with simultaneous crystallization from
the margins led to a magma flow induced shape preferred orientation (SPO) of the elongate crystals
during melt extraction and pore space reduction. In contrast Petford et al. (2020) explored the
shearing of a crystal-rich mush where the crystal fraction is above 70% via numerical modelling.
They found that shearing these crystal-rich systems results in the dilation of the mush, which
increases the pore space. This dilation of the pore space reduces the pore fluid pressure causing
more melt to flow in, possibly leading to brittle failure of the mush and melt flowing out along
granular faults (Petford et al., 2020). Petford et al. (2020) found that tectonic strain caused dilation
on timescales of 102 to 10* years which is greater than the timescales of thermal diffusion at
thermal diffusivities of 3.5x107" to 5x107". This indicates that the magma is likely to completely
crystallize before significant segregation of the melt and solid fractions is achieved (Petford et al.,
2020). This suggests that tectonic filter pressing is not ubiquitous but unique to certain systems,

therefore, other process must be at work in extracting melt from cumulates.
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4.3.3.2 Gas driven filter pressing

Gas driven filter pressing occurs when both the crystallizing magma expands and melt is
segregated from the crystals due to the over-pressurization of the magma by exsolving volatiles
(Anderson et al., 1984; Sanders, 1986; Sisson & Bacon, 1999). Anderson et al. (1984) identified
vesicles in subaerial flows of basalt and basaltic andesite that had been filled with melt after the
vesicles had become rigid. They speculated that the melt was pushed through a rigid but permeable
network of crystals and into the rigid vesicles in response to a pressure gradient generated by the
concentration of H20 in the remaining melt after continued crystallization (Anderson et al., 1984).
Later, Sanders (1986) identified segregation vesicles in two dolerite dikes in northwestern Ireland.
He determined that the filled vesicles formed from the exsolution of CO2 and were subsequently
filled after H20 was sufficiently concentrated during crystallization and exsolved in the melt. This
second boiling created a pressure gradient that forced melt through the crystalline network and
into the CO2 vesicles. The CO2 formed vesicles are spherical in shape, while the vesicles formed
by the exsolution of H20 are misshapen due to forming within the crystalline network (Sanders,
1986).

The understanding of gas driven filter pressing has expanded from the initial ideas of
Anderson et al. (1984) and Sanders (1986) to include the ejection of melt from the crystal-mush.
This extraction mechanism is thought to contribute to melt segregation in shallow magma
reservoirs of depths less than 10 km (Lowenstern, 1994; Pistone et al., 2015; Sisson & Bacon,
1999). However, melts with greater than 0.6 wt% H20 could become saturated with CO: at depth
between 20 and 50 km. And, it is possible for a magma degassing CO2 to also degas H20 (Wallace,
2005). The possibility of degassing CO2 and H20 at depths greater than 10 km suggests that gas
driven filter pressing could be active in lower and mid crustal magmatic system. The next

paragraph evaluates the likelihood of gas driven filter pressing occurring at our sample location.



66

To determine if gas driven filter pressing was active in Sierra Valle Fértil, we need to
understand how CO2 and H20 behave in magmatic systems and how much of each was available.
Exsolution of water vapor and carbon dioxide is determined by the concentrations of each gas in
the magma, the composition of the magma, the oxygen fugacity, the temperature, and the pressure
of the system (Lowenstern, 2001; Roggensack et al., 1997; Wallace, 2005). Sierra Valle Fértil
Mass balance calculations show that the original water concentration of the magma was between
1 and 2wt.% and increased to between 3 and 5wt.% at around 50% crystallization, indicated by
the appearance of amphibole (Otamendi et al., 2010). An H20 concentration of 3-5wt.% would
not exsolve water vapor at the crystallization depth of our samples regardless of the CO2
concentrations (Lowenstern, 2001; Moore, 2008; Roggensack et al., 1997; Wallace, 2005).
Constraining the saturation pressure and exsolution of CO2 is more complicated. The primary
uncertainty is the original CO2 content of the mafic magmas at the time of intrusion. Variations in
CO2 concentration in magmas can lead to CO2 saturation at depths from anywhere between 20 to
50 km (Wallace, 2005). Evidence from eruptions of volcanoes, such as Cerro Negro, suggest that
for volatile-rich arc magmas, the saturation pressure is approximately 6 kbar (Lowenstern, 2001;
Roggensack et al., 1997). However, the magma intruding at Valle Fértil was not volatile-rich and
our samples formed at approximately 7 kbar; therefore, we assume that gas driven filter pressing
was not contributing to the extraction of melt from the interstitial spaces of the mafic cumulates

of Valle Fértil.

4.3.4  Compaction

4.3.4.1 Mechanical compaction

Mechanical compaction is defined by Holness (2018) as the rearrangement of ridged, non-

deforming, grains. Mechanisms that can accommodate mechanical compaction are shape sorting
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by magmatic currents, slumping of a magma mush, (Holness, 2018), and magma recharge (Carrara
et al., 2020).

The Skaergaard layered mafic intrusion provides an example of mechanical compaction
via magmatic currents (Holness et al., 2017; Vukmanovic et al., 2018). When investigating the
Skaergaard adcumulates, Holness et al. (2017) found a preserved SPO and CPO. Despite having a
preserved fabric, they found that there was almost no deformation of the crystals in the form of
dislocation creep nor dissolution-reprecipitation. They conclude that the observed CPO and SPO
in the adcumulates is a result of either primary mush formation processes or secondary processes
acting at the interface between the mush and bulk magma, such as a magma current (Holness et
al., 2017). Similarly, Vukmanovic et al. (2018) found SPO and CPO with minimal evidence of
plastic deformation in plagioclase grains from the trough bands of Skaergaard. They conclude that
the fabric is consistent with an origin from crystal-laden density currents that originated from the
chamber walls (Vukmanovic et al., 2018).

The kinematics of magma recharge have been investigated by numerical models (Bergantz
et al., 2015, 2017; Carrara et al., 2020; Schleicher & Bergantz, 2017; Schleicher et al., 2016).
Schleicher and Bergantz (2017) found that the injection of magma into a preexisting magma mush
causes the mush to have a viscoplastic response which fluidizes the crystals directly above the
injection and formes a mixing bowl. The boundaries of the mixing bowl are granular faults.
Crystals from the base of the mush are entrained in the rising magma plume while crystals from
the top of the mush are transported down towards the intruding material along the granular faults
(Schleicher & Bergantz, 2017). (Carrara et al., 2020) expanded on the model by intruding melts
that have a density contrast with the host melt. They found that when the density of the intruder

was greater than the density of the host melt the intruder remained close to and spread out along



68

the bottom of the mush, an intruder whose melt is less dense than the host melt formed a rising
regime where the intruding melt punches through the crystal mush, and a fluidization regime when
the densities of the intruding melt and host melt are equal (Carrara et al., 2020). In all three
modeled cases, (Carrara et al., 2020) found that the intrusion forced the residual melt out of the
space being intruded and into the rest of the mush. This intrusion over pressurized the pore spaces
in the mush forcing the crystals apart and decreasing the crystal volume fraction (Carrara et al.,
2020). While the use of spherical particles in these experiments prevented the analysis of a shape
fabric, both a force and a contact preferred orientation developed with the continued input of the
intruding magma (Bergantz et al., 2017). It is likely that the development of a mixing bowl from
magma recharge would generate preferred orientation of the non-equant crystals being conveyed

towards the intrusion along the granular faults.

4.3.4.2 Viscous compaction

Viscous compaction is the reduction of pore space in a crystal mush by the plastic deformation of
crystals within the mush due to the gravitation loading of crystals settling out of the magma.
Viscous compaction occurs at the point when the reduction of pore space by the rigid
rearrangement of crystals can no longer occur. Mechanical compaction can act on a clustered
crystal framework until the point of jamming (Jerram, 2003; Philpotts et al., 1998). The further
compaction of the crystal mush can be achieved by the viscous deformation of the crystal (Bertolett
et al., 2019; Holness et al., 2017; VanTongeren et al., 2015).

Mckenzie (1984) introduced a numerical model that considers the viscous compaction of
a crystal-rich magma mush for both the mantle and crust. The concept of the model is that the
density contrast between crystals and melt causes the crystals to settle out of the magma. As the

crystals accumulate, the crystals deeper in the accumulated mush have greater and greater stresses
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applied. This stress, under magmatic conditions, eventually causes the crystals to plastically
deform by processes such as dislocation creep and dissolution-reprecipitation. The actively
deforming layer of mush is characterized by an inverse relationship between the fraction of
interstitial melt and depth. This layer is bound on the bottom by a migrating upwards crust and
bound at the top by the bulk magma. The reduction of pore spaces expels the remaining melt while
the pore spaces are interconnected. Therefore, viscous compaction works from the bottom up
forcing melt from lower in the mush upwards and out into the bulk magma (Mckenzie, 1984,
2011).

The presence of viscous deformation can affect the CPO depending on which deformation
mechanism is operating. If the principal mechanism is dislocation creep, the primocrysts will
record low angle boundaries and crystal bending. In this case, the CPO might be very similar to
the magmatic fabric (Benn & Allard, 1989; Nicolas, 1992; Stunitz, 1998). The mechanism of
dissolution—reprecipitation changes the shape of the crystals, producing crystals with no facetted
faces and can alter the CPO. On the example of plagioclase, dissolution—reprecipitation will create
a CPO fabric with [100] axes perpendicular to the compression direction whereas the (010) faces
and poles to (001) are parallel to the compression direction (Arvidson et al., 2004; Heidelbach et
al., 2000). Grains will be elongated in a direction perpendicular to the (010) faces (Svahnberg &

Piazolo, 2012), instead of parallel to (010).

4.3.5 Summary

Expelling melt from the interstitial spaces of cumulates by either tectonic filter pressing, gas driven
filter pressing, viscous compaction, or mechanical compaction will impart a microstructural
signature to the cumulate. While individual microstructures may be the same for multiple

extraction mechanisms, the combination of microstructures for each mechanism are unique.
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Techniques such as Electron Backscatter Diffraction (EBSD) identify lattice distortions and CPO

in the analyzed samples. The data obtained from the analyses can then be used to identify which

of the melt extraction mechanisms were active.

4.4 GEOLOGIC SETTING: THE FAMATINIAN MAGMATIC ARC

The Famatinian arc (Fig. 2.1) is a subduction-driven paleo arc that formed on the proto-Pacific
margin of Gondwana and was active from the upper Cambrian to the middle Ordovician
(Otamendi, Vujovich, et al., 2009). Accretion of an exotic, Laurentian-derived (Otamendi,
Vujovich, et al., 2009) terrane resulted in the cessation of magmatism in the central section of the
paleoarc (Otamendi et al., 2010; Otamendi, Vujovich, et al., 2009). Paleozoic and Andean uplift
caused the differential exposure across approximately 2500 km of the arc, from northern Peru to
central Argentina (Cristofolini et al., 2014; Tibaldi et al., 2013). In Argentina, the Famatinian arc
is exposed between 22°S to 38°S (Tibaldi et al., 2013). A deep crustal section is exposed in the
region of Sierra Valle Fertil from 28°S to 33°S (Cristofolini et al., 2014; Otamendi, Ducea, et al.,
2009; Tibaldi et al., 2013). Overall, the strike of the Famatinian arc is approximately N-S
(Cristofolini et al., 2014; Otamendi, Ducea, et al., 2009; Tibaldi et al., 2013). The Sierra Valle
Fértil exposes an eastward-tilted section of arc crust that provides a cross section from paleodepths
of 12-32 km (Tibaldi et al., 2013; Walker et al., 2015).

The exposed section of Sierra Valle Fértil is almost completely plutonic and preserves no
stratigraphic relationships of the migmatites and other metasedimentary rocks that are dispersed
throughout the system. Directionality is determined by using magmatic indicators, groupings of
rock types, and thermobarametry. The rock units that comprise Sierra Valle Fértil are a mafic unit

that is dominated by amphibole gabbronorite, quartz bearing diorites, and olivine bearing cumulate
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(2009); Tibaldi et al. (2013); Walker et al. (2015) and geologic cross section with temperatures
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rocks; an intermediate unit of tonalite that is amphibole rich and biotite bearing; an amphibole and
biotite bearing granodiorite; and metasedimentary units that are dominated by paragneissic
migmatites (Otamendi et al., 2010). A primary magmatic foliation defined by a shape preferred
orientation of plagioclase laths and elongate amphibole is pervasive throughout the gabbroic rocks
(Cristofolini et al., 2014). Chemical abrasion-thermal ionization mass spectrometry (CA-TIMS)
ages suggest that the total lifespan of the system was around 4 million years falling between 472
to 468 Ma (Ducea et al., 2017).

Intrusion of mafic magmas due to subduction related magmatism in the region of Sierra
Valle Fértil caused deformation and partial melting of the surrounding country rock (Otamendi,
Vujovich, et al., 2009). With the cessation of magmatism from the accretion of the allochthonous
terrane, came uplift of the plutonic bodies of Sierra Valle Fértil (Otamendi et al., 2020; Otamendi,
Vujovich, et al., 2009). Evidence for this uplift and strain are preserved as discrete mylonitic belts
in both the igneous and metasedimentary bodies. The solid-state foliation fabrics in the igneous
mylonites, generated by the strain from uplift, parallel and transition from the magmatic layering
and are roughly trending N-S. The mylonitic microstructures found in the igneous suite have two
distinct fabrics. The first is a coarse-grained texture with rounded clasts of amphibole, plagioclase,
clinopyroxene, orthopyroxene, and quartz. The second microstructural fabric is a dynamically

recrystallized fine-grain matrix with serrate grain boundaries (Cristofolini et al., 2014).

4.4.1.1 Expressions of melt extraction

Melt extraction features are preserved in the mafic complex gabbronorite cumulates that range in
size from millimeter to centimeter patches and veins to meter scale channels and dikes. In some
cases, in situ melt was able to separate from the crystals and pond but no veins or channels formed

to accommodate melt movement (Fig. 4.2a). Other locations show melt moving in channels and
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veins to local dilatational areas where the melt ponds (Fig. 4.2b). Multiple scales of melt

segregation are also preserved in the same outcrop (Fig. 4.2c). In these outcrops we see separate

Figure 4.2. Expressions of tonalitic melt extracted from amphibole gabbronorite preserved in
the mafic complex of Valle Fertil. (a) Patches of in situ nonfoliated tonalitic melt separated from
the mafic cumulate. (b) channels and veins of tonalitic melt in a gabbro cumulate host. (c) a variety
of expressions where tonalitic melt is segregating from the gabbroic cumulate. See text for details.
(d) Tonalite surrounding blocks of cumulate.
patches of melt not connected to any veins or channels indicating that melt is segregating from the
cumulate, while adjacent to the patches are veins and channels where melt was likely sourced from
outside the local area and flowed into centimeter to meter sized ponds. Figure 4.2c illustrates how
local rheology can vary on the centimeter scale, where coherent blocks of cumulate, from which

the melt has already been extracted, is just centimeters away from cumulate undergoing extraction.

Figure 4.2d shows blocks of brecciated cumulate being surrounded by tonalitic melt.
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45 METHODS

45.1 Electron Backscatter Diffraction (EBSD)

Fourteen thin sections from eleven oriented samples, and thin sections from four unoriented
samples were polished for approximately one hour using 0.06 micrometer colloidal silica at the
University of Cambridge, UK. These 18 thin sections were then analyzed on an FEI sSFEG XL30
SEM located in the Department of Physics at the University of Cambridge. The electron
backscatter diffraction patterns (EBSDPs) were collected using AZtecHKL 2.2 acquisition
software. Both MTex MatLab toolbox and Oxford Instrument Channel 5 software were used for
constructing pole figures and EBSD maps (Hielscher & Schaeben, 2008). The EBSD working
conditions were 20.0 kV, a 70° specimen tilt, the aperture set to 3, a working distance of 20 mm,
and a step size of 20 um. A 4 x 4 binning was used for camera settings and a frame averaging of
3 was used for image processing. Each scan conducted covered approximately 1/3 of the thin
section and took around 3 hours to complete. The long scan time prevented us from scanning the
entire thin section.

Channel 5 software was employed to create the one point per grain dataset that was used
to plot pole figures in MTex MatLab. The construction of pole figures was based on a lower
hemisphere, equal area projection. Determination of the fabric strength was conducted by
calculating the M-index, J-index, pole figure J-indicies, (PFJ), and the BA-index using the MTex
MatLab toolbox Orientation Distribution Function (ODF). To identify the location of the subgrains
and determine the amount of misorientation, both total misorientation in a single grain and at
individual dislocations, misorientation to mean orientation (Mis2Mean) and kernel average
misorientation (KAM) were performed on the full EBSD data (Wright et al., 2011). KAM

calculations use a pixel and its neighbors (kernel) to calculate the misorientation. The average
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difference in orientation of the neighboring pixels with that of the center pixel is the misorientation
assigned to the center pixel (Cruz-Gandarilla et al., 2019). Shape preferred orientation rose
diagrams were created using the MatLab fit ellipse function after the removal of all grains from
the calculation that intersected the scanned area boundary. The orientation of the long axis of the

ellipse was then plotted in the rose diagram.

45.2  Quantitative evaluation of minerals by scanning electron microscopy (QEMScan)

QEMScan images for the 15 thin sections from the 11 oriented and 1 unoriented sample were
collected at the Department of Earth Sciences, University of Cambridge using a Quanta 650F field
emissions gun that is equipped with two Brucker XFlash 6130 energy dispersive spectrometers
(EDS). Maps of the concentrations of Ca in Plagioclase crystals were created to visualize the
compositional zoning in plagioclase and to aid in identifying dissolution-reprecipitation and/or

diffusion creep as per Holness et al. (2017). The QEMScan image resolution is 5 um.

46 PETROLOGY

Samples FA18-01 through FA18-12 were collected throughout the Usno, El Jaboncillo, El
Turbante, and Corral Grande valleys of Valle Fértil. We supplemented this data set with samples
FA10-03m collected in the upper reaches of Usno Valley, FA10-17 collected in Las Tunas Valley,
and FA2-11-26 collected in Algarrobo Valley. We collected samples in the mafic complex of Valle
Fértil which ranges in pressure from 6.7 to 8.3 kb (Tibaldi et al., 2013). The reported grain sizes
are determined using the long axis of the grains calculated using the fitEllipse function in MTEX
v5.2.0 on MatLab R2019a, and the aspect ratio is calculated using the aspectRatio function in

MTEX v5.2.0 on MatLab R2019a. Both functions are used after the removal of twin boundaries
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Figure 4.3. Hand samples a) FA10-03m, b) FA18-01, and c) FA18-03. Thin section images for
the respective hand samples d) FA10-03, e) FA18-01a, and f) FA18-03. Each scale bar in the thin
section image represents 10 mm.
from the plagioclase grains and the removal of grains whose boundaries intersect the boundary of

the area considered. Samples FA10-03m, FA18-01a, and FA18-03 (Fig. 4.3) were chosen as end
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FA18-01a FA18-03

Figure 4.4 QEMScan Ca maps of samples (a) FA18-01a and (b) FA18-03. (a) Arrows point to
examples of higher Ca content on plagioclase rims. (b) Has no identifiable Ca zoning. This lack
of zoning is the dominant result from the samples analyzed.

member representations for the fabrics and textures observed in all samples. The grain sizes and
aspect ratios for the three samples are listed in table 4.2. The data for the remaining samples can
be found in the supplemental materials.

We conducted QEMscan analysis to determined Ca zoning in plagioclase on all samples.
The results show little to no growth zoning in the crystals with minor amounts of higher Ca zoning
on some rims (Fig. 4.4a). Of the samples analyzed, only FA18-01a and b, and FA18-044a, and b
show any Ca zoning. The lack of Ca zoning in the plagioclase crystals (Fig. 4.4b) is interpreted to
be a result of the crystals representing instantaneous solid compositions (Morse, 1976). Chemical
differences in the presence of a fluid could explain the higher Ca rims that are observed (Svahnberg
& Piazolo, 2012). Figure 4.4a shows the Ca map for the banded sample, FA18-01a. The bands of
tonalite that are present in this outcrop are likely non locally derived tonalitic melt. This could

explain the higher Ca rims on the plagioclase.
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46.1 FA10-03m

Sample FA10-03 is an amphibole gabbronorite collected in the upper reaches of Usno Valley (Fig.
4.1). The modal abundance of phases is listed in table 4.1. Plagioclase is subheadral with both
faceted and irregular grain boundaries (Fig. 4.5a), suggesting that the grains continued to grow
into melt-filled spaces after contacting other grains (Holness, 2018; Holness et al., 2018; Holness
et al., 2019; Holness et al., 2017). Plagioclase grain size varies throughout the sample with large
grains that exceed 1 mm, while the average grain size is around 0.4 mm (table 2). Smaller grains
display evidence of textural equilibration (Fig. 4.5b), while larger grains maintain a more prismatic
shape (Fig. 4.5b). This difference in texture separated by grain size indicates that temperatures
needed for textural equilibration were likely not maintained for a prolonged period (Holness, 2018;
Holness et al., 2018; Holness et al., 2019; Holness et al., 2017). While there are mechanical twins
present in the form of bent and tapering twins (Fig. 4.3a), there are also undeformed growth twins
(Figure 4.2a) indicating that this sample underwent only minor amounts of deformation.

Table 4.1. Composition of selected samples

Modal abundances (%)

Sample rock type plagioclase |orthopyroxene |clinopyroxene |amphibole |quartz | Oxides

number

FA10- amphibole 45.7 7.6 2.8 40.5 1.1 1.1
03m | gabbronorite

FA18- dark band 56 5.43 4.29 19.43 8.86 6
O1a

FA18- light band 63.1 8.57 8 6.57 10.86 | 2.86
01a

FA18-03| amphibole 57.4 9.1 1.4 27 1.2 | 0.746

norite
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Figure 4.5. Photomicrographs of Famatinian samples. Only frame e is under plane polarized
light. The others are under crossed polarized light. the scale bar is 0.5 mm in all subfigures. (a)
shows a cluster of plagioclases (plag) whose grains continued to grow into melt filled pores after
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agglomerating from sample FA18-01a. Some textural equilibration of the smaller grains is present
at triple junctions and in rounded convex grain boundaries. (b) Sample FA18-03 with plagioclase
showing faceted grain boundaries that transition into irregular grain boundaries. Arrows show the
location of the transition. Interstitial hornblende (Hb) is also present. Pyroxenes show alteration
(Alt). (c) Sample FA18-03 with examples of the types of twins found in plagioclase. Arrows from
top to bottom show growth twins, bent twins, and tapering twins. (d) Sample FA18-03 showing
hornblende growing on the rims of and consuming clinopyroxene (cpx). We also see examples of
faceted grain boundaries between pyroxene-pyroxene contacts, hornblende-hornblende, and some
pyroxene-hornblende contacts (arrowed). (e) In this image of sample FA18-03 we see an example
of some of the interconnected yet discrete grained hornblende networks. Image is in plane
polarized light to highlight the interconnected hornblende network. Hornblende is seen as an
interstitial phase and growing on the rims of clinopyroxene and orthopyroxene (opx). (f) Example
of a quartz grain displaying mild subgrains with undulating extinction from sample FA18-01a.

Amphibole replaces both OPX and CPX on crystal rims (Fig. 4.5d) as an interstitial phase (Fig.
4.5b-d) and as a primary phase (Figure 4.5d). The amphibole grain size varies with a few large
grains that are over 1 mm and an average grain size of around 0.4 mm (table 2). Amphibole grain
boundaries are subhedral to anhedral with primocrysts tending more to subhedral, and interstitial
and pyroxene rim growth tending to be more anhedral. Despite the late formation of amphibole
relative to plagioclase, texturally equilibrated triple junctions seem to be more pervasive in
amphibole. The variety of ways in which amphibole crystallized suggests that it was one of the
last phases to form and that it experienced minimal plastic deformation and overprinting. However,
there is a strong SPO preserved in both the amphibole and plagioclase as can be seen in thin section
(Fig. 4.3d) and quantified with rose diagrams (Fig. 4.6¢,e). Clinopyroxene is generally larger than

orthopyroxene with orthopyroxene being slightly more abundant. Both phases of pyroxene tend to

be euhedral, but there are some examples of subhedral grains with amphibole present on the rims.

4.6.2 FA18-0la

Sample FA18-01 displays alternating light and dark colored bands (Fig. 4.3b). Thin section FA18-
0la was cut at the transition between two bands. This sample was collected in Usno Valley (Fig.

4.1). Table 4.1 lists the mineral modes as a product of the different band composition.
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Table 4.2. Grain size and aspect ratio of the main silicate phases from the selected samples.

sample phase grain aspect Number
number size ratio of grains
(um)
mode average small large | mode average small large
FA10- Anorthite 124.6 166.0 62.5 623.0 | 1.3 1.6 1.0 4.2 1289
03m
Hornblende |[104.1 164.1 64.3 446.6 | 1.4 1.7 1.0 4.8 925
Clinopyroxene | 80.9 1469 70.3 560.1| 1.4 1.5 11 238 59
Orthopyroxene|110.5 132.4 935 256.5| 1.3 1.6 1.1 238 33
Quartz 76.7 108.8 76.7 126.5| 1.2 1.9 1.2 3.0 5
FA18- Anorthite 99.1 1999 79.3 1091.7| 1.3 1.7 1.1 45 247
Ola dark
band
Hornblende [116.0 191.2 77.6 7623 | 1.6 1.8 1.0 3.9 135
Clinopyroxene | 97.2 154.3 97.1 270.0| 1.9 1.8 1.1 27 41
Orthopyroxene| 85.1 142.3 85.1 332.7| 1.5 1.6 1.1 2.8 15
Quartz 92.0 1649 693 5069 | 1.3 1.7 1.1 35 73
FA18- Anorthite 81.8 2704 67.9 1830.0| 1.5 1.7 1.0 34 318
01a light
band
Hornblende [105.5 191.1 734 5232 | 1.4 1.9 1.2 4.1 72
Clinopyroxene |149.2 221.8 799 7575| 1.3 1.7 1.0 34 100
Orthopyroxene|101.1 156.3 74.7 560.8 | 1.6 1.6 1.1 2.9 66
Quartz 104.4 1723 66.3 893.8| 1.4 1.7 1.1 3.9 117
FA18-03 Anorthite 144.8 364.9 123.4 1354.1| 1.2 1.5 1.0 338 140
Hornblende |[155.3 261.2 109.4 682.0| 1.6 1.8 1.0 4.0 227
Clinopyroxene |141.7 335.6 141.7 739.2 | 1.7 1.7 11 24 17
Orthopyroxene|132.8 204.1 132.8 277.2| 1.5 1.5 14 15 3
Orthoclase |[186.8 193.8 186.8 200.7 | 1.4 1.7 1.4 2.0 2

Examination of the thin section of this sample reveals that the bands differ by the size of the

plagioclase grains (table 4.2) and the abundance of amphibole (table 4.1). Overall, the darker bands

contain smaller plagioclase grains with some clusters of larger grains, and a larger modal

abundance of amphibole.
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The mineralogy is similar between the two bands with the primary minerals being plagioclase,
amphibole, orthopyroxene, clinopyroxene, and quartz. The modal abundances for each phase can
be found in table 4.1. Average grain size for plagioclase is 0.1 mm and 1.1 mm is the maximum
grain size in the dark bands, while 0.27 mm with a maximum grain size of 1.8 mm in the light
bands (table 2). Plagioclase in both bands have an average aspect ratio of 1.7 (table 2). The grain
boundary geometry for plagioclase is subhedral elongate grains with faceted boundaries that
transition into irregular grain boundaries (Fig. 4.5a). This geometry indicates a preservation of
magmatic contacts where growth continued into melt pockets (Holness et al., 2018; Holness et al.,
2019). Some smaller grains provide indications of minor textural equilibration in triple junction
and grain boundary geometries, but these indicators are less common in larger grains. Both
mechanical twins present as bent and tapering twins, and growth twins are present in large and
small plagioclase crystals (Fig. 4.5¢). Undulatory extinction is seen in some of the larger
plagioclase grains, and a strong SPO is present in both the large and small non-equant plagioclase
grains (Figs. 4.7c, 4.8c).

Amphibole presents as primocrysts (rarely), an interstitial phase, and on the rims of and
consuming pyroxene. The average grain size and aspect ratio for amphibole is similar in the darker
and lighter bands at around 1.9 mm and 1.8 respectively (table 2). However, the maximum grain
size is larger in the darker band at 0.76 mm compared to 0.52 mm in the lighter band (table 2).
Amphibole in the lighter bands occurs only as interstitial phases or on the rims of pyroxenes. As
primocrysts in the darker band, amphibole is subhedral with faceted faces that parallel twin
boundaries and cleavage planes. As interstitial phases or as rim growths, amphibole is subhedral

to anhedral, forming straight grain boundaries only when in contact with a faceted grain. A few
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amphibole grains exhibit undulatory extinction. Elongate grains of amphibole in both light and
dark bands display a clear SPO in thin section (Figs. 4.7e, 4.8¢e).

Orthopyroxene is slightly more abundant than clinopyroxene in both bands (table 4.1), but
both pyroxenes are more abundant in the lighter bands than in the darker bands. Both pyroxenes
are euhedral to subhedral when amphibole is not present on the rims, but subhedral to anhedral
with amphibole growth on rims. Undulatory extinction is present in pyroxene grains. Quartz is
pervasive in both types of bands (table 4.1) as anhedral interstitial phases. Quartz displays minor

subgrain formation and undulose extinction (Fig. 4.5f).

46.3 FA18-03

Sample FA18-03 is an amphibole gabbronorite (Fig. 4.3c) collected in Usno Valley. This sample
has a near-isotropic fabric composed of plagioclase, clinopyroxene, orthopyroxene, amphibole,
and minor amounts of quartz (Fig. 4.3f). The modal abundances of each phase are listed in table
4.1.

Plagioclase orientations are randomly distributed in this sample, and we see populations of
both equant and elongate plagioclase grains. The average grain size is .36 mm with an average
aspect ratio of 1.5 (table 2). The maximum grain size is 1.3 mm. The minimum and maximum
aspect ratio is 1.2 and 3.4 respectively (table 2). Grain boundaries are subhedral to anhedral across
all orientations. Small plagioclase grains have both dihedral angles at triple junctions, and convex
grain boundaries that indicate textural equilibration. Larger grains have faceted grain boundaries
that transition into irregular grain boundaries, suggesting continued growth into a pocket of
interstitial melt after contact with other grains. Plagioclase displays tapered and bent deformation

twinning, as well as straight growth twins.
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Amphibole occurs as interstitial phases, it is found on the rims of and consuming pyroxene
(Fig. 4.5d). The grain boundary geometry is subhedral to anhedral. We find minimal textural
equilibration on amphibole grain boundaries and triple junctions. Faceted faces transitioning into
irregular grain boundaries occur when amphibole is in contact with plagioclase (Fig. 4.5b),
suggesting that the two were growing simultaneously. Amphibole often fills large, interconnected
networks of interstitial spaces as smaller, touching individual grains (Fig. 4.5e). Because
amphibole forms later during the crystallization of magma, we can infer that enough pore space
was present to accommodate amphibole crystallization. Both OPX and CPX are altered along grain
boundaries, fractures, and cleavage planes. However, the alteration does not affect the amphibole
grains that are in contact with and/or grow on the rims of the pyroxene. The shape of the grain
boundaries for unaltered pyroxene are subhedral to anhedral. Quartz is found as inclusions in
amphibole and along amphibole grain boundaries as an interstitial phase, suggesting that
amphibole formation enriched the melt in silica, which allowed for the crystallization of quartz in

the remaining interstitial spaces.

464 Summary

The evidence presented in this section suggests that magmatic primocrysts remain relatively
pristine in these samples. We therefore infer from our textural analyses that the samples are likely

to preserve fabric and microstructural indicators of melt extraction mechanisms.

4.7 FABRIC QUANTIFICATION

Foliations in the mafic and tonalitic bodies, whether formed by gravitational settling, magmatic
flow, or deformation fabric, have variable spatial orientations that depend on the orientation of the

local shear zone that exhumed the individual cumulate bodies. However, the solid-state fabrics
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formed in high strained zones parallel, and transition from the magmatic fabric. The general trend
of the foliations is NNW-SSE and steeply dips to either the west or east (Cristofolini et al., 2014;

Otamendi, Vujovich, et al., 2009).

471  FA10-03m

Plagioclase [100] axes and poles to the (010) plane are parallel to foliation. Poles to the (001) plane
form a strong point maximum that spreads out into a weak girdle. The (001) is almost 90° apart
from the (010) point maximum (Fig. 4.6b). The BA index defined by Satsukawa et al. (2013) is
0.3, corresponding to B-type fabric (Table 4.3). Plagioclase misorientation axes forms point
maxima that corresponds to the [100] axes (Fig. 4.6b). The shape preferred orientation diagram
(SPO) shows a strong correlation between grain shape and the orientation of [100] and (010). Poles
to the (100) of hornblende display strong point maxima, whereas [001] axes form a girdle,
suggesting that the foliation is defined by (100) planes. The (010) poles are randomly distributed
(Fig. 4.6d). Hornblende misorientation axes form strong point maxima that correspond with the

[001] axes. Similar to plagioclase, hornblende shape preferred orientation data strongly correspond

with its CPO.
Table 4.3. Textural parameters for selected samples
Sample Phase N BA |J-index | PFJ PFJ PFJ M- CPO
number 100 010 001 index
FA10-03m | Plagioclase | 2993 | 0.34 3.15 1.19 | 1.22 | 1.07 0.07 B
Amphibole 2496 2.1 1.27 1.02 1.23 0.04
FA18-0la Plagioclase 422 0.23 11.04 1.25 1.33 1.18 0.07 B
dark band | Amphibole 158 6.01 1.35 1.19 1.36 0.04
FA18-0la Plagioclase 665 0.26 5.01 1.13 | 111 | 1.07 0.05 B
light band Amphibole 80 10.23 1.43 1.32 1.35 0.04
FA18-03 Plagioclase 716 0.65 4.39 1.15 1.07 1.11 0.03 A
Amphibole 916 2.55 1.09 1.06 1.1 0.01
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Figure 4.6. Electron Backscatter Diffraction (EBSD) orientation results for sample FA10-03m. a)
Phase map of the EBSD scanned area. b) Lower hemisphere equal-area projections of plagioclase
[100] axis, and (010) and (001) poles to planes. c) Plagioclase misorinetation axis and shape
preferred orientation rose diagram. d) Lower hemisphere equal-area projection of hornblende
(100) and (010) poles to planes, and [001] axis. e) Hornblende misorientation axis and shape
preferred orientation rose diagram. Blue lines intersecting the orientation reference indicate the
foliation direction.

Microstructural analysis presented by pole figures shows a weak dispersion of [100] and (001)
around (010) poles in some plagioclase grains (Fig. 4.11a). A similar amount of misorientation is

present in hornblende (Fig. 4.12a). However, the amount of misorientation observed in both phases
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is minimal and suggests this sample saw limited plastic deformation. We can qualify with figures
4.11a and 4.12a that the deformation is similar across two phases that formed at different times
within the magma, suggesting that the deformation event happened after the crystallization of the
later phase. We can further quantify that qualification with KAM analyses. KAM histograms,
which calculate and show the amount of misorientation associated with each dislocation, are
presented in figure 4.13. The histograms are similar for each of the three phases: plagioclase,
hornblende, and quartz (Fig. 4.13d). The similarity indicates that the deformation event that formed
the dislocations likely happened after the crystallization of quartz. Furthermore, quartz was likely
the last phase to form in the system, indicating that the deformation event that formed the

misorientations was likely subsolidus.

4.7.2 FA18-0l1a

Despite the visual differences in grain size and modal abundances between the two bands of this
sample, the fabric results are quite similar. Because of this, the results from the two bands are
presented together and the misorientation axes data is calculated from the total section, rather than
from the individual bands.

Plagioclase [100] axes and (010) planes are parallel to foliation, while poles to the (001)
planes are randomly distributed. The [100] axes form two point maxima that continue into a girdle,
while the (010) planes define the foliation (Fig. 4.7b, 4.8b). The BA index is 0.23 for the dark
band and 0.26 for the light band, which corresponds to B-type fabric for both bands (Satsukawa et
al., 2013). Plagioclase misorientation axes (Fig. 4.9a) form point maxima that correspond to the
[100] axes (Fig. 4.7b, 4.8b). The shape preferred orientation diagram displays a strong correlation
between grain shape and the orientation of [100] axes and (010) planes. Poles to the (100) of

hornblende show strong point maxima whereas the [001] axis forms a girdle, suggesting that the
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foliation is defined by (100) planes. The (010) poles are randomly distributed (Fig. 4.7d, 4.8d).

Hornblende misorientation axes form strong point maxima that correspond to the [001] axis.
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Figure 4.7. Electron Backscatter Diffraction (EBSD) orientation results for sample FA18-01a dark
band. a) Phase map of the EBSD scanned area. b) Lower hemisphere equal-area projections of
plagioclase [100] axis, and (010) and (001) poles to planes. c) Plagioclase shape preferred
orientation rose diagram. d) Lower hemisphere equal-area projection of hornblende (100) and
(010) poles to planes, and [001] axis. €) Hornblende shape preferred orientation rose diagram. Blue
lines intersecting the orientation reference indicate the foliation direction.

Similar to plagioclase, hornblende’s SPO strongly corresponds to its CPO.
We observe some differences in the microstructural analyses between the two bands. The
larger plagioclase grains in the lighter band show a large dispersion of poles then around (010) and

(001) with a pole of rotation at [100] (Fig. 4.11c). Smaller plagioclase grains in the darker band
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have a lesser amount of dispersion with pole of rotation seen in the pole figures around [100] and

dispersion of poles in (010) and (001) (Fig. 4.11b). crystal lattice distortions are less developed in
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Figure 4.8. Electron Backscatter Diffraction (EBSD) orientation results for sample FA18-01a light
band. a) Phase map of the EBSD scanned area. b) Lower hemisphere equal-area projections of
plagioclase [100] axis, and (010) and (001) poles to planes. c) Plagioclase shape preferred
orientation rose diagram. d) Lower hemisphere equal-area projection of hornblende (100) and
(010) poles to planes, and [0010] axis. €) Hornblende shape preferred orientation rose diagram.
Blue lines intersecting the orientation reference indicate the foliation direction.

the smaller hornblende crystals in the lighter band as seen in the sharp color boundary of figure

4.12b. Quartz appears to have more lattice distortion than the hornblende (Fig. 4.12b). In the darker
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band, both hornblende and quartz preserve minimal lattice distortions. However, unlike in the
lighter band, we see a well-developed alignment of distortions for both quartz and hornblende with
a sharp color boundary that runs almost perpendicular to the long axes of the crystal (Fig. 4.12c).

The KAM histograms show similar distributions of misorientations not only for plagioclase,

plagioclase misorientation axis
12.4

hornblende misorientation axis
13.0

n=4747

Figure 4.9. Plagioclase (a) and hornblende (b) misorientation axes for sample FA18-01a. The
analyses of misorientation axes are not segregated into the distinct composition bands.

hornblende, and quartz in each band, but also between the two bands (Fig. 4.13a, 4.13b). This
result suggests that the deformation event happened after segregation of the bands and the

crystallization of quartz.

473  FA18-03

Plagioclase shows a point maximum that develops into a girdle for the [100] axis and a random
distribution for both (010) and (001) poles to planes (Fig. 4.10b). Despite the girdle in the [100]
axis, no foliation is apparent. The BA index is 0.65, corresponding to an A-type fabric (Satsukawa

et al., 2013). The misorientation axis has a point maximum that correlates to the [100] axis, but
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overall has a random distribution (Fig. 4.10c) There is a weak SPO that does not correlate to the
girdle formed by [100] (Fig. 4.10c). Hornblende has a point maximum that continues into a weak
girdle, while the (100) and (010) poles display a random distribution (Fig. 4.10d). Like the
plagioclase, hornblende shows no foliation. We find a random distribution in the misorientation
axis, but unlike plagioclase, a shape preferred orientation that correlates with the [001] axis (Fig.
4.10e).
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Figure 4.10. Electron Backscatter Diffraction (EBSD) orientation results for sample FA18-03.
a) Phase map of the EBSD scanned area. b) Lower hemisphere equal-area projections of
plagioclase [100] axis, and (010) and (001) poles to planes. c) Plagioclase misorinetation axis and
shape preferred orientation rose diagram. d) Lower hemisphere equal-area projection of
hornblende (100) and (010) poles to planes, and [001] axis. €) Hornblende misorientation axis and
shape preferred orientation rose diagram. Blue lines intersecting the orientation reference indicate
the foliation direction based on the girdles found for the [100] and [001] axes for plagioclase and
hornblende respectively.



FA10-03

0.15 mm

0.5 mm

FA18-03

(010) (001)

AN

[100] (010) (001)

<f\\/f\v/\\

b)

[100] (010) (001)

c)

100] (010) (001)

YRR
NN

d)

92

Figure 4.11. Pole figures for individual plagioclase grains from each sample. The grain maps are
colored to the inverse pole figure (IPF) key which is referenced to the mean orientation of the
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grain. The color scale, located at the bottom right of each grain map, is adjusted so that light grey
is 0° and dark grey is 10° or more of misorientation. Sharp boundaries between colors in the grain
maps indicate internal lattice distortions. a) FA10-03 shows a minor amounts of internal lattice
distortion. The corresponding pole figures show a minor amount of dispersion of poles in [100]
and (001), with a pole of rotation at (010). b) Grain from FA18-01a dark band shows little to no
internal lattice distortions in the grain map and miner amounts of dispersion of poles in the (010)
and (001) pole figures with a pole of rotation at [100]. ¢) This grain from the light band of sample
FA18-01a shows several sharp color transitions indicating internal lattice distortions, however,
total misorientation remains below 10°. Pole figures show dispersion of poles in (010) and (001),
with a pole to rotation in [100]. d) This plagioclase from sample FA18-03 displays several
transitions of colors across sharp boundaries indicating minor amounts of internal lattice
distortions. There seems to be a small amount of dispersion of poles in [100] and (001) with a pole
of rotation at (010).

Inverse pole figure maps and pole figure projections of individual plagioclase grains reveal
a dispersion of poles in both [100] and (001) with (010) the pole of rotation (Fig. 4.11d). The
dispersions are minimal, but sharp boundaries between colors of the represented grain in figure
4.11d indicate the presence of internal lattice distortion. Hornblende displays minimal internal
lattice distortions with the color boundaries being more diffuse indicating lattice distortions are
not as well developed as in the plagioclase (Fig. 4.11d, 4.12d). The KAM histogram for plagioclase
and hornblende (Figure 4.13c) shows that the distribution of misorientations associated with
dislocations is similar between the two phases, indicating that the deformation occurred after the

formation of hornblende.

4.8 DISCUSSION
48.1  Crystallization, accumulation, and igneous fabric formation

Major element geochemistry shows early depletion of CaO with minor changes in Al20s, which
indicates that the formation of clinopyroxene preceded plagioclase crystallization. Crystallization
of anhydrous plagioclase, clinopyroxene, and later orthopyroxene increased the H20 content of the

melt from an initial concentration of around 1 or 2 wt.% to 3 or 5wt.% (Otamendi et al., 2010).
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This increase in H20 allowed for the formation of hornblende (Claeson & Meurer, 2004; Otamendi
et al., 2010). Orthopyroxene and late-stage crystallization of hornblende created a differentiation
trend that increased SiOz and decreased MgO in the remaining melt. Small interstitial quartz grains
found within grains, and on the grain boundaries, of hornblende are evidence that the SiO2 content
of the melt was sufficiently high enough to form quartz. The decrease in MgO corresponds with
the increase in the mass fraction of incompatible oxides such as Na20, TiO2, and K20 (Otamendi
et al., 2010). Increasing the concentration of SiO2 along with the other incompatible oxides
changed the composition of the remaining melt from gabbroic to tonalitic.

The formation of hornblende was an essential step in increasing the SiOz in the remaining
melt; therefore, the extraction of tonalitic melt only occurred after hornblende crystallization. The
pervasiveness of hornblende throughout the mafic complex and the interconnecting network of
interstitial hornblende grains (Fig. 4.5e) suggests that there was enough pore space to
accommaodate hornblende growth. Furthermore, when comparing the abundances of incompatible
trace elements, the amount in the mafic cumulates of Sierra Valle Fértil is lower than both primitive
arc magmas and MORB, indicating that melt was removed from the mafic cumulates (Otamendi
et al., 2010). The lines of evidence presented in this section indicates that an evolved, silica

enriched, tonalitic melt was extracted from the pore spaces of a gabbroic cumulate mush.

4.8.2  The origin of plastic deformation in the cumulate crystals

The deformation of plagioclase is apparent in all samples, and some of the larger grains show the
greatest occurrence of dislocations. Examples of this are seen in figures 4.11c and 4.11d where
sharp color boundaries within the plagioclase grains mark the presence of lattice distortions. Sharp
color boundaries indicating internal lattice distortions can be seen in hornblende (Fig. 4.12a,c,d)

and quartz (Fig. 4.12b,c). Furthermore, the correlation between the plagioclase and hornblende
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Figure 4.12. Misorientation figures colored to inverse pole figure (IPF) key for hornblende and
quartz and are referenced to the mean orientation of each grain. The color scale, located at the
bottom right of the hornblende grain for all hornblende in a) and to the bottom right of the quartz
grain for all quartz in b), is adjusted so that light grey is 0° and dark grey is 10°. Sharp boundary
between colors indicate crystal lattice distortions in the form of dislocations. Boxes with red lines
indicate either that quartz was not analyzed (FA18-03) or that quartz was too small to get a proper
misorientation figure (FA10-03). a) Sample FA10-03 hornblende shows minor amounts of
misorientation with a good alignment of dislocations. b) Sample FA18-01a light band hornblende
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shows minor misorientation and quartz show misorientations with some alignment of dislocations.
c) Sample FA18-01a dark band both hornblende and quartz show minor amounts of misorientation
with good alignment of dislocations. d) Sample FA18-03 hornblende shows minor amounts of
misorinetation.

misorientation axes indicate that the crystals experienced one deformation regime (Reddy &
Buchan, 2005; Vukmanovic et al., 2019). Misorientations due to lattice distortions seen in the
KAM histograms (Fig. 4.13) have similar distributions across all three phases (plagioclase,
hornblende, and quartz) and have similar distributions for all three samples. Therefore, it is likely
that the deformation was caused by strain in the solid pluton before localization into discrete shear

bands due to terrain accretion (Cristofolini et al., 2014; Otamendi, Vujovich, et al., 2009). Crystal

plastic deformation is then not related to pore space reduction and melt extraction.
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Figure 4.13. Kernel average misorientation (KAM) histograms for plagioclase, hornblende, and
quartz. KAM provides the amount of misorientation associated with each dislocation. a) sample
FA18-01a light band, b) sample FA18-01a dark band, c) sample FA18-03, and d) sample FA10-
03. The peaks for all four histograms are around 1° of misorientation.
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4.8.3  The mechanisms of melt extraction
There are several potential melt extraction mechanisms at work in Sierra Valle Fértil. The
positioning of the tonalitic bodies stratigraphically higher than the gabbroic bodies suggests
buoyancy is a potential mechanism. However, the random orientation of the observed melt
pathways suggests that the initial expulsion of melt is due to some other process. It is necessary
that any explanation for the mechanisms at work extracting melt from the interstitial spaces of the
mush accounts for the deep sourcing of melt from the mush that is observed in the outcrops, as
well as the near absence of plastic deformation in the crystals. It is unclear if the SPO and CPO
preserved in the samples is related to melt extraction. If the melt was extracted due to either viscous
compaction or tectonic filter pressing, then the fabric would likely be associated with the melt
extraction process. However, both processes reduce pore space by the deformation (plastic or
brittle) of the crystals. Mechanical compaction is the only remaining melt extraction mechanism
supported by the SPO, CPO, and near lack of crystal-plastic deformation we observe.
The near-random orientation of the melt extraction channels (Fig. 4.2c), and deep sourcing
of melt observed in the outcrops of Sierra Valle Fértil suggest that magma recharge could be a
potential mechanism for melt extraction. As (Carrara et al., 2020) observed and Petford et al.
(2020) suggested, magma recharge causes the mush to dilate. Dilating the mush may eventually
lead to brittle failure of the mush, which can lead to the extraction of melt (Petford et al., 2020).
This failure process is a potential source of the melt extraction channels, veins, and dikes observed
in Sierra Valle Fértil. Brittle failure of the mush cannot explain the observed in situ accumulations
of melt that are not accompanied by migration features (Fig. 4.2a); however, mush dilation without
brittle failure can explain these melt patches. Shearing of the mush is also a possible mechanism

for the formation of the CPO and SPO observed in our samples (Figs. 4.6, 4.7, 4.8, 4.10). As
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discussed earlier, shearing of both spherical and non-spherical particles increases the void ratio
(Zhao et al., 2018), dilating the mush (Petford et al., 2020). However, by its very nature mush
dilation increases pore space, implying that an SPO and CPO cannot be components of pore space
reduction. Despite the evidence that mush dilation occurred in Sierra Valle Fértil, we cannot imply
that mush dilation explains the expulsion of melt by the reduction in pore space. Therefore, the
ideas of mechanical compaction discussed in this paper are not responsible for pore space

reduction.

49 CONCLUSION

The process of melt extraction from magma mushes is essential for our understanding of arc crust
formation. However, we are still unsure of the mechanisms that expel melt from the interstitial
spaces of cumulates. The exposed arc cross section of Sierra Valle Fértil provides a unique natural
laboratory where we can study the mechanisms of melt extraction at the transition between the
mafic lower crust and the tonalitic middle crust. Thorough examination of both microstructural
and field evidence from samples and outcrops of Sierra Valle Fértil we can present two main
conclusions that inform on potential future research. The first conclusion is that the presence of an
SPO and CPO is not necessarily indicative of pore space reduction, and the shear responsible for
the formation of the fabric likely resulted in mush dilation. The second conclusion is that shear
alone cannot reduce the pore spaces enough to fit our observations of near-complete pore space
reduction. Sheared granular material reaches a critical volume fraction given enough strain
(Andreotti et al., 2013, pp. 123-125), meaning shear alone cannot reduce the pore space to zero.
Therefore, some other, possibly unknown, mechanism is involved in pore space reduction.

To gain a more comprehensive picture of the processes involved in pore space reduction,

both numerical and analogue experiments must be conducted. Ideally these would consist of non-
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spherical elongate grains in a viscous fluid medium because this would more accurately simulate
crystal-rich mushes, and current research under these conditions is sparse. Multiphase numerical
models bring greater insight into the kinematics and dynamics of granular systems and provide

resources for which we can compare field and petrographic observations.
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