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Abstract
Elemental and isotopic separation by diffusion in geological liquids
by
James Mervin Watkins
Doctor of Philosophy in Earth and Planetary Science
University of California, Berkeley
Professor Donald J. DePaolo, Chair

Chemical speciation in molten silicates is of broad interest for understanding thermody-
namic and transport properties. However, it is difficult to elicit the nature of dissolved
species in silicate liquids, let alone the role that speciation plays in the diffusion process.
This dissertation is about chemical diffusion in silicate melts; it combines experiments with
isotopic measurements to infer the physical mechanisms of cation diffusion and the role that
diffusion plays in producing isotope effects in nature.

Diffusion of calcium (Ca) between natural volcanic liquids in diffusion-couple ex-
periments leads to 4*Ca/*°Ca variations of ca. 5%¢ due to a mass dependence of Ca diffu-
sion coeflicients. The efficiency of Ca isotope separation by diffusion varies with bulk liquid
composition and depends also on the magnitude and direction of aluminum (Al) gradients.
Some Ca isotopic fractionations seem to arise solely from gradients in Al. These observa-
tions indicate that isotopic discrimination by diffusion reflects the mass difference between
isotopically-substituted molecular species, and there is evidence for at least one Ca-bearing
and one Ca-Al-bearing diffusing species in the volcanic liquids that were studied. The in-
ferred existence of a Ca-Al complex is consistent with the additional observation that Ca
diffuses slowly since it is inferred that Ca atoms interact strongly with their nearby Si and
Al “solvent” molecules in the liquid.

The third part of this thesis describes Ca diffusion between silicate liquids of
simplified chemical composition. Results from these experiments indicate that the efficiency
of diffusive separation of Ca isotopes is systematically related to the normalized diffusivity
- the ratio of the mobility of the cation (D¢,) to the mobility of the liquid matrix (Dg;). A
similar dependence is observed for Fe, Li, and Mg isotopes, and in aqueous solutions. This
empirical result provides a predictive tool that can be used to understand diffusive isotopic
effects in a wide variety of geologic environments and a basis for a more comprehensive
theory of isotope separation in liquid solutions. A conceptual model is presented for the
relationship between diffusivity and liquid structure that is consistent with available data.
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Chapter 1

General introduction

This thesis is aimed at understanding the physical mechanisms of one of the most
fundamental processes in nature: chemical diffusion. Chemical diffusion is the net transport
of mass through the random motions of countless atoms, molecules and particles. It is in
reality an enormously complicated physical process, and yet, theories that describe chemical
diffusion can be relatively straightforward. The first chapter serves two purposes: (1) it
introduces chemical diffusion from a theoretical perspective and (2) it poses the important
questions which serve to motivate the studies discussed in chapters 3, 4 and 5.

Chapter 2 illustrates a practical aspect of diffusion modeling. In the simplest case
(and after initial and boundary conditions are defined) a measured diffusion profile depends
on two things: (1) the mobility of a chemical component and (2) time. Therefore, with
knowledge of the mobility, or diffusivity, of a chemical component, simplified models of
chemical diffusion can be used to infer timescales of geological processes. In chapter 2 we
show how measured water diffusion profiles and known diffusion rates of water in rhyolitic
glasses can be used to determine timescales of spherulite growth in obsidian. This work was
published in Contributions to Mineralogy and Petrology.

Chapters 3 and 4 focus on the actual physical mechanisms of diffusion and isotope
separation in silicate melts. Over the past decade, there has been growing interest in
measuring isotopic variations in a wider variety of elements and with ever-increasing spatial
resolution. Interpreting these subtle variations has required a closer look at the actual
physical mechanisms of isotope separation and how molecular-scale transport processes
affect isotopic distributions. In chapter 3 we show that chemical diffusion can give rise to
measurable isotope fractionations because random molecular motions are mass dependent.
The results show that the magnitude of this mass dependence seems to depend on how
strongly coupled a cation is to its nearest neighbors as it diffuses through the liquid. In other
words, the apparent mass difference between isotopes seems to reflect the mass difference
between isotopically-substituted chemical species. The implication is that isotope diffusion
can be used as a tool for inferring speciation and diffusion mechanisms in silicate liquids.
This work was published in Geochimica et Cosmochimica Acta.

Chapter 4 is a study in which we measured diffusive isotopic fractionations in
simplified chemical systems. These experiments revealed a clear relationship between cation
mobility versus liquid matrix mobility and the efficiency of isotope separation by diffusion



for a given cation. From this study we obtained several things: (1) a mechanistic explanation
for the variability of isotope separation by diffusion in terms of liquid structure and dynamics
at the molecular scale, (2) an explanation for the observation that isotope separation by
diffusion is more efficient in silicate liquids at 1450°C than in aqueous solutions at 25°C,
and (3) predictions for where to expect large diffusive isotope effects in nature. This work
is currently under review in Geochimica et Cosmochimica Acta.

Chapter 5 discusses several additional interesting aspects of chemical diffusion that
arose from our interpretation of the experimental results in chapters 3 and 4. This chapter
is one of several works in progress and it touches upon some of the future directions of this
research.

1.1 General introduction to chemical diffusion

1.1.1 The diffusion equation

The chemical diffusion equation describes the change in concentration of a chemical
species with time at a particular location. There are many ways to derive the diffusion
equation and the version that follows is both accessible and succinct?

Imagine an arbitrary volume V of any shape and within which there are an arbi-
trary number of particles. By mass balance we can say that the change in concentration, or

amount, of particles within this volume V is equal to the flux of particles integrated over
the surface of the volume. That is,

9y — - ?{ (J - 7)dS, (1.1)

where dV is a volume element, J is the flux (particles/cm2/s) and 7 is the unit vector normal
to and pointing outward from the surface of the volume. This model does not account for
changes in material properties as diffusion occurs such as chemical reactions, which may
create (autocatalytic reactions) or remove (non-autocatalytic reactions) any number of the
particles.

I This derivation is from Prof. Zohdi’s notes for his finite-element methods course.



Using the divergence theorem the surface integral can be made into a volume

integral:
/dV— /V JdVv, (1.2)
\%4

The next step is to rewrite the flux J in terms of concentration. In non-equilibrium ther-
modynamics, a chemical flux is driven by a gradient in chemical potential. Since chemical
potential is not easy to measure, gradients in chemical potential are often approximated as
gradients in concentration. Fick’s first law is an oft-adhered-to approximation that states
that the fluxes and forces are linearly related (see next section); that is

J = -DVC. (1.3)

The constant of proportionality D is the diffusion coefficient. Here it is written as a scalar
quantity, which assumes that the diffusing medium is isotropic. Finally, since dV in equation
1.2 is arbitrary, we can remove the integral signs to get a differential equation:

oC

ot
This is the general form of the chemical diffusion equation, which serves as a basis for
discussion in subsequent chapters. It assumes that fluxes and forces are linearly related,
and in this case, the force is assumed to be the gradient in the concentration of the diffusing
species. The diffusion coefficient D is where most of the complication comes into play
when modeling the process of chemical diffusion. The diffusivity of an element or species
depends on the physical properties of the diffusing medium; it may vary spatially in an
anisotropic material and it may depend on variables such as temperature, pressure and
chemical composition. Most models of diffusion invoke simplifying assumptions about D
in order to make diffusion problems manageable. In each of the subsequent chapters, the
simplifying assumptions on D are discussed according to each problem.

=V (D-VC) (1.4)

1.1.2 Comment on Fick’s first law

Fick’s first law postulates that the flux (or flow) of a quantity is linearly related to a
driving force. In practice, this empirical relationship holds when driving forces are relatively
small, and from a theoretical standpoint, the linear relationship between flows and forces
can be recognized as a truncation of higher order terms in a Taylor series expansion. To see
how this works, we begin with the statement that in general the functional form relating
flows and forces could be anything. For illustrative purposes, consider a relationship that
is sinusoidal (figure 1.1.2a). The curve passes through the origin because when there is no
force there is mo flow. Let’s also take it for granted that any function can be written as
an infinite sum of terms in a power series. The idea behind the Taylor series is that for a
continuous function that can be infinitely differentiated, you can approximate this function
in the neighborhood of a known coordinate pair using a fewer number of terms. The Taylor
series expansion about the point (0,0) is
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The exact value of f(z) at =0 is given by the first term. For 22<1, the first two terms
provide a good approximation to f(z) because close to (0,0) the function is approximately
linear. The extent to which the Taylor series is a good approximation of f(z) can be seen by
comparing the true function to the Taylor series result using an increasing number of terms
from equation 1.5. Figure 1.1.2b shows that the higher order terms become increasingly
important for evaluating f(z) as you move further and further from (0,0). The main point
of all this is that close to equilibrium, flows and forces are linearly related (to a good
approximation).

1.2 Diffusion in different media

1.2.1 Diffusion in a gas

The simplest treatment of diffusion applies to particles in an ideal (i.e., monatomic
and dilute) gas because the identity of the diffusing species is known and potential interac-
tions between particles can be neglected. From kinetic theory the diffusivity is the product
of the root mean speed v,,s of particles and the mean free path [ between collisions:

1/2
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Note that the diffusivity is inversely proportional to the square root of particle mass. Since
diffusivity varies inversely with mass, one might anticipate from equation 1.6 that lighter
isotopes diffuse faster than heavy isotopes, and by an amount that is proportional to the
square root of the inverse mass ratio between the isotopes:
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This is referred to as the square-root-of-mass law and is only valid, strictly speaking, for
systems in which the assumptions of kinetic theory apply. In other systems such as non-
dilute gases, liquids, and solids, equation 1.7 serves as a useful reference from which to
compare the mass dependence on diffusion coefficients.

1.2.2 Diffusion in a liquid

In condensed systems chemical diffusion is much more complicated. The main
reason for this is that the diffusing species have non-negligible potential interactions with
their nearest neighbors. Intermolecular potentials are theoretically complex because they
depend on the shape and rotation of molecules whose identities are often unknown or are
not well defined in liquid systems. In cases where the diffusing species are unknown, it is
customary to define a basis set of chemical components and to allow the flow of a component
to be driven by concentration gradients in any of the other components. That is, we can
(and should) generalize Fick’s first law as

n—1

Ji =Y _Di;VC; (1.8)

J=1

where D;; is a matrix of diffusion coefficients. If diffusion of each component ¢ is independent
of all other components, then D;; is a diagonal matrix. Generally, this is not the case and
the off-diagonal elements of D;; specify the extent of diffusive coupling between the chosen
components.

In contrast to theories of diffusion in an ideal or dilute gas, there is no simple
scaling law that describes the relationship between diffusivity and mass in liquids because
isotopic substitution affects translational and rotational mobility differently (McLaughlin,
1960). When rotation does not contribute significantly to momentum transfer, molecular
motion can be described by the linear equation of motion

dvg,
£, =m&e 1.
m o (1.9)

where F,, is the net central force acting on a molecule due to the potential field of its neigh-
bors and v, is the linear velocity. For spherically symmetric molecules such cyclohexane and
methane, and in which only central forces matter, equation 1.9 is expected to adequately
describe molecular motion and the ratio of transport coefficients has been shown to be in
agreement with the square root of mass law (i.e., equation 1.7; McLaughlin (1960)).

If, on the other hand, rotational motion is important for momentum transfer, the
angular equation of motion is needed for describing changes in momentum due to non-central

forces: J
ws
Go = Iog——, 1.10



where G, is the torque on a molecule from forces due to neighboring atoms, I, is the inertia
tensor, and wg is the angular velocity. Rotational and translational motions of molecules
are not independent; a change in torque can arise from translation of a nearby molecule or
a change in force can arise from rotation of nearby molecule. This translational-rotational
coupling is associated with molecular anisotropy and its effect on transport coefficients de-
pends on intermolecular forces, which are theoretically complex (Weingartner et al., 1989).
Broadly speaking, however, it is clear that isotope substitution will affect m and I, dif-
ferently and the resulting influence on diffusion coefficients will vary depending on the
importance of rotational motion. For anisotropic molecules such as water and benzene, the
ratio of isotope-specific molecular diffusion coefficients does not agree with the square root
of mass law but is in better agreement when mass is replaced with the principal moments
of inertia (McLaughlin, 1960; Weingartner et al., 1989):

1/2
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where v refers to any of the principal axes x, y, and z.

In cases where equation 1.11 might apply, one first needs detailed information on
the structure of the diffusing species. The principal moments of inertia are known or can
be calculated for simple organic molecules (e.g., Holz et al., 1996) and self diffusion NMR
measurements show that the isotope effect on translational and rotational diffusion tends
more towards a square-root of the moment of inertia law when there is strong translation-
rotation coupling (e.g., Holz et al., 1996; Hardy et al., 2001). In silicate liquids, however, the
picture is not as simple because diffusion occurs through rapid chemical exchanges instead of
molecular mechanisms of motion (Stebbins, 1995). In other words, even the very definition
of speciation in silicate liquids is ambiguous. This motivates two questions: (1) what are
the diffusing species in silicate liquids? and (2) what kinds of isotope effects can arise due
to diffusion in silicate liquids? These questions, which are addressed in chapters 3, 4 and 5,
pertain to understanding the material properties of silicate melts and understanding isotope
variability due to mass-dependent processes in nature.



Chapter 2

Diffusion-controlled crystal growth
in natural rocks

2.1 Introduction

This chapter is an example of how a diffusion model can be used to infer the
timescale of a geological process. In geochemistry this is a relatively common practice. In
this study, however, we also show how diffusion data and modeling can be used to infer
crystal growth mechanisms.

2.2 Background

Spherulites are polycrystalline solids that develop under highly non-equilibrium
conditions in supercooled liquids (Keith and Padden, 1963). Natural spherulites are com-
monly found in rhyolitic obsidian and have evoked the curiosity of petrologists for more than
a century (e.g., Judd, 1888; Cross, 1891). Over the past several decades, numerous studies
on spherulite morphology (Keith and Padden, 1964a; Lofgren, 1971a), kinetics of spherulite
growth (Keith and Padden, 1964b; Lofgren, 1971b), disequilibrium crystal growth rates
and textures (Fenn, 1977; Swanson, 1977), and field observations (Martin and McKinney,
1988; Swanson et al., 1989; Manley and Fink, 1987; Manley, 1992; Davis and McPhie, 1996;
MacArthur et al., 1998) have shed light on the conditions and processes behind spherulite
nucleation and growth. Despite the long-standing interest, several fundamental questions
persist. For example: On what timescales do natural spherulites form? At what degree of
undercooling do spherulites begin to grow? Can spherulites grow below the glass transi-
tion? Why doesn’t spherulite growth lead to runaway heating? And, why are spherulites
spherical? In this chapter, we revisit these questions and contribute a new quantitative
approach for estimating spherulite growth rates.

2.2.1 Qualitative description of spherulite growth

Spherulites in rhyolitic obsidian are composed primarily of alkali feldspar and SiO»
polymorphs. Spherulites are often mm-scale, but are known to range from submicroscopic



to m-scale (e.g., Smith et al., 2001). They may be randomly distributed and completely
isolated, or nucleate preferentially to form clusters or trains (e.g., Davis and McPhie, 1996).
Within a deposit, spherulitic textures and relationships may vary widely owing to local
differences in emplacement temperature, flow depth, cooling rate, and surface hydrology
(Manley, 1992; MacArthur et al., 1998). Despite these complexities, the fact that spherulites
occur almost exclusively in glasses seems to require conditions that yield slow nucleation
rates yet relatively rapid crystal growth rates.

As a melt cools below the liquidus temperature (7T4) for a given crystalline phase,
an energy barrier must be overcome in order for the new phase to nucleate and grow. Just
below T¢q, this energy barrier is finite and decreases with decreasing temperature. A certain
amount of undercooling is always necessary to nucleate a solid phase (Carmichael et al.,
1974), where the degree of undercooling (A T') is the difference between the equilibrium tem-
perature (7T¢,) and the actual magmatic temperature 7. In siliceous lavas, atomic mobility
is sluggish and large AT can be achieved prior to nucleation. Once nucleation does occur,
crystal growth proceeds and crystal growth rates are dictated by a competition between the
magnitude of AT and atomic mobility.

Large undercoolings promote rapid crystallization, but are also associated with
lower magmatic temperatures and slower elemental diffusivities. For crystals growing from
a melt or glass of different composition, crystal growth rates are limited by the ability of
melt components to diffuse towards or away from the crystallizing front. In the case of
spherulites, it is has been shown that certain major- and trace-elements are rejected by
crystallizing phases and concentrated at the spherulite-glass interface (Smith et al., 2001).

Since the mineral phases that compose rhyolitic spherulites are nominally anhy-
drous, water is also rejected from the crystalline region. Among incompatible melt species,
water is perhaps the most extensively studied because of its pronounced effects on magma
viscosity and major-element diffusion coefficients. As a result, methods for determining
water concentrations in rhyolitic glasses have been developed over the past 25 years (e.g.,
Stolper, 1982; Newman et al., 1986; Zhang et al., 1997) using Fourier Transform Infrared
Spectroscopy (FTIR). The goal of our measurements is to use FTIR to resolve water con-
centration gradients at the spherulite-glass interface with high spatial resolution (see Castro
et al., 2005) to better understand the growth history of spherulites.

2.3 Samples

2.3.1 Sample descriptions

The spherulites analyzed in this study are from a hand sample of a rhyolitic vitro-
phyre that lies in the Quaternary Tequila volcanic field, western Mexico. Lavas that range
in composition from basalt to rhyolite surround an andesite stratovolcano that formed about
200 kyr ago (Lewis-Kenedi et al., 2005). The rhyolites and obsidian domes are among the
earliest erupted units, ranging in age from 0.23 to 1.0 Ma (Lewis-Kenedi et al., 2005).

Figure 2.1 is a photograph of the obsidian hand sample used in this study. The
matrix is a dark glass that has not undergone post-magmatic hydration. It contains some
visible but subtle flow bands reflecting shear flow of magmatic parcels containing variable



100 um
—

Figure 2.1: (a) Photograph of a spherulitic obsidian from Tequila volcano. Spherulites
ranging in size from 1.0 to 8.0 mm in diameter are distributed homogeneously throughout.
(b) CL image showing fibrous alkali-feldspar crystals enclosed by oblate cristobalite masses
within an individual spherulite. (¢) Thin section image showing spherulites cross-cutting
subtle flow bands.

microlite content (Gonnermann and Manga, 2003). Isolated, light grey spherulites cross-cut
flow bands and exhibit a range of sizes that are distributed homogeneously.

Individual spherulites are host to three crystalline phases: ~55-65% (by volume)
feldspar fibers, ~30-40% oblate cristobalite masses, and <1% Fe- and Ti-oxides. The
feldspar fibers are arranged in a radial habit about a central nucleus and are enclosed
by the cristobalite masses. X-ray diffraction patterns indicate the feldspar is some form of
alkali feldspar, but an exact determination could not be made. There is also a significant
amount of void space due to the ~10% volume contraction associated with crystallization,
which we neglect in our calculations.

2.3.2 Sample preparation

Four rectangular billets (~21 mm x 38 mm) of spherulitic obsidian were cut from
a hand sample (figure 2.1) to be prepared for FTIR analysis. Each billet was ground down
until at least one spherulite was sectioned through its center. The surface with the spherulite
was polished to ~0.25 ym. The polished surface was mounted on a glass slide with epoxy
and the billet was cut to a thickness of ~300 pm. The grinding and polishing procedure was
repeated on the opposite surface to obtain a doubly polished wafer. Each of the samples was
of uniform thickness (£<5% as determined by a digital micrometer with a precision of +2
pum) so that infrared absorption data could be compared throughout the sample. Polished
surfaces were necessary for minimizing infrared scattering and obtaining quality absorbance
data.



10

2.4 FTIR measurements

Water concentration measurements were made by synchrotron-source Fourier Trans-
form Infrared Spectroscopy (FTIR) at the Advanced Light Source at Lawrence Berkeley
National Laboratory. The instrument used was a Nicolet 760 FTIR spectrometer inter-
faced with a Spectra-Tech Nic-Plan IR microscope capable of spot sizes of 3-10 um (Martin
and McKinney, 1998). Transects were oriented perpendicular to spherulite rims and mea-
surements were made on the surrounding glassy matrix. Total water concentrations were
determined from the intensity of the 3570 cm ™! peak (Newman et al., 1986), which reflects
the abundance of hydrous species (Xop) including molecular water (HOH). Hereafter, we
refer to all hydrous species collectively as “water”. Analytical error is estimated to be
+0.005 wt.% based on repeated measurements.

2.5 Results

Figure 2.3 shows data from a transect between two adjacent spherulites. At the
rim-matrix interface of each spherulite, there is a local maximum in water content that
decreases with distance into the surrounding matrix to background levels (~0.115 wt.% in

this case). Similar profiles were measured on seven spherulites ranging in size from 1.7 mm
to 5.2 mm in diameter.
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Figure 2.2: FTIR transect between two spherulites of different size illustrating the expulsion
of water into the surrounding melt or glass during spherulite growth.

One of the samples was also analyzed using a Cameca SX-51 electron microprobe
to characterize major-element variations. Due to the similarity in bulk composition between
spherulites and their host, gradients in major elements could not be resolved quantitatively
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within detection limits. However, qualitative variations are resolved through detailed WDS
x-ray mapping for three major elements taken on an individual spherulite (figure 2.3). A
close look at the rim-matrix interface reveals a relative depletion in crystallizing components
K and Si and concomitant enrichment in Na.
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Figure 2.3: Cathodoluminescence image of a spherulite (upper left) and electron microprobe
element maps on the same spherulite. Dark regions correspond to relatively low concen-
trations. Note the relative enrichment in Na and depletion in K and Si at the spherulite
boundary.

2.6 Interpretation

Spherulite growth from a liquid or glass of different composition requires diffusion
of crystal-forming components, which become depleted over diffusive lengthscales around
the crystallizing region. Figures 2.2 and 2.3 clearly illustrate this process and confirm that
impurities are not trapped within crystals or interstitial voids. The outward rejection of
water induces a concentration gradient down which water diffuses into the surrounding
matrix, resulting in profiles like that shown in figure 2.2.

For four of the seven spherulites analyzed, the data were clean enough to demon-
strate that greater than 95% of the water from the volume occupied by the spherulite could
be accounted for in the water diffusion profile. This is noteworthy because it provides a
stoichiometric relationship between the moles of water removed and moles of sanidine (or
cristobalite) crystallized within the spherulite volume, thus allowing water rejection and
diffusion to be used as a proxy for spherulite growth.
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2.7 Model for spherulite growth
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Figure 2.4: Schematic diagram summarizing the 1D spherulite growth and water diffusion
model. The dark black line represents actual (time-dependent) water concentration and
the dashed line represents the initial water concentration. The width of the vertical gray
bar represents and increase in spherulite radius from R to R + dR, and the water within
this region is removed and fluxed into the new boundary at R + dR. The model assumes
perfectly efficient water expulsion.

With each increment of spherulite growth, a known amount of water is expelled
ahead of the advancing crystalline front. In this way, water diffusion into the matrix is
in competition with the propagating spherulite boundary. Here we present a model that
tracks the expulsion and diffusion of water during spherulite growth in the reference frame
of the expanding spherulite rim. In this reference frame, profiles such as those in figure 2.2
can be modeled by solving numerically the advection-diffusion equation:

g—u'VC:V-(DOH-VC) (2.1)
where C' is the concentration of water, @ is the velocity of the growing interface, and
Do (C,T,P) is the diffusivity of water in rhyolite melt or glass. Zhang and Behrens (2000)
showed that Doy (C,T,P) varies linearly with water concentration at low total water con-
tents (less than about 2 wt.%), and we account for this effect in our model. However, we
do not include variations in Doy (C,T,P) with temperature and pressure - a simplifying
assumption discussed later. Taking advantage of the spherical symmetry of spherulites,
equation 2.1 can be simplified and expressed as a function of the radial distance only:

oC oC 0’C  20C

where Doy is updated at the beginning of each timestep. The velocity of the interface
uy (ur=dR/dt where R is the radius of the spherulite) is given by the choice of spherulite
growth law. Keith and Padden (1963) found experimentally that at constant temperature,
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spherulites in polymer liquids generally grow according to a linear growth law whereby w,
is constant and R scales linearly with time:

ur =n- Doy (2.3)

where n is a free parameter that represents the competition between spherulite growth and
water diffusion.

A possible alternative is a diffusion-controlled growth law (Granasy et al., 2005),
whereby the radius scales with time as /2

D 1/2
Up =a- (;)H> , (2.4)

where a is a free parameter analogous to n in the linear case.

The appropriate boundary conditions for this problem are: (1) fixed concentration
of water far from the growing interface and (2) time-dependent concentration of water at
the rim-matrix interface that is related to the flux of water expelled during each increment
of growth. The second boundary condition is implemented by ensuring mass conservation:

Reo
/ (C(r,t) — Co)r2dr — %COOR(t)?’ (2.5)
R(t)

where C(r,t) is the concentration of water at a distance r from the center of the spherulite,
R is the spherulite radius, and Cy, represents the background concentration of water at some
distance R, into the surrounding matrix. Equation 2.5 states that the water represented
under the diffusion profile is equal to 100% of the water that once occupied the spherulite
volume. Any difference between these two values is used to update C(R,t) after each
timestep so that the equality is true.

2.8 Results

The temporal evolution of model water concentration profiles depends strongly
on the choice of growth law. Figure 2.5 compares model profiles using both the linear
growth law (2.5a) and the diffusion-controlled growth law (2.5b) as a function of spherulite
radius (i.e., time). In the linear regime, the concentration of water at the growing spherulite
boundary increases progressively with time. This is a consequence of the spherical geometry,
wherein the volume of water expelled increases with each (constant) growth increment dR.
By contrast, in the diffusion-controlled regime, the diffusion of water counterbalances the
time-dependent growth increment dR such that the concentration of water at the spherulite
boundary remains relatively constant with time.

Figure 2.6 compares model results to measured profiles from two spherulites of
different size. The two profiles are representative of those measured in this study and
include the largest and smallest spherulites examined. Figures 2.6a and 2.6b correspond to
data from a spherulite of radius 0.86 mm, while figures 2.6¢ and 2.6d correspond to data
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Figure 2.5: Model calculations showing the evolution of water concentration away from
spherulite boundaries assuming two different spherulite growth laws. Note the different
scales for the x- and y-axes. The linear growth law (2.5a) leads to narrow profiles with a
progressive build-up of water at the edge of the spherulite whereas the diffusion-controlled
growth law (2.5b) leads to wider profiles and nearly steady values of water concentration
at the spherulite edge.

from a spherulite of radius 2.6 mm. The figures on the left (2.6a and 2.6¢) assume linear
growth whereas the figures on the right (2.6b and 2.6d) assume diffusion-controlled growth.
Although the agreement between model curves and measured profiles is not very satisfying,
it is clear that an equally good (or, for that matter, equally poor) fit can be achieved
using either growth law for a given spherulite. However, there is one important distinction
between the two growth models. Figures 2.6a and 2.6¢ show that a smaller coefficient n is
required in going from the smaller to the larger spherulite. In contrast, figures 2.6b and
2.6d show that a larger coefficient a is required in going from the smaller spherulite to the
larger spherulite. The significance of this is discussed in the next section.

A striking feature of all measured water concentration profiles is the flattening they
exhibit near the rim-matrix interface, which may be attributed to post-growth diffusion of
water. In order to account for this effect, we use the bold profiles from figure 2.6 as the initial
condition for the post-growth model, and, as dR/dt=0, equation 2.2 reduces to the diffusion
equation with no-flux boundary conditions (i.e., water is not allowed to diffuse back into the
spherulite). Results are summarized in Figure 2.7 for the small and large spherulite. The
duration of post-growth diffusion (in years) depends on Dog (i.e., temperature), and the
values quoted in figure 2.7 arbitrarily assume T=400°C. A lower temperature would simply
require more prolonged post-growth diffusion in order to achieve an identical fit. The two
most important points that arise from figure 2.7 are: (1) the agreement between measured
and model profiles is markedly improved with inclusion of post-growth diffusion, and (2)
the same duration of post-growth diffusion is required to fit profiles for both large and small
spherulites.
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Figure 2.6: Comparison between measured water concentration profiles and model calcula-
tions. Figures (a) and (c) show results for two different spherulites using a linear growth
law (i.e., ur~Dom). Figures (b) and (d) show results for two different spherulites using a
diffusion-controlled growth law (i.e., u.~(Doz /t)'/?). Clearly, indistinguishable results can
be obtained using either growth law for a spherulite of given radius. Dark curves represent
initial conditions for post-growth model (see text).
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Figure 2.7: Data versus model profiles after post-growth diffusion of water is included.
Initial conditions are bold profiles in figure 2.6. The timescales correspond to the lower
bound of the experimentally determined Doy (i.e., T=400°C; Zhang and Behrens, 2000).
The same duration of post-growth diffusion provides comparable fits to the profiles for both
large and small spherulites, which is expected assuming a common closure temperature for
spherulites from a given locality.

2.9 Discussion

The distinction between linear and diffusion-controlled growth laws is important
as it pertains to several questions presented earlier about natural spherulites. Keith and
Padden (1964b) studied spherulite growth kinetics under isothermal conditions in a range
of polymer liquids and found that impurities often become trapped in the interstices of
the crystalline region. Under these circumstances, impurities do not influence subsequent
crystal growth and spherulite growth rates are linear in time (Keith and Padden, 1964b).
However, the linear growth law breaks down when rejected species are sufficiently mobile.
That is, when diffusion of impurities occurs on the same timescale as crystal growth rates,
the concentration of impurities at the crystalline interface increases progressively. As a
consequence, spherulite growth rates decrease with spherulite size owing to the reduction
in local concentrations of crystallizing components. Hence, we interpret the observation of
rejected impurities outside the crystalline volume as evidence in itself for nonlinear growth
kinetics. As discussed by Keith and Padden (1964b), the onset of nonlinear growth is fa-
vored by reducing the molecular weight of the impurity or by increasing the crystallization
temperature to reduce the driving force for crystallization and to enhance impurity diffu-
sivities. Water, the impurity of interest for natural spherulites, satisfies these conditions:
it is relatively mobile, depresses the rhyolite liquidus, and enhances the diffusivity of other
melt components.

An additional argument can be made for diffusion-controlled growth from the
results presented in figures 2.6 and 2.7. The model curves in figure 2.7 indicate that both
spherulites experienced the same duration of post-growth diffusion of water, and hence,
stopped growing at the same time or temperature. Intuitively, one would expect that the
larger spherulite began growing earlier at higher temperatures - a possibility that is not
explicitly accounted for in our model. Note, however, that we assume constant a, n, and



17

Dop (constant with respect to temperature). Of these parameters, Dop is the only one
that is likely to change with temperature during spherulite growth. The observed differences
in ¢ and n between spherulites may thus represent changes in Doy with temperature. In
the diffusion-controlled growth model, a larger a translates into a higher average Do
(i.e., temperature) for the larger spherulite (a=1.02) versus the smaller spherulite (a=0.8),
consistent with the expectation stated above. In contrast, if we assume a linear growth law,
comparable fits between the larger spherulite (n=0.0026) and smaller spherulite (n=0.0052)
correspond to lower temperatures (i.e., slower average growth rate) for the larger spherulite,
which is difficult to reconcile with the assumption that both spherulites stopped growing
at the same temperature. Indeed, using a slightly different modeling approach, Castro
et al. (2008) found that larger spherulites experienced higher average growth rates than
smaller spherulites. In their paper, however, this result was attributed to size-dependent
growth rates versus our suggestion here that this reflects different temperature histories
(i.e., temperature-dependent growth rates).

Diffusion-controlled growth also has implications for the size distribution of spheru-
lites. For instance, we should expect a greater abundance of larger spherulites because rapid
initial growth allows smaller spherulites to catch up in size to those earlier-forming, larger
spherulites. Qualitatively, this seems to be the case for our samples. However, no attempt
was made to statistically analyze spherulite sizes because of the limited size of our hand
sample and the challenge of sectioning spherulites through their center.

2.9.1 On what timescales do spherulites grow?

Using water rejection as a proxy for crystallization rates, it is possible to calculate
timescales for spherulite growth. This requires knowledge of the diffusivity of water (Do)
during spherulite formation, and one obvious shortcoming of the model is the assumption
that Doy is fixed in a rhyolite undergoing cooling. Nevertheless, we calculate isothermal
spherulite growth rates to bracket the true timescales for spherulite formation. Using Dop
in rhyolite at conditions relevant to our samples (~0.1 wt.% water and 0.1 MPa; Zhang
and Behrens (2000)), the time required to grow a spherulite of given radius comes from the
scaling relationship

R2
Don
where R is the final radius of the spherulite. Results are summarized in figure 2.8, which
shows the time required for a spherulite to reach a given radius at various fixed temperatures.
For simplicity, these calculations assume that Do is not dependent on water concentration.
We justify this by noting that these values are within a factor of 2 to the values we calculate
from our full advection-diffusion model for radii greater than about 1 mm.

According to the diffusion-controlled growth model, a spherulite of 2.6 millimeters
requires ~300 days at 800°C, ~10 years at 600°C, or ~300 years at 400°C. These timescales
are consistent with spherulites forming at temperatures above 600°C in parts of lava flows
that cool on the order of years to decades in heat flow models that assume instantaneous
emplacement of lava followed by static cooling (Manley, 1992; Manley and Fink, 1987). At
temperatures below about 400°C, diffusion-controlled growth is extremely sluggish and we
consider T=400°C an approximate lower bound for spherulite growth during cooling. This

t

(2.6)
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Figure 2.8: Time required to grow a spherulite of given radius at various fixed temperatures
assuming a diffusion-controlled growth law and using a proportionality constant of a=1.0.
The shaded region at the top of the graph encompasses the range of possible ages for the
host obsidian (Lewis-Kenedi et al., 2005) and the dashed line indicates the size of the largest
spherulite analyzed in this study. For spherulites to grow appreciably on cooling timescales,
they must form at temperatures above about 400°C.
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can explain the absence of macroscopic spherulites along quench margins where rapid cooling
has minimized the duration of high temperature growth rates. Of course, better estimates
for timescales of spherulite growth require additional constraints on the temperature of
spherulite formation and the cooling history of their host.

2.9.2 At what degree of undercooling do spherulites begin to grow?

Emplacement temperatures for rhyolite vary considerably (790°C—925°C; Car-
michael et al., 1974). At the time of emplacement, an anhydrous rhyolite lava may be
significantly undercooled, as the liquidus in this system is ~1000°C (Ghiorso and Sack,
1995). Owing to nucleation lag times, which may be on the order of tens of years (Manley,
1992), the degree of undercooling at which nucleation actually occurs is difficult to con-
strain. Nevertheless, textural relationships can provide a first-order estimate. For example,
crystal morphologies have been shown to correlate with the degree of undercooling in the
NaAlSi3Og-KAlSizOg-HoO system (Fenn, 1977). Feldspars grown in this system formed as
(1) isolated tabular crystals at low undercoolings (AT'<40°C), (2) coarse, open spherulites
at moderate undercoolings (AT~75-145°C), and (3) fine, closed spherulites at higher un-
dercoolings (A T~245—395°C) (Fenn, 1977). This latter group of textures corresponds to
the spherulites pictured in Figure 2.1. From this information, a minimum AT on the or-
der of 150°C (corresponding to a maximum 7'=850°C seems reasonable for the onset of
spherulite growth, providing a minimum growth time of ~100 days. Larger AT associated
with longer nucleation lag times are certainly possible and are probably common given that
spherulites are generally smaller than the cooling timescales of decades would otherwise
allow.

2.9.3 Do spherulites grow below the glass transition?

The glass transition signals an abrupt change in the physical properties of a melt,
namely a change from liquid-like to solid-like behavior. The temperature at which this takes
place depends on composition and cooling rate. For anhydrous rhyolite, the glass transition
temperature (7)) lies somewhere between 620°C and 750°C (based on values in Swanson
et al. (1989); Manley (1992); Westrich et al. (1988)), and it has been suggested that T, may
provide a minimum temperature for spherulite growth (Ryan and Sammis, 1981; Manley,
1992; Davis and McPhie, 1996). Indeed, certain field observations such as deformation of
spherulites (Martin and McKinney, 1988), boudinage of flow bands by spherulites (Manley,
1992; Stevenson et al., 1994), and inflation of lithophysal cavities (Swanson et al., 1989)
suggest that spherulite growth takes place in melts above T;. However, these features are
not always observed. The spherulites used in this study, for instance, are undeformed and
cross cut flow bands, raising the possibility that they grew, at least in part, below the glass
transition.

Since we assume that spherulite growth is governed by diffusion of components
across spherulite boundaries, the question of whether spherulites grow below T is really
a question of how elemental diffusivities are affected by the glass transition. Based on
the study by Zhang and Behrens (2000), the diffusivity of water appears to vary smoothly
across the glass transition. Figure 2.9 shows diffusivities for other various chemical species in
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Figure 2.9: Temperature-dependence of diffusivities for various chemical species in obsidian.
Dark line for HoO is from equation 12 in Zhang and Behrens (2000) and grey lines for HoO
are from obsidian hydration experiments (see Freer, 1981). All other lines are from the
compilation by Freer (1981). The main point is that major- and trace-element diffusivities
appear to be insensitive to the glass transition in melts of rhyolitic composition (region
shown in grey).
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rhyolitic obsidian as a function of temperature. Across the range of possible glass transition
temperatures, there is no evidence for significant changes in the diffusivity mechanisms
for any of the components shown. This is consistent with the notion that rhyolite liquids
are structurally similar to rhyolite glasses, as evidenced by only minor changes (~5%)
in heat capacity across the glass transition (Neuville et al., 1993). Hence, there is no
reason to believe that the glass transition represents an abrupt barrier to spherulite growth.
However, it is apparent from the diffusion-controlled growth model that growth rates become
prohibitively slow below about 400°C.

2.9.4 Why doesn’t spherulite growth lead to runaway heating?

An issue we have not yet addressed is the release and transport of latent heat
as spherulitic crystallization progresses (cf. Lofgren, 1971a). Diffusion of latent heat into
the surrounding matrix could insulate growing spherulites, prolonging their exposure to
elevated temperatures. Latent heat could also, in principle, lead to increased growth rates
and the release of more latent heat in a positive feedback loop (Carmichael, pers. comm.).
Obviously, this runaway heating does not take place since almost all spherulite-bearing rocks
are vitrophyric. In order to explain this, we again turn to diffusion-controlled growth. We
have already shown that spherulite growth is limited by the mobility of chemical species,
and that spherulite growth rates proceed on the same timescale as water diffusion rates. A
maximum Doy of about 1076 mm? /s in rhyolite corresponds to T=850°C. This is seven
orders of magnitude lower than thermal diffusivity in obsidian, which is on the order of
10~! mm? /s over the temperature range 0-800°C (Riehle et al., 1995). Hence, latent heat
is carried away long before it can influence spherulite growth rates.

2.9.5 Why are spherulites spherical?

Natural spherulites are host to multiple crystalline phases with very different in-
dividual morphologies (figure 2.1). On the whole, however, spherulites are almost per-
fectly spherical. The simplest explanation is that their host glass or melt is homogeneous,
thus offering no preferred direction in which to grow. As we noted earlier, however, some
spherulites cross cut bands of textural and compositional heterogeneities (Gonnermann and
Manga, 2003). An alternative explanation can be found by invoking sufficiently rapid dif-
fusion of water.

As spherulites grow outwards and water is rejected into the surrounding matrix,
there is a local reduction in the relative abundance of crystal-forming components. Since
water content decreases with distance (over diffusion lengthscales) from the spherulite rim,
any crystalline protrusion will grow into a melt at a higher supersaturation (i.e., higher
undercooling) and respond by growing faster. This runaway effect can lead to dendritic
crystals or cellular morphologies (Kirkpatrick, 1975). However, there is an increase in sur-
face energy associated with breaking the spherical symmetry of a growing spherulite. The
stability of a spherical interface with finite surface tension is determined by a competition
between growth rate and diffusion rate. At low growth rates, surface tension and diffusion
act to maintain a minimum surface energy configuration (i.e., spherical). With increasing
growth rate, however, there comes a critical point described by the Mullins-Sekerka instabil-
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ity at which diffusion and surface tension can no longer prohibit dendritic growth (Mullins
and Sekerka, 1963; Langer, 1980). As one might expect, the transition from spherical to
dendritic morphology depends on the diffusion length over which the crystallizing compo-
nents are depleted. Qualitatively, for large diffusion lengths the increase in supersaturation
surrounding a protrusion is minor compared to the rest of the spherulite. This withstand-
ing, we attribute the sphericity of spherulites in our samples to the high mobility of water
relative to the reaction rate under the conditions at which these crystals grew.

2.10 Conclusions

Water concentration profiles adjacent to spherulite rims provide information about
the growth history of spherulites in rhyolitic vitrophyres. We have shown that these profiles
can be modeled assuming a combination of diffusion-controlled spherulite growth kinetics
and post-growth diffusion of water. Qualitatively, this model can resolve temperature differ-
ences at which different spherulites grew and it accounts for why spherulites are spherical.
We find that the glass transition is not a barrier to spherulite growth because chemical dif-
fusivities are not sensitive to this transition. Furthermore, because thermal diffusivities are
much greater than chemical diffusivities, spherulite crystallization does not lead to runaway
heating and complete crystallization or devitrification of rhyolitic vitrophyres.

Our model also provides timescales for spherulite growth. Swanson (1977) was the
first to show that crystals can grow to large sizes (mm-scale) on surprisingly short timescales
(on the order of days) in systems with more than one phase. We have inferred that this
holds true in the natural setting where spherulites can grow to large sizes on the order of
days at eruptive temperatures. However, spherulite growth rates decrease exponentially
with temperature and become prohibitively slow at temperatures below about 400°C.

Lastly, we emphasize that the results presented here are based on spherulites from
a single locality. A similar approach applied to spherulites from elsewhere will be useful
in the future. In particular, we would like to compare timescales of during- and post-
growth diffusion of water between spherulites that experienced different cooling histories.
Information such as this may lead to an explanation for how and when spherulite growth
and water diffusion become decoupled.
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Chapter 3

Isotope separation by diffusion in
natural molten silicates

3.1 Introduction

This study was motivated by the idea that diffusive isotopic fractionations might
provide information on the size and stoichiometry of diffusing species in silicate liquids. Nat-
ural silicate liquids can be viewed as concentrated solutions of roughly ten major elements
distributed among various dissolved chemical species. The nature of these dissolved species
is of broad interest for understanding thermodynamic and transport properties of silicate
liquids (e.g., Navrotsky et al., 1989; Ghiorso et al., 1983; Hess, 1995; Ghiorso et al., 2002;
Halter and Mysen, 2004), and yet, it is difficult to define the actual chemical constituents
in a melt because of the disordered and dynamic nature of silicate liquid structures. Our
focus in this work is on the relationship between liquid structure and isotopic diffusion. In
particular, we are interested in whether the relative mobility of isotopes reflects the relative
mobility of isotopically-distinct complexes, and if so, how does this fit into the emerging
picture of silicate liquid structure and dynamics?

3.1.1 Speciation and silicate liquid structure

The main structural units in silicate materials are silica and alumina tetrahedra
that are either isolated or are linked together by bridging oxygen atoms to form chains,
rings, sheets, and three-dimensional networks of (Al,Si)O, structural units (Calas et al.,
2006; Henderson et al., 2006). In the liquid state, these aluminosilicate structures do not
move as long-lived, well-defined molecular units, but are constantly reorganizing through
rapid breaking and re-forming of bridging oxygen bonds (Stebbins, 1995). The definition
of chemical “species” in silicate liquids thus becomes ambiguous, since it depends on the
interconnectivity as well as the longevity of aluminosilicate networks, and the strength with
which the other cations (e.g., Fe, Mg, Ca, Na, K) are bonded to them. This ambiguity
makes it difficult to parameterize the configurational entropy of silicate liquids and repre-
sents a major obstacle for producing an accurate general model for their thermodynamic
properties (e.g. Hess, 1995; Ghiorso et al., 2002). There is a long history of research on
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the molecular-scale structures of silicate liquids and glasses (see Mysen and Richet, 2005,
for a recent synthesis). A variety of spectroscopic and diffraction techniques are used to
probe structures in glasses and liquids, and each is sensitive to the structure at different
length and time scales. X-ray scattering and absorption probe structures as they appear
on timescales of about 10716 s and the resulting spectra for a given element are sensitive to
the local bonding environment up to length scales of about 104 (e.g., bond distance, bond
angle, coordination number, and connectivity to the first few neighboring atoms; Brown
et al., 1995). Vibrational spectra (e.g., Infrared and Raman) probe interatomic bonding
environments averaged over timescales of about 1072 s and have been used to identify
chemical species with lifetimes greater than this value (McMillan and Wolf, 1995). Nuclear-
magnetic resonance (NMR) methods probe local chemical environments up to about 10A
over timescales ranging from 10~* to about 10~®s (Stebbins, 1995). The timescale relevant
for diffusion is the reciprocal of the typical jump frequency (Dingwell, 1990), which is on
the order of 1072 s, and therefore closest to the timescale for NMR. Despite the extensive
and detailed information available on silicate liquid structure, there is still considerable un-
certainty surrounding the size and lifetimes of polymeric structures in silicate liquids (Lee
and Stebbins, 2006). And as Henderson et al. (2006) recently noted, this “intermediate
range structural order, involving organization at nanometer and longer length scales, is still
a major challenge but must be of critical importance to kinetics of crystal nucleation and
diffusive transport.”

3.1.2 Diffusion in silicate liquids

Diffusion data is usually presented and modeled in terms of simple oxide compo-
nents, despite the fact that the oxides cannot be the actual diffusing entities. There is a
substantial literature on diffusion in silicate liquids, but in particular Dingwell and Webb
(1989), Dingwell (1990, 2006), Kress and Ghiorso (1993), and Chakraborty et al. (1995)
address the relationships between melt structure or speciation and diffusion. More often,
chemical changes due to diffusion are regarded as the result of transport of either oxide or
elemental species.

In many cases it is difficult to use diffusion data to infer the existence or com-
position of multi-atom complexes in silicate liquids. Our approach concerns the effect of
diffusion on isotopic fractionation of the major elements of silicate liquids. The only signif-
icant difference between isotopes (e.g. **Ca and *°Ca) is mass. Hence if it is observed that
there is a difference in the diffusion coefficients of two isotopes of an element, resulting in
isotopic fractionation, it is reasonable to infer that this is due to a difference in the mass of
the diffusing species. Previous studies have shown that chemical diffusion of Ca, Mg, K, Li,
and other minor elements in silicate liquids produces isotopic fractionation because lighter
isotopes of an element tend to diffuse slightly faster than heavier isotopes (Baker, 1989;
Lesher, 1994; Richter et al., 2003). However, there has not been a systematic investigation
of the dependence of isotopic fractionation on liquid composition. This chapter is devoted
to the idea that such an approach might open a new window for understanding diffusion
mechanisms in the context of liquid structure and dynamics.
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3.2 Mass dependence on diffusivity

There is no general theory that predicts how diffusivity should vary with mass in
liquids. In a dilute gas with mean molecular mass M, the kinetic theory model predicts a
power law relationship between diffusivity and the reduced mass u of isotopically distinct
species and that the power law exponent is equal to 1/2 (Mills and Harris, 1976):

1/2
Dy (m (3.1)
D4 2 ’
i M

Tt M

In the limit that M>> pu;, this reduces to commonly used square-root of mass law:

D 1/2
2 _(m
o (m)" 0

In the solid-state diffusion literature, this equation with a power law exponent of 1/2 is used
as a reference and the mass dependence on diffusivity is discussed in terms of the efficiency
of isotope separation E, which is defined as (Schoen, 1958)

where

i

(3.2)
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where E=1 when equation 3.3 is true. The magnitude of deviations from the m~2 de-
pendence can be used to infer diffusion mechanisms using crystal lattice models (Rothman
and Peterson, 1965). In some cases these mechanisms are discussed in terms of the number
and masses of other atoms whose motions are correlated with the movement of the atom of
interest. This is essentially a description of diffusive coupling and its effect on the isotopes
— a concept that should also apply to isotope diffusion in liquids. In liquid systems, the
approach taken in the geochemical sciences is to assume a power law relationship akin to

equation 3.3 but generalized as
B
D2 mi
—=1—1 . 3.5
o) 3)

where it is observed that the power law exponent § is always some value less than 1/2 in
aqueous solutions (e.g., Richter et al., 2006; Bourg and Sposito, 2007, 2008), and silicate
liquids (Richter et al., 1999, 2003, 2008). This is similar to equation 3.4 and one can easily
convert between the two through the relationship that F=24.

Calculations of E and/or § implicitly assume that a power law relationship exists
between diffusivity and mass in condensed systems and that the mass of the diffusing species
my is that of the isotope itself. In pure metals, this is perhaps unambiguous, but in silicate
liquids it is not. The general interpretation for values of £ <1 is that the movement of the
atoms of interest (of masses m; and mg) is correlated with the movements of other atoms,
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and the value of E can be estimated if the number and masses of the other atoms involved
are known. Rothman and Peterson (1965) give the following more general expression for E:

o QZn(Dg/Dl)
~In(nm +my)(nm 4+ mg)’

(3.6)

where m and n are the average mass and the number, respectively, of the other species
whose motions are correlated with those of the tracer atoms during diffusion. This general
formula can allow one to speculate about whether diffusion involves larger complexes in
the liquid phase, and how large those complexes might be. For example, if the motion of
Ca were correlated with that of an AlO4 tetrahedral unit (mass 91), then the ratio of the
diffusivities of #*Ca and *°Ca would appear to correspond to masses of 135 and 131 (for
E=1) rather than to masses 44 and 40.

3.2.1 Diffusive isotopic fractionation

Richter et al. (2003) (hereafter RDDW) and Richter et al. (2008) observed isotopic
fractionation of Ca, Mg, and Li as a result of interdiffusion between a mid-ocean ridge
(tholeiitic) basalt and rhyolite. Using a chemical diffusion model, RDDW determined the
ratio of the diffusivities of *Ca and *°Ca to be Dy /D4p=0.993, the diffusivities of 14 and
SLi to be D;/Dg=0.967 and the diffusivities of 26Mg and ?*Mg to be Dag/D24=0.996. The

uncertainties on these numbers are not precisely defined, but they are roughly +0.0015.

Isotopic system Da/D; B Reference (nm—+my)*
Ca/MCa 0.993 0.075 Richter et al. (2003) 278
26Mg/?* Mg 0.996 0.05 Richter et al. (2008) 249

"Li/OLi 0.967 0.215 Richter et al. (2003) 15

Table 3.1: Differences in isotope diffusivities for Ca, Mg, and Li obtained in basalt-rhyolite
interdiffusion experiments.

Table 3.1 summarizes the results of the Richter et al. (2003, 2008) experiments
on silicate liquids, and includes the values of 3, as well as numbers derived from equation
3.6 for the value of (nm+my)*, which assumes E'=1 and is therefore a maximum for this
parameter. For Ca and Mg, the derived values for (nm+m;)* are substantially larger than
the atomic mass of the light isotope and suggestive that the movement of these species
is correlated with the movement of at least 5-6 other atoms in the liquids. In contrast,
the value of (nm+mjy)* for Li is not much larger than the atomic mass of Li, and in fact
requires n<1 if m is to represent the mass of a major element. This suggests that for Li,
the diffusing species is probably the Li atom, and its movements are not strongly correlated
with the movement of other species in the liquid.

3.3 Approach

If a complex like CaAl,O4 were important for diffusion, it would imply that dif-
fusion of Ca and Al be strongly coupled. In addition, one might expect that if there are
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multiple Ca-bearing complexes, each complex should have a different effect on the mass
discrimination of Ca during diffusion.

The experiments of Richter et al. (2003, 2008) were done using the same com-
positions of basalt and rhyolite in all cases. The basalt is a tholeiitic mid-ocean ridge
composition and the rhyolite is a calc-alkaline composition (Table 3.2). As we noted earlier,
these experiments provide interesting insights on the possible structure of silicate liquids,
and more information may be accessible by varying the compositions of the liquids. For ex-
ample, more Mg-rich and Al-poor liquids would have fewer Al-Si-O complexes and therefore
fewer bridging oxygen atoms between (Al,Si)Oy4 tetrahedra.

To test how mass discrimination by diffusion is related to silicate liquid structures,
we performed experiments similar to those of Richter et al. (2003, 2008) using different
starting compositions for the mafic endmember (Table 3.2). In our first two experiments,
we chose a Hawaiian basalt composition (H36B; Hofmann and Magaritz, 1977) rather than
the tholeiitic basalt used by RDDW. In subsequent experiments, we replaced basalt with
ugandite (U105), chosen for its lower silica content, lower Al, higher Mg and alkalis, and
because it is presumably less polymerized than tholeiitic basalt. As described below, both
series of experiments produced Ca isotopic effects that are significantly different from those
observed by RDDW.

3.4 Results

A total of four diffusion couple experiments were measured for chemical diffusion
profiles by electron microprobe and sectioned for Ca isotope analysis. Here, we compare and
contrast major-element profiles and Ca isotope measurements between the basalt-rhyolite
experiments in RDDW, two basalt-rhyolite experiments from this study, and two ugandite-
rhyolite experiments from this study. The bulk composition and Ca isotope composition
for each starting material is shown in Table 3.2.

3.4.1 Major-element diffusion profiles

Figures 3.1 and 3.2 are major-element diffusion profiles for the basalt-rhyolite
and ugandite-rhyolite experiments, respectively. All of the profiles exhibit asymmetry that
comes from the dependence of diffusivities on composition (primarily silica content). In
figure 3.1 there is so-called “uphill diffusion (i.e., diffusion of a species against its own
concentration gradient) exhibited by NasO and AlyOs, the latter having only a minor con-
centration contrast between starting materials. The rest of the oxides show generally simple
monotonic diffusion profiles. The concentration profiles for the Kilauea basalt-rhyolite ex-
periment are similar to those measured by RDDW in their basalt-rhyolite experiments.

Several of the profiles from the ugandite-rhyolite experiment (Figure 3.2) differ
markedly from those in the basalt experiment. For instance, there is strong uphill diffusion
and/or sharp gradients exhibited by each of the oxides associated with feldspar formula
units (K20, NagO, SiO2 and Al;O3). An inset in the CaO profile shows that CaO also
exhibits uphill diffusion. Note that unlike the basalt experiments there is a relatively large
Al,Og3 concentration gradient that is opposite the gradient of CaO.
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Starting compositions

Weight SUNY MORB* H36B** U105 (XRF) LCO (WDS)
per cent tholeiitic basalt tholeiitic basalt ugandite rhyolite
Sio, 49.75 49.68 40.56 75.94
TiO, 1.63 2.59 5.02 0.11
ALO, 16.07 12.7 8.04 12.89
Fe,O, - - - -
FeO 9.49 11.05 12.21 0.81
MnO - 0.17 0.20 0.04
MgO 8.56 9.46 11.81 0.11
CaO 10.80 10.79 12.65 0.75
Na,O 2.89 2.31 2.47 2.96
K.O 0.18 0.48 3.71 5.48
P.Os - - 0.44 -
LOI - - 2.13 -
Total 99.37 99.23 99.81 99.09
Mole

per cent

KAIO, 0.26 0.67 4.97 7.71
NaAlO, 6.29 4.89 4.98 6.33
CaAlQO, 7.36 5.39 0 0.87
MgAlO, 0 0 0 0.18
SiO, 55.85 54.22 42.59 83.76
TiO, 1.38 2.13 3.97 0.09
FeO 8.91 10.09 10.72 0.75
MgO 14.33 15.39 18.49 0
CaO 5.63 7.23 14.23 0
Na,O 0 0 0.05 0
K.O 0 0 0 0
d*Ca’ | -0.22 -0.33 -0.41 -0.28

* Richter et al. (2003)
**Hofmann and Magaritz (1977)
1 Uncertainties in 8**Ca are within + 0.15%.

Table 3.2: Bulk composition and Ca isotope composition of starting materials used in
diffusion couple experiments. Major element abundances are shown both in terms of oxide
components as well as in terms of species used in the Bottinga and Weill (1972) viscosity
model.

Starting compositions Temperature Pressure Duration Ramp rate Capsule length (post-run)
Mafic Felsic (°C) (Gpa) (hrs) (°C/min) (mm)
RB-2 SUNY MORB Obsidian 1450 1.3 15.7 75 ~8
RB-3 SUNY MORB Obsidian 1450 1.2 12.0 75 ~8
DF-5 Kilauea basalt Obsidian 1450 1.0 12.0 150 6.98
DF-9 Kilauea basalt Obsidian 1450 1.0 12.0 150 7.25
DF-8 Ugandite Obsidian 1450 1.0 24.0 150 8.4
DF-11 Ugandite Obsidian 1450 1.0 12.0 150 712

Table 3.3: Initial and experimental conditions for each of the diffusion-couple experiments.
RB2 and RB3 are from RDDW. All other experiments were performed in this study.
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Figure 3.3: Ca isotope profiles from three sets of experiments. The initial interface between
starting liquids is given by the vertical dashed line. The grey horizontal bar shows the
initial isotopic composition. Corresponding CaO diffusion profiles are shown below each

plot. The high values of 6**Ca in the rhyolite in (e) and (f) is interpreted as evidence for

diffusive coupling of Ca to Al (see text).
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3.4.2 Calcium isotope profiles

Post-run Ca isotope profiles were measured across each diffusion couple and large
fractionations from the initial Ca isotope composition were observed for each experiment.
All Ca isotope measurements are reported in Table 3.4. Figures 3.3a and 3.3b show the
Ca isotope profile and corresponding Ca diffusion profile from RDDW. In their two exper-
iments (RB2 and RB3) the minimum in §*4Ca is about 5 to 6%o lower than the starting
compositions, and the isotopic effects extend nearly to the end of the capsule on the rhyolite
side. For comparison, figures 3.3c and 3.3d show results from this study for our Kilauea
basalt-rhyolite diffusion couples run under the same conditions but with a different, yet still
tholeiitic, basalt composition. Overall, the profile has a similar shape, but the minimum
5% Ca is less extreme at -3%o. In addition, our experiments were loaded with a thicker sec-
tion of rhyolite and it can be seen that the Ca isotopic composition is uniform throughout
the rhyolite end of the charge where the rhyolite Ca concentration has been unaffected by
diffusion of Ca from the basalt.

Figures 3.3e and 3.3f show results from ugandite-rhyolite experiments run for 12-
hours and 24-hours, respectively. In these experiments, the minimum in §4*Ca is only
about -2%o. There is also a large increase in §*4Ca that developed on the rhyolite side of
the capsule beyond the diffusion front of Ca from the ugandite. In the 24-hour run (figure
3.3f), the increased 6**Ca extends to the end of the capsule. In all of the experiments, there
are linear gradients in §**Ca on the mafic side of the capsule with a total range of about 2
to 4 units. A similar linear gradient is observed in one of the RDDW runs (RB-2), and in
a run where Mg isotopes were measured (Richter et al., 2008).

3.5 Discussion

3.5.1 Interpretation of basalt-rhyolite experiments

In all of the experiments, isotopes of calcium become fractionated by chemical
diffusion as the lighter isotope (*°Ca) diffuses slightly faster than the heavy isotope (*Ca).
In the basalt-rhyolite experiments, this explains the main features of the measured profiles:
(1) Ca has diffused from the basalt end, leaving the basalt isotopically heavier (2) the
isotopic composition at the rhyolite end is unchanged because Ca has not diffused into or
out of that region, and (3) the isotopic effects are enhanced on the rhyolite side because the
rhyolite initially has very little Ca. In the simplest model to describe the diffusion effects
(used by RDDW), the minimum in §*4Ca should depend only on the initial Ca concentration
contrast and the relative diffusivities of the isotopes (i.e., 5 in equation 3.5).

In the first study of this type, (Richter et al., 1999) measured diffusive isotope
fractionations of Ca between synthetic basalt and synthetic rhyolite and found a value for
of between 0.05 and 0.08. Because those values are similar to the values deduced from the
natural basalt-rhyolite experiments in RDDW, it was suggested that §=0.075 (£0.025) may
be a general feature of silicate liquids, independent of liquid composition. However, in our
basalt-rhyolite experiments (figures 3.3c and 3.3d), the minimum 64*Ca of -3%o translates
to =0.035+0.005, which is significantly different. This result suggests that the relative Ca
isotope diffusivities are sensitive to slight changes in liquid composition.



Basalt-Rhyolite experiments

Ugandite-Rhyolite experiments

Sample Distance 0"Ca
(wafer no.) (mm) (%o)
DF5-1 6.727 -
DF5-2 6.229 -0.34
DF5-3 5.730 -0.29
DF5-4 5.232 -0.19
DF5-5 4734 -
DF5-6 4.235 -2.16
DF5-7 3.737 -2.64
DF5-8 3.239 -2.47
DF5-9 2.741 -1.50
DF5-10 2.242 -1.39
DF5-11 1.744 -
DF5-12 1.246 -
DF5-13 0.747 0.71
DF5-14 0.249 1.25
DF9-1 7.005 -
DF9-2 6.525 -0.24
DF9-3 6.042 -0.49
DF9-4 5.558 -0.26
DF9-5 5.075 -0.39
DF9-6 4.592 -1.99
DF9-7 4.108 -2.83
DF9-8 3.625 -1.42
DF9-9 3.138 -
DF9-10 2.658 -0.90
DF9-11 2.175 -0.68
DF9-12 1.692 -0.14
DF9-13 1.208 -0.14
DF9-14 0.725 0.26
DF9-15 0.242 0.78

Sample Distance d"Ca
(wafer no.) (mm) (%o)
DF8-1 8.153 -

DF8-2 7.659 2.20
DF8-3 7.165 1.94
DF8-4 6.671 0.31
DF8-5 6.176 -1.86
DF8-6 5.682 -1.74
DF8-7 5.188 -1.35
DF8-8 4.694 -1.27
DF8-9 4.200 -1.12
DF8-10 3.706 -1.07
DF8-11 3.212 -

DF8-12 2.718 -0.79
DF8-13 2.224 -

DF8-14 1.729 -0.16
DF8-15 1.235 0.15
DF8-16 0.741 -

DF8-17 0.247 -

DF11-1 6.865 -0.29
DF11-2 6.357 0.25
DF11-3 5.848 1.74
DF11-4 5.340 1.51
DF11-5 4.831 -0.87
DF11-6 4.323 -2.00
DF11-7 3.814 -1.56
DF11-8 3.305 -1.20
DF11-9 2.797 -0.85
DF11-10 2.288 -0.59
DF11-11 1.780 -0.85
DF11-12 1.271 -

DF11-13 0.763 0.17
DF11-14 0.254 0.23
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Table 3.4: Ca isotope measurements measured on wafers from four diffusion couple exper-
iments. Also shown are the distances along the Ca diffusion profile associated with the
center point of each wafer. Uncertainties in §*4Ca are within +0.15 %o.
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One notable difference between the SUNY MORB and H36B starting materials
is in the Al content. In RB2 and RB3, the basalt has a higher concentration of AlyOj3
than the rhyolite, so the Al concentration gradient between the basalt and the rhyolite
(table 3.2) is in the same direction as the CaO concentration gradient. In DF5 and DF9,
the Al,O3 concentration gradient between the basalt and rhyolite is negligible (figure 3.1).
This difference is noteworthy since previous studies (e.g., Kubicki et al., 1990; Chakraborty
et al., 1995; Liang et al., 1996, and many others) have shown that diffusion of alkali and
alkaline-earth cations can be strongly influenced by the magnitude and sign of Al gradients
(hereafter referred to as “diffusive coupling”).

3.5.2 Interpretation of ugandite-rhyolite experiments

The Ca isotope profiles in the ugandite-rhyolite experiments (Figures 3.3e and 3.3f)
are quite different from those in the basalt-rhyolite experiments. Especially notable is that
the ugandite is Al-poor, hence the Al,Ogs gradient in the ugandite-rhyolite experiments
is such that Al is expected to be diffusing from the rhyolite into the ugandite. In these
experiments, then, the Al gradient is opposite the Ca gradient, so if Ca and Al are coupled
in the diffusion process this might be expected to be evident in the isotopic profiles.

The diffusion couple produced Ca concentration and isotope profiles on the mafic
side of the capsule that are roughly similar to those produced in the Kilauea basalt-rhyolite
couples. This requires that Ca is diffusing from the ugandite to the rhyolite, and that
the 40Ca species is diffusing more rapidly than the **Ca species. However, on the rhyolite
side of the capsule there are two additional features. A small Ca concentration gradient
developed within the rhyolite, with the concentration decreasing toward the ugandite. And
in the region where this concentration gradient exists, there is a large increase in §4*4Ca,
suggesting that this region has been depleted of 4°Ca by preferential diffusion of light Ca
toward the ugandite.

The immediate question is why Ca diffuses from the rhyolite toward the ugandite
even though the ugandite has a higher Ca concentration. There are at least two possibilities.
Since Ca will diffuse in response to chemical potential gradients, it is possible that Ca has
a particularly low chemical potential in the new liquid composition generated within the
rhyolite as it diffusively mixes with the ugandite. This might cause Ca to diffuse out of
the pure rhyolite into the hybrid composition, depleting the neighboring part of the pure
rhyolite in “°Ca relative to **Ca. An alternative (or additional) explanation is that Al,
which is diffusing from the rhyolite toward the ugandite, is combined with Ca in a Ca-Al
complex, and that this component or species is diffusing out of the rhyolite toward the
ugandite, leaving behind a residue that is enriched in 4*Ca. In the latter scenario, it would
be required that the ugandite have a lower concentration of the Ca-Al complex than does the
rhyolite, and that there is enhanced isotopic discrimination associated with diffusion of the
Ca-Al complex. Although we may not be able to distinguish between the two possibilities,
the results presented here clearly indicate that diffusive isotopic fractionations of Ca depend
on the associations between different elements in the liquid.
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3.5.3 Diffusive isotopic fractionation and speciation

There is no general agreement about what long-lived multi-atom species exist
in silicate liquids. Empirical viscosity models (e.g., Bottinga and Weill, 1972; Hui and
Zhang, 2007) incorporate alkali and alkaline earth aluminate components in addition to
the simple oxides in order to account for the dual role of Al as a network-forming and
network-modifying cation. Since viscosity and structural relaxation are functionally related
to the diffusion of individual atoms in the liquid matrix (Dingwell, 2006), we have chosen to
evaluate the possible role(s) that aluminate complexes might play in the diffusion process
by recasting the diffusion profiles in terms of the species employed in the viscosity model
of Bottinga and Weill (1972), which incorporates two Ca-bearing species, one of which is
associated with Al.

Figure 3.4 compares the profiles of the two Ca-bearing species (CaO and CaAlyOy)
to the isotope data presented in figure 3.3. In the basalt runs (figures 3.4a and 3.4b), the
profiles for both Ca species appear to be simple monotonic diffusion profiles. The CaAl,Oy4
profile appears to extend further into the rhyolite and suggests that Ca may be more mobile
when associated with Al. Figures 3.4c and 3.4d show CaO and CaAl;O4 for the ugandite
experiments. In these experiments the CaO profile is again monotonic, but exhibits an
irregularity in the tail of the diffusion profile that extends to approximately the point where
the highest 644Ca value lies. The ugandite initially has zero CaAl,O4 due to its low AlyOs
concentration (Table 3.2), whereas the rhyolite has about 1 mol %. At the end of the
run, the CaAlsOy4 profile has become quite complicated. The ugandite near the end of the
capsule has acquired CaAlyOy4, and in the mixing region between the liquids, the CaAly04
content is zero. The calculated zero value for CaAl,O4 arises because the liquids in this
region have insufficient Al to make CaAloQ4 after the available Al has first been assigned
to KAlO4 and NaAlOy4. This probably occurs because this region has acquired additional
NagO and K5O due to uphill diffusion (figure 3.2). It could reasonably be inferred that in
this region, the chemical potential of the CaAlyO4 component is very low. The increased
values of CaAlsOy4 in the ugandite indicate that Al has been added in excess of any additions
of Na and K. This is consistent with the AloOs profile (figure 3.2), which shows that the
tail of the profile has penetrated all the way through the ugandite to the end of the capsule.

The enrichment of §**Ca in the rhyolite, which is the signature of residual Ca left
behind after diffusive loss, suggests that Ca diffused out of this region. Since there is an Al
gradient, decreasing toward the ugandite, it is plausible that the lost Ca was a result of a
Ca-Al complex diffusing down a concentration gradient and out of the rhyolite, with the Ca
coupled to the Al. The zero-value of CaAloO4 suggests that a chemical potential gradient
of the Ca-Al component developed as the experiment progressed. Although the CaAl,Oy4
profiles are complicated in these snapshots, it is noteworthy that the post-run gradients for
the 12-hour run (figure 3.4c) are similar in sign and shape to those in the 24-hour run (figure
3.4d). Hence it appears that these gradients, once established, are maintained throughout
the experiments and could be interpreted as indicative of long-lived chemical potential
gradients that may be relevant to the isotopic results. A further significant feature is the
large magnitude of the Ca isotopic effects, in comparison with the magnitude of the Ca and
Al gradients, on the rhyolite side of the experiment. This hints that isotopic discrimination
may be more pronounced in high-SiOs liquids than in low-SiO9 liquids.
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Figure 3.4: Major-element profiles from each of the diffusion couple experiments cast in
terms components used in the Bottinga and Weill (1972) viscosity model. The post-run
profiles for CaO and CaAlsO4 are compared to the Ca isotope profiles presented in figure
3.3. In the basalt-rhyolite experiments (3.4a and 3.4b), the gradients in both Ca species
are unidirectional whereas in the ugandite-rhyolite experiments (3.4c and 3.4d), there are
gradients in Ca species in both directions.
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Overall the chemical data suggest that there could be both thermodynamic effects
and simple coupling via a Ca-Al complex in the ugandite-rhyolite experiments. The con-
trasting behavior of the CaO and CaAlsO4 components in this experiment suggests that two
separate Ca-bearing species are diffusing against each other in the liquid. In the following
section we pursue the model of counter diffusion of two Ca species to evaluate how well that
model can account for the isotopic results.

3.6 Theoretical Considerations

3.6.1 General multicomponent diffusion model

In a system of multiple diffusing components, the flux of one component may
influence the flux of another and Fick’s first law can be expressed as

n—1
Ji =Y _Di;VC; (3.7)
j=1
where D;; is the multicomponent diffusion matrix. If diffusion of each component ¢ is
independent of all other components, then D;; is a diagonal matrix. Generally, this is not
the case in natural silicate liquids when individual elements or oxides are taken as the
components, and the off-diagonal elements of D;; specify the extent of diffusive coupling
between these components.
If the diagonal or off-diagonal diffusion coefficients for a given element are mass
dependent, then the flux of isotope & of element i can be written as (Liang, 1994; Richter
et al., 1999):

n—1
Jik = —=DkVCii = > Xik(Dij — 5 Dy)VCj (3.8)
j=1
where Dy, is the self-diffusion coefficient of isotope k, Cji is the concentration of k, and

is the mole fraction of k£ in element ¢. Equations 3.7 and 3.8 lead to the multicomponent
diffusion equation with isotopes:

n—1

dc;

= V(DeVCir) + > V(xik(Dij — 6, Dr)VC5) (3.9)
j=1

For our experiments, the appropriate boundary conditions are of zero flux into or out of
either end of the capsule:

Ji=0at z=0and z = L. (3.10)

Solving equation 3.9 requires knowledge of the diffusion matrix, which must be determined
experimentally for a given composition (cf. Trial and Spera, 1994). Not only is D;; not
known for natural basalt or rhyolite, but D;; is sensitive to composition between these
two endmembers. Furthermore, because natural melts contain 8-12 oxide components,
D;; becomes prohibitively large to be forward-modeled. Therefore, implementing a full
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multicomponent diffusion model that includes coupling between all major oxides is not
practical. However, the essential behavior resulting from the coupling can be captured in a
simplified model.

3.6.2 Simplified multicomponent diffusion model

Our goal is to obtain diffusion coefficients for Ca in a simplified model that takes
into account the important observations that (1) Ca diffusion profiles are asymmetric and
(2) that Ca diffuses against its own concentration gradient (assumed to be due to Ca-Al
coupling) in the ugandite-rhyolite experiments. In our treatment that follows, we arbitrarily
choose the simple oxides as components as is customary and for ease of comparison to other
diffusion studies.

Based on qualitative assessment of the measured major-element and Ca isotopic
profiles, we assume: (1) the rates of CaO diffusion are dependent mainly on the SiOy and
Al;O3 content of the liquids such that we can treat the three oxides as a three-component
system, (2) the diffusivities of SiO2, AlaO3, and CaO are controlled by SiOy content as in
RDDW, and (3) that CaO fluxes are coupled to AlaO3 gradients to allow for uphill diffusion
of CaO in the ugandite-rhyolite experiments. The one-dimensional matrix representation
of our system of equations is:

9Cs;0 9Csi0
= : o | Dsio 0 0 o0 :
4203 o = p 0 D ai,04 0 —52% (3.11)
8Ccan 0 Dcao-4a1,05 Dcao 9Cca0

Note that the diffusion matrix is asymmetric, which in general is to be expected
because of constraints such as local charge conservation; for example, one Ca atom coupled
to two Al atoms in a species such as CaAlsO4. Also note that we allow Ca-Al coupling
but not vice versa, and this is solely in order to minimize the number of free parameters
(although the effect of Ca on the Al profile should be relatively small in comparison to
coupling effects of other cations such as K and Na; Bottinga and Weill (1972).

To reproduce the asymmetry in the measured diffusion profiles, the D’s have a
dependence on SiOy content that is parameterized as (RDDW):

Doxide = D070xide€_a(XSiOQ_0'5) + D17 (312)

where Xg;0, is the weight fraction of SiOy and Dg ozige, @, and Dy are fitting parameters
for the major-element diffusion profiles. For simplicity, Dcqo— 1,05 is assumed constant.

Referring to equation 3.9, we allow the diagonal and off-diagonal diffusion coeffi-
cients of “9Ca and #*Ca to differ by a constant factor. Expressing this difference in terms
of the inverse mass ratio, we have two parameters S and -y defined as:

B
Dicao _ (20 (3.13)
Diocao  \ 44 ‘




39

and

-
D44CaOfAl203 _ @ ’ (314)
Diocao- 41,04 44

where (8 is the same as in equation 3.3 and ~ describes the effect of diffusive coupling on
the isotopes.

3.7 Numerical calculations

All numerical calculations were performed using the lattice Boltzmann (LB) model
of Huber et al. (2008) developed for multi-component coupled diffusion. The LB method is a
statistical approach to solving partial differential equations. It has been developed over the
past two decades with a special emphasis on complex fluid dynamics and reaction-diffusion
problems (Frisch et al., 1986; Qian et al., 1992; Chopard and Droz, 1998; Succi, 1991).
Although LB models have been shown to be generally equivalent to explicit finite difference
schemes, the LB diffusion models are unconditionally stable unlike finite difference models.
Huber et al. (2008) showed that their multi-component coupled diffusion LB model is also
unconditionally stable.

3.7.1 Model versus measured oxide profiles

The first step in modeling the major-element diffusion profiles is to obtain a rea-
sonable approximation to the SiOy data. This provides the time-evolution of SiOg, which is
necessary for modeling the asymmetric AloOs and CaO profiles with their SiO2-dependent
diffusivities. After fitting the Al,Og3 profile, we fit the CaO profile, which depends on the
evolving SiO9 and AlyO3 concentrations at each node. Lastly, we obtain parameters for the
isotope profiles. To summarize:

1. Fit SiO; data (3 free parameters in Dg;o, ).

2. Fit Al,O3 data (3 free parameters in Daj,0,)-

3. Fit CaO data (3 free parameters in Doqa0)-

4. Model the Ca isotope profile (2 free parameters 5 and 7).

Figure 3.5 compares model versus measured SiOg, AloO3z and CaO diffusion profiles from
the three sets of experiments discussed in this paper. The parameters used to model RB2
are the same as those given by RDDW and figure 3.5 shows that our numerical algorithm
achieves the same fit for these profiles.

Figure 3.5 provides calculated diffusion coefficients and shows that our simplified
3-component diffusion model is able to capture the asymmetry and uphill diffusion of CaO
in the measured profiles. It is also apparent, however, that our simplifying assumptions
result in significant misfit to the data. For example, the model fails to reproduce the uphill
diffusion of AlsOj3 in the basalt-rhyolite experiments because AlsO3 fluxes are not coupled
to gradients of any other oxides such as NayO and K9O (in this case, coupling AloO3 to
CaO would be of little help since the CaO concentration gradients are small in this region).



40

Basalt (SUNY] Rhyolite | Basalt (H36B) Rhyolite| Ugandite (U10 Rhyolite |

80 80 80
75 o Measured 7% 75
—e— Model
_70 7 " \
X ®* 2 65
; 65 ;65 ; D=3.56-5050%0:09) Poor
E Dy =4.06-56720%09 B Dy=2.56-5675 %09 2w agreement
ke 3® 3 ss
D 55 D 55 @
50 4 50 DF-9 45 DF-11
45 45 40
o 1 2 3 4 5 & 7 8 0 1 3 4 5 6 7 0 1 2 3 4 5 6 7
Distance (mm) Distance (mm) Distance (mm)
17 16 14
© RB-2 15 No uphill diffusion 13
of Alin model
= S / 12
®1e D, =2.56-5 1200509 & g
1 2 2 Poor
S S S agreement
= 13 . 5 . -] -
< No uphllll diffusion < 4 D =5.06-6650c29 <
12 of Alin model Y Al :
10 DF-9 DF-11
1 7
o 1 2 3 4+ 5 & 71 8 N 7 2 3 3 5 5 7 0 1 2 3 4 5 6 7
Distance (mm) Distance (mm) Distance (mm)
* ® '2 Uphill diffusi
Iphill diffusion
o RB-2 10 DF-9 10 R (Ca-Al coupling)
DF-11
Re X8 X8
< E P ) )
g/ 6 D,,=8.06-56"450%,95.44.0-6 o 6 D, =4.0-5615%:09) g, 61 D,=2.8e-5020%09 N
% ,| D, =756 ] De, 47566 1 Dcon=7556
o4 can " o4 84
2 2 2
0 0 0
0 1 3 4 5 6 7 8 0 1 2 .3 4 5 6 7 0 1 2 3 4 5 6 7
Distance (mm) Distance (mm) Distance (mm)

Figure 3.5: Model versus measured diffusion profiles for SiOs, AlyO3, and CaO from the
three sets of experiments. The model assumes three-component diffusion and includes
diffusive coupling of CaO to AlzOgs. Diffusivity parameters for the model profiles are given
in each panel in units of mm?/s. Despite the relative simplicity of the model, a reasonable
fit can be achieved for CaO, which is then used to generate the Ca isotopic profiles in figure
3.6.
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Also, the SiO9 and AlsOg3 profiles of DF11 are poorly reproduced where there are unsmooth
gradients (i.e., a sharp kink) and uphill diffusion in the rhyolite. The important point,
however, is that the model produces the important characteristics of the CaO profiles,
including the magnitude of uphill diffusion seen in the ugandite-rhyolite experiment (figure
3.5¢). The misfit in the width of the uphill diffusing region can probably be attributed to
the misfit in the Al,O3 gradients that our model fails to capture.

3.7.2 Model versus measured Ca isotope profiles

Beginning with the model major-element profiles, we incorporate the isotopic dif-
ferences (described by § and v) to produce a model isotopic profile. Figure 3.6 compares
model versus measured isotopic profiles for the three sets of diffusion couples studied. The
model succeeds in capturing the overall shape and parameters can be found to match the
magnitude of the observed fractionations in each profile. In both DF9 and DF11, the dis-
agreement between model and data on the rhyolite end may arise from our inability to
successfully capture the corresponding gradients in the AlyOg3 profiles. In all three sets of
experiments, our model fails to reproduce the roughly linear isotopic gradients on the mafic
end (which we address toward the end of this chapter).
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Figure 3.6: Model versus measured Ca isotope profiles for the three sets of experiments
(labeled a, b, and ¢). Despite the relative simplicity of the model, the overall shape and
magnitude of the fractionations are reproduced. The disagreement between model and data
on the rhyolite end of the capsules may be related to the misfit in the same region of the
AlyOg3 profiles in figure 3.5.

The simplified multicomponent diffusion model does provide some interesting and
useful quantitative results. Using DF9 as a starting point, we find that 5=0.035 (where =y
is poorly constrained because there are essentially no AloO3 gradients). In DF11, where
Al,Oj3 gradients are large and opposite the CaO gradients, we can obtain values of 5=0.035
and v=0.075. Finally, in RB2 and RB3, we find that with diffusive coupling (and assuming
~v=0.075), we calculate 5=0.035, which is much different than the value calculated without
diffusive coupling (i.e., 5=0.075; RDDW).

To summarize, we can find a single set of parameters (8=0.035 and y=0.075)
to describe the fractionations in all of the profiles. We also find that v is significantly
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greater than § in the ugandite-rhyolite experiment, implying one or both of the following:
(1) Ca-Al diffusive coupling discriminates between Ca isotopes more strongly than simple
chemical diffusion or (2) mass discrimination by diffusion is more pronounced in the rhyolite
where the coupling effects are being directly observed. We favor the latter interpretation
for reasons discussed in the following section.

3.8 Discussion

Our experiments indicate that the isotopic effects associated with diffusion in
silicate liquids are more complicated than has yet been appreciated. Nevertheless, the
Ca, Mg, and Li results can be explained in a relatively straightforward manner in terms of
two distinct diffusion mechanisms by which cations move.

3.8.1 Physical explanation for mass discrimination by diffusion

Dingwell (1990) suggested that the diffusive behavior of cations depends on the
ratio

Dcation/DEy'ring (315)

where Deation is the cation bulk diffusivity and Dgyying is the so-called Eyring diffusivity,
which correlates with melt viscosity and is commonly used as a proxy for the mobility of
the melt matrix. The Eyring diffusivity can be calculated from (Dingwell, 1990):

kT

DEym'ng = )\777, (316)

where k is Boltzmanns constant, T is temperature in kelvin, A is an effective jump distance
(Dingwell and Webb, 1989), and 7 is melt viscosity.

Figure 3.7 embodies the physical description for cation diffusion described by Ding-
well which, we argue, can explain the major features of diffusive isotopic fractionations
discussed in this chapter. The figure compares Dg;, Da;, Do, and Dpyring versus melt
viscosity across the ugandite-rhyolite diffusion couple. Also shown is Dr; from RB5. When
Deation/DEyring is large, as is the case for Li, the cation can be viewed as diffusing by
site-hopping within and between quasi-static (glass-like?) structures. This is referred to as
the intrinsic regime of diffusion (Dingwell, 2006), and in this regime, the diffusion of the
species is largely independent of the movements of other atoms or multi-atom structures
in the liquid. Consequently, the mass dependence of the diffusivity is closer to the m~1/2
dependence (or in other words, the efficiency parameter E in equation 3.6 is relatively large
(0.43 for Li), and the parameter n in equation 3.6 approaches zero).

In the other limit, as Deution /DEyrmg approaches unity, cation motion is increas-
ingly influenced by the continual rearrangement of the dynamic liquid matrix. This is the
extrinsic end-member regime of diffusion (Dingwell, 2006), whereby cations not only site-
hop among, but also translate with, larger structural units. In this regime £ becomes small
and nm (Equation 3.6) relatively large. The diffusion of Ca and Mg in basalt is in this
extrinsic regime, as evidenced by the low values of F~0.07 to 0.15.
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Figure 3.7: Diffusivities of Ca, Al, and Si (calculated from our diffusion model) as a func-
tion of melt viscosity (calculated using the model of Bottinga and Weill (1972) across a
ugandite-rhyolite diffusion couple. Also shown are Dr; (from RDDW) and Dgyring (using
I=1.4A, the diameter of an oxygen anion) for the same experimental conditions. The ratio
of Deation/DEyring depends on the cation as well as melt viscosity, which can explain the
diffusive isotopic fractionations observed (see text).
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We therefore propose that Dggtion /DEmig is a proxy for, and is correlated with,
the efficiency or strength of mass discrimination for isotopes of diffusing cations in silicate
liquids. Based on the dependence of Deation/DEyring on the SiO2 concentration of the liquid
(Figure 3.7), mass discrimination by diffusion should increase in going from mafic to felsic
liquid. This would help to explain the rather large isotopic effects in the rhyolite end of the
ugandite-rhyolite couple.

It has previously been concluded that silicate liquids are not “molecular” liquids in
the sense of organic polymers, but instead are dynamic in that viscous flow and diffusion of
network-forming cations are dominated by continual making and breaking of bonds instead
of molecular mechanisms of motion (Stebbins, 1995). Indeed, any individual bond, let
alone a distinct structural unit or complex, probably lasts no longer than 1074-107° s
under our experimental conditions as evidenced by motional averaging in NMR studies
(Stebbins, 1995). Nevertheless, our experiments clearly demonstrate that however transient
their existence, the motion of complexes may be important for diffusion. One way to
visualize this is by way of analogy to Mg and Li diffusion in aqueous solutions (Richter
et al., 2006; Bourg and Sposito, 2007), where there is evidence from molecular dynamics
simulations that the magnitude of isotopic discrimination is a function of the lifetime of
water molecules in the first hydration shell around the cation. Applying this analogy to
silicate liquids, the magnitude of diffusive isotopic fractionations exhibited by a particular
cation should depend on the lifetime of its bond to local aluminosilicate structures and the
size of those structures.

3.8.2 Silicate melt structures and diffusing components

Our isotopic results for Ca, which suggest a reinterpretation of the RDDW results
as noted earlier, affect the calculated masses (nm+my)* in Table 1. We calculate a value
for the on-diagonal terms affecting Ca of 5=0.035 (Dy/D;=0.9965) rather than the value
of 0.075 (D2/D1=0.993) proposed by RDDW. Using equation 3.6, this translates into a
maximum mass of 598. For the off-diagonal term, the calculated value is (nm+m;)*=278.
The latter value is equal to, for example, the combined mass of Ca plus at least two (Al,Si)Oy4
units. This interpretation does not necessarily require that Ca diffusion involve the motion
of long-lived Ca-bearing molecular complexes.

There are several additional lines of evidence to support the notion that molecular-
scale structures may be important for diffusion in molten silicates. First, measured diffusion
coefficients for a given oxide vary widely (an order of magnitude or greater) even in melts of
the same SiOy content (e.g., Watson, 1982). Similar variability can depend on the direction
of the oxide concentration gradient (e.g., der Laan et al., 1994) or whether the cation is
present in major versus trace quantities (Baker, 1989; Lesher, 1994; der Laan et al., 1994).
Each of these observations can be anticipated by appealing to diffusion driven by gradients in
molecular complexes as opposed to gradients in the oxides. In one study where the choice
of molecular components could be reasonably inferred, Kubicki et al. (1990) performed
diffusion couple experiments using compositions near the diopside-anorthite join and were
able to describe most of their data in terms of simple binary diffusion using diopside and
anorthite as the diffusing components (cf. also Trial and Spera (1994) who emphasized the
significance of this result). Kress and Ghiorso (1993) performed diffusion couple experiments
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in the same system (CaO-MgO-Al;03-SiO2) and found similar results. In both studies, more
complicated diffusion behavior arose when the endmember compositions did not lie on the
anorthite-diopside join (i.e., one or both of the starting liquids had excess Ca, Mg, Al, or Si).
In the latter study, Kress and Ghiorso (1993) attempted to reproduce anomalous features in
their diffusion profiles by defining a different set of melt components (from educated guess)
and they claim to have found some success using melt species that look like MgaAloO5 and
MgAIQSiQOS.

A more quantitative approach for choosing diffusing components would be an eigen
component analysis of the full diffusion matrix (cf. Trial and Spera (1994); Chakraborty
et al. (1995); Liang et al. (1996) for discussions and applications of this approach). It has
been shown that the full diffusion matrix (which is known for a very limited set of com-
positions in simplified systems) can be diagonalized (Cullinan, 1965) to decouple the set of
differential equations describing diffusion. This takes into account all coupling between the
oxides by creating new concentration variables (i.e., new components) whose stoichiometry
is given by the coefficients in the eigenvectors. Is this approach merely a matter of con-
venience because the uncoupled set of differential equations are easier to solve (Trial and
Spera, 1994) or do the independent components of diffusion have physical meaning in terms
of the lengthscales of interatomic associations that define thermodynamic and/or transport
properties? Since the masses we calculate for the diffusing species are comparable in size to
common Ca-bearing mineral formula units (which in turn, are comparable in size to ther-
modynamic components employed in pMELTS; Ghiorso et al. (2002)), we speculate that
interatomic associations extending about 3-104 (roughly the unit cell dimensions of major
minerals) from a central atom correspond to the lengthscales that determine both macro-
scopic thermodynamic properties (e.g., heat capacity, thermal expansivity, and compress-
ibility) of silicate liquids as well as viscosity and the diffusion behavior of network-modifying
cations.

3.8.3 Thermal gradients in the experiments

In all but one of the experiments shown in Figure 3.3, there are linear gradients
in 6%4Ca on the mafic side of the diffusion couple that are unaccounted for in our chemical
diffusion model. This issue was addressed by Richter et al. (2008) and it was concluded
that these features represent isotope fractionations due to undesired temperature gradients
across the sample capsule during the experiments. They supported this conclusion by first
assuming that the temperature gradients were restricted to the basalt side; then, they
avoided this portion of the furnace by using a shorter basalt-rhyolite diffusion couple (5mm
instead of 10mm), and found that the linear isotopic gradients were no longer observed. In a
subsequent study aimed at quantifying the ability of thermal gradients to separate isotopes
of various elements, Richter et al. (2009) subjected basalt to a large known temperature
gradient (about 110°C) and measured strikingly large Ca isotope fractionations of 6.4%:
per 100°C between the hot and cold ends of the capsule. From this, one obvious concern
is that temperature effects are competing with and overprinting the isotopic effects due to
chemical diffusion in our experiments.

To assess the effects of thermal gradients in our experiments, we performed an
additional experiment wherein we placed basalt alone in the sample assembly and ran it
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Figure 3.8: Results from an experiment to test temperature gradients across the diffusion
couples. Basalt was placed in the experimental assembly exactly the way the basalt-rhyolite
couples were. The data suggest that a the linear gradients we observe in the mafic end of
our diffusion couples can be attributed in part to a temperature gradient of about 15°C
(Richter et al., 2008). There are no discernible isotopic fractionations due to temperature
gradients in the top half of the capsules (i.e., the rhyolite end).



47

under exactly the same conditions as all of our previous experiments. Figure 3.8 shows
the results. We find that although there are isotopic effects that can only be attributed
to temperature gradients, these are relatively minor. The total variation in §*4Ca is about
1.04£0.3 %o, corresponding to a temperature difference of A T=15+5°C (a value that overlaps
with direct measurements by spinel thickness thermometry for the piston-cylinder assembly
used by Richter et al., 2009). Figure 3.8 also shows that the largest temperature gradients
are at the bottom of the capsule (lefthand side of figure 9) where the isotopic effects are
similar in magnitude to those in the ugandite-rhyolite experiments. However, they are far
less pronounced than in the basalt-rhyolite experiments for reasons we do not understand.
In figure 3.8, we do not see clear isotopic evidence for temperature gradients near the top
of the capsule, in agreement with lack of isotopic gradients in the rhyolite end of each of
the basalt-rhyolite experiments (figures 3a-3d). Richter et al. (2009) modeled the combined
chemical and thermal diffusion problem and found that the minimum in §*4Ca remains
unaffected for any reasonable estimate of the temperature distribution in their experiments.
Taking this and the observations listed above into account, we conclude that our calculated
values for 5 and ~ remain valid as estimates of the mass discrimination by diffusion.

3.9 Summary and conclusions

We performed superliquidus mafic-felsic diffusion couple experiments to investigate
whether diffusive isotopic fractionations of Ca depend on liquid composition and therefore
might be useful to probe silicate liquid structure and dynamics. The results indicate that
the ability of chemical diffusion in silicate liquids to fractionate Ca isotopes is dependent
on liquid composition, that there may be multiple diffusing Ca-bearing species in silicate
liquids, and that these species may be multi-atom complexes that are sufficiently long-lived
to affect Ca diffusion behavior. Evidence for strong coupling of Ca diffusion to Al diffusion
is provided in two experiments involving a high-Ca, low-Al ugandite composition as the
mafic end of the diffusion couple. The results from the ugandite experiments also suggest
that isotopic discrimination by chemical diffusion is stronger in silica-rich, high viscosity
liquids than in more silica-poor, low viscosity liquids.

To model the Ca isotope results we used a simplified 3-component diffusion matrix
involving Ca, Al, and Si-oxides. We find that diffusive isotopic fractionations arise due to
a mass-dependence of the diagonal as well as the off-diagonal terms of the diffusion matrix.
Hence the isotopic discrimination for Ca isotopes cannot be described in terms of a single
parameter, but requires at least two parameters - one being a function of Al concentration.
We define two parameters 8 and « that quantify the mass dependence of the diagonal and
off-diagonal terms, respectively. A single set of 8 and v values adequately describes the
Ca isotope results from our experiments plus those of Richter et al. (2003), which together
involve three different mafic liquid compositions differing mainly in their Al, Na, and K
concentrations. Surprisingly, the magnitude of the off-diagonal parameter v is about twice
that of the on-diagonal parameter 3. Hence when Al concentration gradients are in the
same direction as Ca concentration gradients, Ca isotopic fractionation is enhanced, and
when the two gradients are opposed Ca isotopic fractionation is reduced. In addition, an
Al concentration gradient can generate Ca isotope fractionation even in the absence of a
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Ca concentration gradient.

Our results imply that multi-atom molecular complexes may in some instances be
the diffusing species in silicate liquids, even though spectroscopic studies indicate that such
species have lifetimes that are not much longer than the jump frequency associated with
Ca diffusion. This is an intriguing result that needs to be further investigated. The emerg-
ing view of silicate liquids from nuclear and vibrational spectroscopy, diffraction studies,
and molecular dynamics simulations is that the structure of silicate liquids is constantly
changing, with rapid breaking and re-forming of bonds, and a continual rearrangement of
“species”. We reconcile this nanometer-picosecond view of silicate liquids with our results
using the Dingwell (1990, 2006) model of extrinsic and intrinsic regimes of diffusion.

Under the experimental conditions (7'=1450°C and P=1 Gpa) fast diffusing cations
such as Li diffuse primarily by site-hopping (intrinsic regime) and exhibit large diffusive
mass discrimination. Conversely, slower diffusing cations such as Ca and Mg diffuse by
some combination of site-hopping and translating as part of larger structural units (ex-
trinsic regime) and exhibit relatively small diffusive mass discrimination. However, the
mass-discrimination for Ca appears to be enhanced in more polymerized liquids. The man-
ner in which cations diffuse through some combination of intrinsic and extrinsic regimes is
given by Deation/DEyring, Which is essentially the ratio of the cation jump frequency to the
mobility of the melt matrix. Increased polymerization implies a small Eyring diffusivity
(and large Deation/DEyring), Which translates to enhanced isotopic fractionations for more
polymerized liquids.

The unexpected isotopic fractionation effects described here in mafic-felsic silicate
liquid diffusion couples indicate that diffusive isotopic fractionation experiments in both
natural and simpler synthetic liquids can provide new information about the way that sili-
cate liquids are structured. The isotopic discrimination effects are complementary to other
studies in that they isolate mass-dependent effects from other chemical effects, and they
can be studied directly in the liquid state. Results from such studies may help eventually
to provide a more comprehensive view of the relationships between atomic and molecular
scale processes and macroscopic thermodynamic and transport properties.

3.10 Code validation



49

80 12

wsmmsn Finite differences

75

""" Lattice Boltzmann

70

5 8 CaO (wt. %)
60 6
55 SiO, (wt. %) .
50
2
45
14 3
13 12

5“Ca (%o)
12 ALO, (wt. %) 1
0
11
-1 $=0.035, y=0.075
10
2
9
-3
8
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Distance (mm) Distance (mm)

Figure 3.9: Model results using two different numerical algorithms: (1) finite differences
coded by J.M. Watkins using MATLAB and (2) Lattice Boltzmann (LB) coded by C.
Huber using C++. These solutions were obtained using a slightly different input parameter
for the Ca-Al coupling: Dcy— ;=5 pm?/s in the finite differences solution versus Doq— 41=7
pm? /s in the LB solution. This small discrepancy aside, the numerical schemes give nearly
indistinguishable results, which we take to be a strong indication that the model results in
this chapter are accurate.
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Chapter 4

Isotope separation by diffusion in
synthetic molten silicates

4.1 Introduction

In the previous chapter, we observed isotopic fractionations that suggested a
composition-dependence to the diffusive isotope separation for calcium. In those experi-
ments the compositional dependence was equivocal because of other possible contributing
effects and the fact that natural silicate melt compositions are complicated. In this diffusion
study we use silicate liquids of simple composition to further probe the compositional depen-
dence of diffusive isotopic discrimination and its relationship to liquid structure. All of the
starting materials are combinations of three mineral constituents anorthite (CaAlySiaOs;
denoted AN), albite (NaAlSi3Og; denoted AB), and diopside (CaMgSi2Og; denoted DI), so
that the resulting silicate liquids are considerably less complicated than natural basalt and
rhyolite.

4.2 Experiments

Two diffusion couples; one consisting of AB and AN (1% AN versus 15% AN),
and the other consisting of AB and DI (1% DI versus 15% DI) were constructed. The
starting compositions are listed in table 4.1. The ends of the diffusion couple with a greater
proportions of AN (or DI) has much higher Ca concentration than the AB-rich end, hence
Ca diffuses down a substantial concentration gradient during the experiments. Albite was
chosen as the main component of the liquids because of its relatively low melting temper-
ature (1203°C at 8 kbar; Birch and LeComte (1960)), permitting us to use temperature
and pressure conditions similar to previous experiments on natural magmatic compositions
(Richter et al., 2003, 2008, 2009; Watkins et al., 2009). The variation in SiOy concentration
among the synthetic starting compositions is also relatively small (Table 4.1). As diffusion
coefficients for most elements in silicate liquids vary with the concentration of SiOq, this
characteristic simplifies analysis as we can assume that the diffusion coefficients are uniform
across the couple, and that they do not change over the course of the experiment.
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Table 4.1: Targeted versus measured bulk compositions of starting materials used in dif-
fusion couple experiments. The difference between the target (or calculated) compositions
and those measured by electron microprobe is not an important factor for the purposes of
this study.

4.3 Results

4.3.1 Major-element diffusion profiles

Figures 4.1 and 4.2 show the major-element diffusion profiles corresponding to
the AB-AN and AB-DI experiments, respectively. In both experiments, Ca and Na are
observed to diffuse more rapidly than the network-forming cations Si and Al. This difference
is different from what is observed in natural silicate liquids under similar experimental
conditions, where the length scales of Ca, Na, and Si diffusion are nearly identical (Richter
et al., 2003, 2008, 2009; Watkins et al., 2009). In the AB-DI experiment, Mg diffuses more
slowly than Ca and Na, its behavior resembling that of the network-forming cations. The
slow diffusion of Mg relative to Ca has also been observed for tracer diffusion in liquids
of nearly pure albite composition over the temperature range 645-1025°C (Rosalieb and
Jambon, 2002).

4.3.2 Ca and Mg isotope profiles

Figure 4.3 shows the Ca and Mg isotopic composition along the diffusion profiles.
As the isotopic composition is initially uniform across the two diffusion couples (§%*4Ca =
-0.3%0 and 626Mg=-1.2%), the observed isotopic variability develops as a result of diffusion
during the experiment. In the AB-AN experiment (figure 4.3a), the variation in §**Ca of
ca. 10%o is the largest fractionation of Ca isotopes so far observed in such chemical diffu-
sion experiments. In this experiment, the isotopic composition at the boundaries changed
slightly from the initial condition, indicating that diffusive effects have reached both ends of
the capsule. In the AB-DI experiment (figure 4.3b), the range in 6**Ca is ca. 6%o, compa-
rable to the maximum range previously observed in natural compositions, and the isotopic
composition at both ends of the capsule is unchanged from the initial condition. In the
same experiment, the range in §2Mg (figure 4.3c) is only ca. 1.3%0 and the length scale of
Mg isotope variability from the initial state is comparable to that for Ca isotopes. In both
experiments, the overall shape of the profiles match those expected for the simplest model
of chemical diffusion in which Ca and Mg diffuse in response to their own concentration
gradients.
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Figure 4.1: Diffusion profiles of major cations between two simplified molten silicate compo-
sitions along the albite-anorthite (AB-AN) join as measured by electron microprobe. Solid
lines are model diffusion profiles and the dashed lines represent the starting concentrations
and initial condition for the diffusion model. The diffusivity D; of each of the major cations
is roughly constant across the diffusion couple, as evidenced by the observed symmetry in
each of the profiles about the initial interface between starting liquids.
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diopside (AB-DI) join.
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Figure 4.3: Calcium and magnesium isotope separation by diffusion in the AB-AN and
AB-DI experiments. The initial isotopic composition is denoted by the grey horizontal line.
Solid lines are model isotope profiles used to quantify the efficiency of isotope separation F,
which is related to the ratio of isotopic diffusion coefficients (D /D).



Albite-Anorthite experiment

Sample Distance dCat No. of
(wafer no.) (mm) (%0) analyses
ABAN2-1 5.985 -0.98 3
ABAN2-2 5.355 -3.19 2
ABAN2-3 4,725 -7.49 3
ABAN2-4 4.095 -7.86 2
ABAN2-5 3.465 -2.03 3
ABAN2-6 2.835 0.95 3
ABAN2-7 2.205 1.21 2
ABAN2-8 1.575 0.50 2
ABANZ2-9 0.945 0.03 2
ABAN2-10 0.315 0.07 2

Albite-Diopside experiment
Sample Distance 8Cat No. of Mg (20) No. of
(wafer no.) (mm) (%o0) analyses (%) analyses
ABDI4-1 5.967 -0.42 2 -1.40 (29) 3
ABDI4-2 5.304 -1.43 3 -1.04 (34) 3
ABDI4-3 4.641 -4.82 2 -1.51 (47) 7
ABDI4-4 3.978 -4.86 2 -2.51 (16) 2
ABDI4-5 3.315 -0.57 3 -1.45 (17) 3
ABDI4-6 2.652 0.68 2 -1.10 (47) 2
ABDI4-7 1.989 0.31 2 -1.15 (---) 1
ABDI4-8 1.326 -0.27 2 -1.12 (87) 3
ABDI4-9 0.663 -0.33 2 -1.23 (42) 3

T Uncertainties in 6*Ca are within = 0.15%.

Table 4.2: Ca and Mg isotope compositions measured on post-run diffusion couples.
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4.4 Analysis

The essential and unexpected result of the experiments described above is that the
Ca isotopic separation due to diffusion in chemically simple diffusion couples is both larger
than observed in natural volcanic liquids (Richter et al., 2003; Watkins et al., 2009, e.g.,) and
variable. It was originally postulated by Richter et al. (2003) based on the data available,
that the Ca isotopic selectivity due to diffusion in silicate liquids might be roughly constant;
that is, independent of liquid composition. Watkins et al. (2009) provided evidence that the
isotopic selectivity might be more pronounced in high silica liquids, but the complexity of
the experimental results did not allow for more definitive conclusions. The present results,
however, show unequivocally that Ca isotope fractionation during diffusion can be highly
variable. In the following section we analyze this variability and show that the efficiency of
isotope separation appears to be correlated with both the magnitude of the diffusivity, and
more precisely, the ratio of the Ca diffusivity to that of Si. The systematic relationships we
have discovered allow us to move closer to a general model of isotopic fractionation during
diffusion in silicate liquids, and also shed light on the bonding of cations within these liquids
and the structure of the liquids themselves.

4.4.1 Model for the elemental diffusion profiles

For diffusion in a multicomponent system, the flux-density J; for the ith component

is given by:
n—1

Ji =Y DyVC; (4.1)
j=1
where D;; is the multicomponent diffusivity matrix and Cj is the concentration of component
j in volume-normalized units. When the diffusivity matrix is not known, as is the case in our
systems, a simplified effective binary diffusion model (Cooper, 1965) is typically employed,
in which the flux density J; is given by:

J; = DiVC;, (4.2)

where D; is referred to as the effective binary diffusion coefficient (EBDC). The effective
binary model ignores coupling between chemical components but provides a useful estimate
of mobility. Since our experiments were designed so that we could assume a constant D;,
mass conservation leads to the following one-dimensional diffusion equation:

oC 9?C
— =Di—— (4.3)
ot Ox
Given that the initial condition is a step function in concentration and assuming a fixed
concentration at the boundaries (this is only approximately correct), the analytical solution

to equation 4.3 yields the concentration profile:

Cir+Cir L+ Cir—CiL

x
Ci= 5 5 erf<2m>

(4.4)
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where C; 1 and C; r are the initial concentrations of component ¢ in the two starting liquids,
and D; is the only unknown (Zhang, 2008). In equation 4.4 the zero x-coordinate is defined
as the position of the interface between the liquids. Model versus measured diffusion profiles
for Ca, Mg, Na, Al and Si and the associated diffusion coefficients for both diffusion couples
are shown in Figures 4.1 and 4.2. The contrast between Ca and Si diffusivity is largest in
the AB-AN experiment where the diffusivity of Ca is greater than that of Si by a factor
of 22.5 (Dcoa=4.5E-5 mm?/s and Dg;=2.0E-6 mm2/s). In the AB-DI experiment, where
the primary difference is the addition of Mg, the diffusivity of Ca is reduced (D¢,=2.5E-5
mm?/s) and the diffusivity of Si is increased (Dg;=4.0E-6 mm?/s) such that Dc,/Dg; is
about 6. This latter value is still large in comparison to D¢,/ Dg; in natural silicate liquids,
which is close to unity. In the same experiment, the diffusivity of Mg is less than that of
Ca yet similar to that of Si (Darg/Dgi~1).

4.4.2 Model for the isotope ratio profiles

The Ca and Mg isotope ratio profiles require that the diffusion coefficients for
the isotopes of Ca vary with mass. To model the profiles, each isotope is treated as an
independent component, and the ratio of isotopic diffusion coefficients is constant. A single
parameter, F can describe the efficiency of isotope separation:

(D2/D1) —1

E =
(m1/mg)l/2 — 1’

(4.5)

where m; and D; are the mass and diffusivity, respectively, of isotope ¢ (Schoen, 1958). This
parameter is related to the analogous parameter  used by Richter et al. (2003), by the
simple relationship E=25. The magnitude of E is affected by the number and masses of
other atoms whose motions are correlated with the motion of the atom of interest. Larger
values of E correspond to greater mass discrimination between isotopes and imply that the
diffusing atom is decoupled from the motion of other atoms (Rothman and Peterson, 1965).
The value of E approaches unity for diffusion in gases but is generally much smaller in
liquids and solids. Values for Dy /Dy (i.e., Disg,/Diocy,) can be obtained from the model fit
to the isotopic profiles and F derived from equation 4.5 and the isotopic masses of Ca.

4.4.3 Comparison between model and measured isotope profiles

The model profiles with corresponding values of £ are compared to the measured
isotope profiles in figure 4.3. The overall shape of the model profiles and magnitude of the
fractionations are in especially good agreement with the data in these simplified systems.
Of particular significance is the nearly exact fit of the §**Ca data on the high-Ca side
of both experiments, because in most of the experiments conducted using natural basalt-
rhyolite diffusion couples, linear variations in d%*Ca have been observed in the high-Ca
end that could not be accounted for with a simplified chemical diffusion model (Richter
et al., 2003). Such variations have been attributed to undesired temperature gradients in
the experimental capsules because temperature gradients can produce a similar isotopic
signature (Richter et al., 2008). However, our failure to observe linear variations in §*4Ca
in the AB-AN and AB-DI experiments, and in an isochemical experiment under the same
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conditions (Watkins et al., 2009), suggests that these unexpected isotopic effects in the
natural systems have other causes. We postulate that they are related to chemical mixing
and configurational entropy production near the interface of the diffusion couple since these
effects are only observed when the starting compositions are significantly different in bulk
composition. However, since this hypothesis does not bear directly on the AB-AN and
AB-DI experimental results, we leave it as the focus of a future study.

The misfit between model and data in the location of the lightest §*4Ca values likely
represents isotopic exchange superimposed on chemical diffusion, which is not accounted
for in the effective binary diffusion model. It has been shown that isotopic homogenization
is generally more efficient than elemental homogenization by diffusion in silicate liquids
(Lesher, 1990; der Laan et al., 1994), and hence if anything the isotope profiles should be
(and are) more advanced than the elemental profiles. Furthermore, it is noteworthy that this
feature is common to the experiments using natural silicate liquid compositions (Watkins
et al., 2009). For present purposes, we emphasize that the overall agreement between model
and data is good and assume that accounting for isotopic exchange would not significantly
alter the derived values of F.

4.5 Discussion

4.5.1 Isotope separation by diffusion in silicate melts

Our results demonstrate, in contrast to previous proposals (Richter et al., 2003;
Watson and Muller, 2009) that diffusive isotopic separation for Ca is sensitive to even slight
changes in liquid composition. The compositions of the diffusion couples are similar in
terms of SiOs content, and yet E for Ca varies from 0.20 in the AB-DI experiment to
0.36 in the AB-AN experiment. Both values are significantly greater than that found in
natural silicate liquid experiments (£=0.07 to 0.15), and show that there is no single value
of F that can describe the diffusive fractionation behavior of Ca isotopes in silicate liquids.
E¢q does, however, appear to be strongly correlated with the ratio Do,/ Dg; (Figure 4.4),
which represents the ratio of the diffusivity of a “solute” component relative to that of the
“solvent” component, in this case represented by Si. Among the silicate melt compositions
for which diffusive fractionation of calcium has been measured, D¢,/ Dg; varies by a factor
of ~200 and E varies systematically between 0.07 and 0.36. The variation in D;/Dg; is even
larger, ~1000, if experimental data for Ca, Mg, Fe and Li are considered, and the strong
correlation between FEgye and D;/Dg; , suggests that D;/Dg; is an excellent predictor of
the magnitude of the isotope effect in silicate liquids.

4.5.2 Isotope separation by diffusion in aqueous solutions

The results from silicate liquid experiments are combined with results from exper-
iments on cation diffusion in aqueous solutions in Figure 4.4. To generalize the terminology
we plot E versus the ratio Dsoute/ Dsolvent Where the solvent is HoO in the aqueous so-
lution case and the aluminosilicate matrix in the silicate liquid case. For Dgyjyent We use
the self-diffusion coefficient of HoO (Bourg and Sposito, 2007) and the measured diffusion
coeflicient of Si. For the aqueous solutions, Dy,o is constant for a given temperature, so
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Figure 4.4: The observed relationship between the efficiency of isotope separation E and
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the data indicate that there is a correlation between E and diffusivity of the solute. For the
silicate liquids, Dg; is variable so there is not a one-to-one correspondence between Dggpyte
and Dsolute/Dsolvent'

In the case of ions in aqueous solution, recent studies offer a molecular scale expla-
nation of the pattern shown in Figure 4.4. The efficiency of isotope separation for a cation
(and its diffusivity) correlates with the residence time of water molecules in its first solvation
shell as determined from molecular dynamics simulations (Bourg and Sposito, 2007). If the
water molecules are weakly bound, as for Li", it implies that the ion can move through the
liquid as a single atom and therefore the isotopic effect and the diffusivity is determined
largely by the mass of the atom. If one or more water molecules are affixed to the ion, the
effective mass of the diffusing species is larger than that of the ion. The actual situation
is somewhere in between, where the ion spends part of the time isolated and part of the
time bound to water molecules. If the hydration shell is massive enough, and the lifetime
of the water molecules in the hydration shell long enough, the isotopic effect tends toward
zero, as seems to be the case for aqueous Mg?t. It should be noted that in the cases of
Mg?*, Ca?t, KT, and LiT, the ratio of the diffusion coefficients for the isotopes has been
measured experimentally, whereas the lifetime of water molecules in the hydration shell has
been estimated using molecular dynamics models.

The translation of this general principle to the case of silicate liquids is only ap-
proximate, and has not yet been verified by molecular simulations. In the situation where
the diffusivity of an element (like Li in natural liquids, or Ca in the AB-AN experiment) is
much greater than the diffusivity of Si, it is likely that the element is not strongly bound
to the aluminosilicate matrix, and hence is diffusing mostly as an isolated atom through a
quasi-stationary aluminosilicate framework. This condition results in the large values for
Er; and Ep,. For elements like Ca, Mg, and Fe in basaltic liquids, where the diffusivities
are approximately the same as that of Si, these elements must be more strongly bound
to the aluminosilicate matrix and hence are diffusing effectively as part of more massive
multi-atom complexes that include Si. This range of diffusion behavior in silicate liquids
and its explanation has been described previously (Dingwell, 1990) and we now can see that
the isotopic effects follow logically at least at a qualitative level.

An important difference between aqueous solutions and silicate liquids is that ions
in aqueous solution typically diffuse more slowly than HsO, whereas elements in silicate
liquids diffuse faster than Si. For aqueous solutions this effect may be due to charge balance
constraints in addition to hydration, and the fact that water molecules are weakly bound
to each other. In silicate liquids, Si is strongly bound in multi-atom complexes with O (as
well as Al and other Si atoms), so it diffuses more slowly than other elements. The average
size and lifetime of these Si-O complexes varies with liquid composition and could account
for the variations in Dg;.

4.6 Summary and conclusions

We performed superliquidus diffusion-couple experiments using simplified syn-
thetic silicate liquids in order to investigate why the efficiency of isotope separation by
diffusion varies between cations and in liquids of different composition. Two diffusion ex-



62

periments were conducted using combinations of the mineral constituents albite, anorthite
and diopside. For both experiments, a simplified chemical diffusion model was used to
quantify cation diffusivities (Deqtion) and the efficiency of isotope separation (F).

Model results indicate that a relationship exists between the efficiency of isotope
separation E and the normalized diffusivity - the ratio of the mobility of the cation (Deation)
to the mobility of the liquid matrix (Dg;). Where Degtion~Dg;, isotope separation by
diffusion is less efficient because the cation is likely to be more strongly bound to the
aluminosilicate matrix, and hence, the mass difference between isotopes is effectively reduced
because the cation is associated with a larger complex that includes Si. Conversely, where
Deation>>Dg;, isotope separation by diffusion is more efficient because it is likely that the
element is not strongly bound to the aluminosilicate matrix and is diffusing mostly as an
isolated atom through a quasi-stationary aluminosilicate framework.

This interpretation offers a plausible explanation for why diffusive isotope effects
are greater in silicate liquids at 1450°C than in aqueous solutions at 25-75°C. In silicate
liquids, the solvent is mainly silicon in the form of silica tetrahedra, which are generally less
mobile than the other cations; that is, Degtion/Dsoivent is generally greater than unity. In
aqueous solutions, by contrast, the solvent water molecules are generally more mobile than
the diffusing ions owing to relatively strong interactions between ions and their surrounding
water molecules.

Our empirical result also provides a context for discussing diffusive isotope effects
in natural geologic environments. It is now recognized that kinetic isotope separations can
be relatively large, even at the high temperatures associated with molten silicates, and
our results indicate that these effects are likely to be greater in high-SiOg liquids than in
low-SiOg9 liquids. At present there are only a few documented instances of diffusive isotope
effects in natural rocks - mostly in mafic systems - and future stable isotope studies will
doubtless uncover much more isotopic variability. Quantifying these effects will require a
combination of experiments and molecular-scale modeling in order to better understand
and/or characterize the efficiency of isotope separation for different isotope pairs under
different conditions. This information in turn will be useful for assessing the effects of
diffusion and extent of isotopic disequilibrium during crystallization, mineral dissolution,
and chemical alteration on the differentiation of silicate liquids that solidify to form igneous
rocks.

4.7 Comment on multicomponent diffusion models

In the AB-AN system, which contains four oxide components, a 3x3 matrix is
required to describe all of the diffusive fluxes and there are nine free parameters in the
multicomponent diffusion model as opposed to just one free parameter in the effective
binary diffusion model. With this many free parameters, it is not possible based on one
experiment to obtain a unique diffusivity matrix for describing the diffusion profiles. To
illustrate this point, figure 4.5 compares data from the AB-AN experiment to two model
diffusion profiles generated using two completely different diffusion matrices (see figure 4.5
legend). As can be seen, the two model profiles are indistinguishable, and since both fit the
data equally well, the physical meaning of the values in either of the diffusivity matrices is
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at best ambiguous.
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Figure 4.5: Results from model diffusion profiles that allow for diffusive coupling between
chemical components. Two different sets of parameters (i.e., diffusion matrices) provide
nearly identical fits to the measured profiles. This shows that the solution to the multicom-
ponent diffusion problem based on one experiment is under-constrained.

The next immediate question is what would it take to obtain a physically mean-
ingful diffusivity matrix? Trial and Spera (1994) argued that in an n-component system, at
least (n-1) cleverly designed diffusion-couple experiments are required to adequately con-
strain the “true” diffusion coefficients in the diffusivity matrix. Clearly, a significant effort
must expended in order to obtain the full diffusivity matrix for a given bulk composition.
For this reason, and to our knowledge, the full diffusivity matrix has been obtained only in
silicate liquid systems with three or fewer components (e.g. Liang et al., 1996; Chakraborty
et al., 1995). The systems in this study contain four or more oxide components, and al-
though it would require significant effort, it is certainly within our capacity to determine
a unique diffusivity matrix corresponding to the average compositions in the AB-AN and
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AB-DI diffusion couples. However, the effort required to do so is not the only deterrent.

Assuming one knew the full diffusivity matrix for the AB-AN and AB-DI systems,
the picture would be further complicated by the fact that each coefficient in that matrix
should have a dependence on mass. For a 3x3 matrix there would be 9 values of F. This
doubles the number of free parameters required in order to fit the isotopic ratio profile and
it is not clear whether a unique solution could be obtained for the isotope profile. The
bottom line is that a more complicated diffusion model would significantly complicate the
analysis and interpretation when our goal is to use the simplest diffusion model that permits
us to generalize our results as much as possible beyond the specific experimental conditions.
While using a full diffusivity matrix to model the isotope profiles may be an informative
undertaking in a future study, the effective binary approach is arguably the best course of
action for obtaining fits to the profiles, save for instances in which the data warrant a model
that is more complex.



65

Chapter 5

Chemical, Tracer and Soret
diffusion

5.1 Isotopic exchange superimposed on chemical diffusion

The traditional formulations of chemical diffusion - Fick’s Laws - do not specifically
account for the fact that chemical elements have isotopes, but it has been shown by our
experiments in the previous chapters that isotopic species diffuse at different rates depending
on mass, with especially large effects being generated in silicate liquids. To model these
effects, we have thus far treated each isotope as an independent chemical species, diffusing
in response to its own chemical gradient. However, it must also be the case that there is
isotopic exchange superimposed on the chemical diffusion process. In the first section of
this chapter, we develop a model in which gradients in the mole fraction of each isotope
drive isotopic redistribution. In the second section we offer a physical explanation for the
observed difference between chemical- and self-diffusion coefficients of an element. In the
third section we discuss isotope separation by diffusion in a temperature gradient.

5.1.1 Modification of Fick’s first law for isotopes

In non-equilibrium thermodynamics, fluxes are linearly proportional to forces. For
chemical fluxes, the forces are gradients in chemical potential, but since chemical potentials
are difficult to measure, gradients in concentration are generally used as an approximation.
In the simplest case, a chemical component such as Ca diffuses in response to its own
concentration gradient:

Ji ~ VC. (5.1)

For isotopes of Ca, we can write
Ji ~V(fiC), (5.2)

where f; is the fraction of isotope i. By expanding the right-hand side, we can see that there
are actually two forces, or two potentials, that drive the flux of isotope :

Ji ~ i NC+CVf;. 5.3
~~ var \L (5:3)

flow force force
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The first term represents a driving force for chemical homogenization and the second term
represents a driving force for isotopic homogenization. It is posited here that these terms
correspond to chemical and self diffusion, respectively. Chemical diffusion refers to the
chemical homogenization of a major component and it occurs when the concentration of
the component of interest is sufficiently elevated so as to induce activity gradients in other
chemical species (Lesher, 1994). Self diffusion, on the other hand, refers to the process of iso-
topic homogenization in the absence of concentration gradients; in practice, self-diffusivity
is measured by setting up an experiment in which there is a gradient in the concentration
of a minor isotope (Lesher, 1994).

In the formulation above, the isotopes are coupled to one another through f;,
which is distinctly different from coupling via a diffusivity matrix. To make equation 5.3
an equality, we introduce two separate proportionality constants, D. and Ds:

Ji = —D,f;VC — D,CV f;. (5.4)

where D, and Dy are hereafter referred to as the chemical diffusivity and self diffusivity,
respectively. The change in concentration with time is given by the divergence of the flux:

ac; |
=V (5.5)

which leads to (assuming the D’s are constant):

dc;
dt

It can be seen that this equation holds for two limiting cases. In the case that there is only
one isotope (fi=1), the resulting equation is

dc

— = D.V*C, 5.7
dt ¢ (5.7)
which is the standard chemical diffusion equation. In the case that the elemental compo-
sition is uniform (C=constant) but there are gradients in the isotopic ratios, the resulting
equation is

= D.f;V?C + (D, + D,)VCV f; + D,CV? f; (5.6)

dC;

dt
It makes sense that the rate of isotopic homogenization depends on the concentration of
the element; the more abundant the element, the greater the number of opportunities for
isotopic exchange.

= D,CV2f;. (5.8)

5.1.2 Model results

Figure 5.1.2 shows results of equation 5.6 applied to the AB-AN and AB-DI ex-
periments. When Dy=D, (dashed line), the results are indistinguishable from the simplified
diffusion model employed in Chapter 4 (previous results are not shown for clarity). In order
to obtain model isotope profiles that are more advanced than the elemental profiles, it is
required that Dy be significantly greater than D, (black lines). Results show that the differ-
ence in the length scales of elemental versus isotope ratio diffusion profiles can be explained
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if Dy is greater than D, by a factor of 2 for Ca and 6 for Mg in albitic liquid at 1450°C.
This is consistent with previous observations that diffusive isotopic homogenization (self
diffusion) is generally more efficient than elemental homogenization (chemical diffusion) in
silicate liquids. The extent to which D, differs from D, seems to be inversely correlated with
cation mobility, and we suspect that for fast diffusing cations, the mechanisms of chemical
and self diffusion are similar and D,/ D, approaches a value of unity.
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Figure 5.1: Model results using equation 5.6 applied to the AB-AN and AB-DI diffusion
couples. The dashed line is for Ds=D,. and results are indistinguishable from those in
chapter 4. The solid line shows the result for D;>D., which can explain the observation
that isotope ratio profiles are more “evolved” than elemental diffusion profiles.

5.1.3 Summary and future work

During chemical diffusion, the equilibrium isotopic distribution is disturbed by the
differing diffusivities of the isotopes, forming large transient variations in isotopic ratios.
There must be concomitant diffusive fluxes related to isotopic exchange acting to erase these
isotopic variations. The net isotope separations in our experiments must reflect both of these
processes. Our experimental design combined with the model developed in this section offer
a means of quantifying the self diffusion coefficient in addition to the chemical diffusion
coefficient for a given cation from a single diffusion couple experiment. The question as to
why the chemical and self diffusivities should be different is addressed in the next section.
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5.2 The mechanisms of chemical versus tracer diffusion

In this section, I examine why it is that major isotopes (e.g., “°Ca) should behave
differently than isotopes that are present in trace quantities (e.g., **Ca). First, a few
definitions (Lesher, 1994):

e Chemical diffusion refers to the chemical homogenization of a major component and
it occurs when the concentration of the component of interest is sufficiently elevated
so as to induce activity gradients in other chemical species.

e Tracer diffusion is measured by setting up an experiment in which there is a gradient
in the concentration of a minor species.

e Self diffusion is very similar to tracer diffusion and refers to the process of isotopic
homogenization in the absence of concentration gradients.

According to these definitions, chemical and tracer (or self) diffusion are fundamentally
different processes. In most silicate liquids, “°Ca is present in major quantities (chemical
diffusion) whereas #4Ca is present in trace quantities (self diffusion). Lesher (1994) showed
that the chemical and self-diffusion coefficients of a component i can be related to one
another through:

. sdlna;

Dy =D dinz;’
where Df is the chemical diffusion coefficient, D7 is the chemical diffusion coefficient, a;
is the activity, and a; is the mol fraction. Equation 5.9 relates the chemical diffusivity to
the product of species mobility and the activity-composition gradient along which diffusion
occurs. In the limiting case that there are no compositional gradients, Zﬁggi is unity and
the chemical diffusion coefficient is the self-diffusion coefficient. This term is also unity for
any component obeying Henry’s law (a;=k;z;), where k; is the Henry’s law constant; that
is, the diffusion coefficient of a trace component such as 4*Ca is unaffected by compositional
gradients. The main point here is to say that the chemical diffusion coefficient takes on a
different form for 4°Ca than for /Ca as a consequence of the fact that the former is present
in major quantities.

This formulation is interesting for a couple of reasons. First, it treats diffusive
coupling as being thermodynamic rather than kinetic in nature. In chapter 3, we explored
the possibility that diffusive coupling reflected the motion of multi-atom complexes in the
liquid. In equation 5.9, however, diffusive coupling reflects changes in the activity of a
diffusing component induced by changes in the local bulk composition. Second, equation
5.9 might account for why there are linear variations in 6**Ca on the mafic side of the
natural diffusion-couple experiments but not in the synthetic liquid experiments. In the
natural liquid experiments, all of the major cations diffuse at roughly the same rate and
there are significant compositional gradients that develop on the mafic side of the couple.
Therefore it is this region of the couple where gfzgz is probably important. In the AB-AN

(5.9)

dina;
) dinx;

minor. Hence the approximation that both 4°Ca and #*Ca can be represented by a single
diffusion coefficient is more valid.

and AB-DI experiments is not as important because the compositional gradients are
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To test this hypothesis, we would need information on how activity-composition
gradients vary between mafic and felsic liquids. This is a significant hurdle because the
solution properties of natural melts are complex. However, there is an indication from the
work of Lesher and Walker (1986) and Lesher (1986; 1994; pers. comm.) that information
on how E%Z;z varies for °Ca between mafic and felsic liquids could be obtained from Soret
experiments. The goal of a future study will be to use equation 5.9 with the parameterization
of the solution properties of Sr as a function of SiOy content (Lesher, 1994) and implement
this form of the diffusion coefficient for Sr (and by proxy Ca) isotopes into a diffusion model

akin to that used in Chapter 3.

5.3 Soret isotope separation in a silicate liquid

Soret effects are another class of isotope effects that could be responsible for iso-
topic variations in nature. The Soret effect refers to a heat flow driving a flow of matter.
This effect can be seen in experiments which show chemical separation by diffusion in an
imposed temperature gradient. There are three reasons why Soret effects are interesting
and potentially useful: (1) Soret separations offer one possible explanation for the linear
gradients we observed in the diffusion couple experiments (Richter et al., 2008), (2) Soret
separations could be responsible for considerable elemental and isotopic variability in na-
ture (e.g., Lesher, 1986; Lesher and Walker, 1986; Kyser et al., 1998; Huang et al., 2009;
Lundstrom, 2009; Huang et al., 2010) and (3) Soret separations may provide information
on speciation in silicate liquids through the mass dependence on heat capacity as I describe
below.

It was shown by Richter et al. (2009) that the Soret effect for isotopes in a silicate
liquid can be relatively large (several %o per 100°C). The next immediate question is what
causes this isotopic unmixing? It is a question that was not addressed by Richter et al. (2009)
and in this section I make the case that isotopes separation in a temperature gradient is
due to a mass dependence on heat capacity and that Soret isotope effects could be used to
infer speciation. For this work I performed the Ca isotope analyses, which are shown below
and have been published in Geochimica et Cosmochimica Acta.

5.3.1 Experiments

An experiment was conducted in which a homogeneous basalt powder was held
above the liquidus in an imposed temperature gradient. Temperature was measured using
the spinel growth thermometer method developed by Watson et al. (2002). Figure 5.3.1
summarizes the results. We observed that an imposed temperature gradient on a molten
basalt can lead to isotope separations corresponding to §4*Ca variations of about 1 per mil
per 15°C. For this experiment, Fe, Si, and O isotopes were also measured (cf. Richter et al.,
2009) and a general observation is that heavy isotopes are concentrated at the cold end of
the capsule for all isotope pairs studied (Richter et al., 2009). This is an empirical result
and in this section I provide my efforts thus far to provide a theoretical explanation for
the Soret isotope effect in silicate, and perhaps other, liquid systems. The result of what
follows is that the magnitude of isotope separation in a Soret experiment should reflect the
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mass dependence of partial molar heat capacities of chemical components in the liquid.

54Ca (%o)
o

-2 o
-3 "o,
3 o}
-4 |
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T(°C)

Figure 5.2: Calcium isotope separation in a temperature gradient. The bulk composition
of the system is tholeiitic basalt. The isotopic composition, which was uniform prior to
the experiment, varies systematically with temperature. The dashed curve is a third-order
polynomial fit with no physical basis and only serves as a guide to the eye.

5.3.2 Theory

Ghiorso (1987) showed that in a Soret array at steady state, the chemical potential

u of each component k is a linear function of the temperature profile across the system.
That is,

Wi = ag + b1, (5.10)

where g and b are constants. As I show below, equation 5.10 leads to the result that when
a Soret experiment reaches steady state, there are no gradients in the partial molar entropy
of any of the chemical components in the system. The derivation begins with

% = cst, (5.11)
and therefore o) o
T pr 1 1
= =0. 5.12
or —orT MT2 (5:12)
Rearranging 5.12, we arrive at
0
Il _ B gt (5.13)

or T
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The next trick is to rewrite duy /0T using the cross partials in the Gibbs Free Energy. That
is,

Opx _ (9 [9& _ (.9 (9G _ (95 _
oT —\or\ ony, ~\on, \ oT ~ \ ony, ok
Pn T,Pmnjx,/ PN Pn/ T,Pnjxy T, P

’ (5.14)
That is, the partial molar entropy of each component k is constant across the profile.

S = cst for all k. (5.15)

From this it follows that in a Soret array at steady state there are zero entropy gradients
throughout the system (though entropy is still being produced by the heat flow). A qualita-
tive explanation for chemical (and perhaps isotopic) separation in a temperature gradient is
the following: a stationary state Soret profile is characterized by a balance between one en-
tropy gradient generated by a nonuniform temperature profile (vibrational entropy) against
another generated by a composition profile (configurational+vibrational entropy). In other
words, chemical unmixing occurs in order to offset the entropy gradient associated with
the temperature profile. The goal of the next section is a quantitative description of this
explanation.

5.3.3 What causes isotope separation in a thermal gradient?

We begin with the result from equation 5.15:
V5, =0 for all k. (5.16)

Let T1 be the temperature at the hot end and T5 be the temperature at the cold end. We
have

Sk = SkTys (5.17)

where the subscripts refer to §; at 17 and 75 respectively. The total partial molar entropy
can be split into a vibrational contribution and a configurational contribution (Mysen and
Richet, 2005):

5k = sy + 55 (5.18)

Equation 5.17 can now be rewritten as

svtb sconf __ —wib —conf
Sk»Tl + Sk,Tl - Sk,TQ + Sk,TQ . (519)

Each of these terms is related to the heat capacity (which also consists of a vibrational and
configurational contribution; Mysen and Richet (2005)). So we can write

Ty . Ti T . T>
. cvib(T (T, X 4 b (T (T, X
500 / p”“T( ) dT+35," + / ok 07 (T )degg’”b+ / p”}f )dT+§2’CO”f + / ok 07 (T )dT,
To To To To

(5.20)
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where the 52’8 refer to the standard state partial molar entropies and the parentheses
indicate that ¢, is a function of temperature 7" and composition X. Equation 5.20 can be

simplified to
ST T
i) ar— [ @ 1Y) ' N ar 5.21
[ ar = [ (5.21)
T T

Equation 5.21 applies to a Soret array at steady state and assumes that the chemical po-
tential py is a linear function of temperature (Ghiorso, 1987). It states that the integrated
vibrational contribution to the heat capacity is exactly balanced by the integrated configu-
rational contribution to the heat capacity associated with each chemical component.

As for the isotopes, the heat capacity of a compound must change by some amount
upon isotopic substitution. The magnitude of the mass dependence, however, is unknown
in melts and would be difficult to predict because the identity of molecular complexes in
silicate liquids is ambiguous (cf. chapter 3). Nevertheless, the relatively large isotope effects
generated in Soret experiments on silicate liquids seem to suggest that the mass dependence
is significant. Furthermore, these isotope effects must depend on the isotopic system (which
they do; Richter et al. (2009)) as well as the nature of the isotopically-substituted species.
Future experiments on simplified systems would be useful for assessing these postulates
and determining whether Soret isotope separations could also be used to infer speciation in
molten silicates.



73

Appendix A

Diffusion couple experiments

The experimental design for the silicate liquid diffusion couples was adopted from
Richter et al. (2003). The starting materials are generally rock powders, which are pressed
together in a graphite capsule with the mafic endmember below the felsic endmember to
ensure gravitational stability. The graphite capsule is then placed in a standard piston-
cylinder assembly.

A.1 Sample assembly

AlLO, insulator
- High melting e

- Inexpensive
—

'W-Re thermocouple
- Good for T up to 2300°C

Capsule dimensions

Pyrex sleeve

- Keeps NaCl from short-
circuiting the furnace

]
I

=.020"
150"
Graphite furnace F ‘l
B y_
040"
Graphite capsule J— JE—
1.699” ’ ‘

MgO filler
- High melting temperature 462 425
- Collapsible

- Inexpensive |

NaCl (pressure medium)
- Low internal friction

- Inexpensive

- Solid up to ~1450°C

[—— 375" —
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A.2 Piston cylinder

Once the sample assembly is in the piston-cylinder, the samples are pressurized
to about 1 Gpa in order to prevent the formation of bubbles and then heated to 1450°C at
a ramp rate of 150°C/min. During the ramping step, pressure is monitored and adjusted
to 1.0+£0.1 Gpa. Samples are held at constant temperature and pressure for a specified
duration and then quenched by turning off the power. The heating and cooling durations
are neglected in all of our diffusion models.

A.3 Electron microprobe analysis

After an experiment, the sample is retrieved and sectioned along axis, exposing
the diffusion couple. The couple is mounted in epoxy and polished for microprobe analysis.

Epoxy

Figure A.1: Photograph of a post-run diffusion couple. The example here is from experiment
DF-8.

Axis-parallel major-element profiles are measured with a Cameca SX-51 electron
microprobe at UC-Berkeley. We use a 15 nA beam current rastered at 12,000X magnification
(~12x9 pm beam dimensions) with an accelerating voltage of 15 kV. To minimize effects
of Na and K loss, these elements are measured first at each spot. On some, though not
all, of the diffusion couples, multiple parallel transects were made in order to ensure that
diffusion was effectively one-dimensional.
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Figure A.2: Three parallel microprobe transects from DF-5 showing that chemical diffusion
in our experiments can be regarded as unidimensional.
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A.4 Wafering and dissolution

After microprobe analysis, diffusion couples are sectioned into wafers using a Bico
diamond wafer saw with blade thickness of 1654+2 um. Each wafer is ~340+£20 pym thick
and contains enough Ca for at least two Ca isotopic analyses (Cac10 pg total in the pure
rhyolite wafers).

a

Glass
Graphite

Figure A.3: Photograph of a post-run diffusion couple after sectioning. The example at
left is from experiment DF-8. The wafers on the right are actually from DF-2 but are
representative of typical wafers; three wafers are shown to illustrate how their physical
appearance varies in going from the felsic to the mafic liquid. These three wafers still have
a lot of graphite from the capsule affixed to them. Much of this graphite is removed by
abrasion prior to dissolution of the silicate portion.

Samples are weighed to high precision (0+0.00005 g), though greater uncertainty
comes from the fact that weights are affected by residual graphite and/or epoxy on the
samples. Sample weight uncertainties do not affect determination of isotopic ratios. Surface
contamination from the saw blade and/or environment is addressed by sonicating each wafer
in clean isopropyl alcohol, followed by 1.5N nitric acid, followed by two rinses of ultrapure
water. Samples are dissolved in a mixture of concentrated hydrofluoric and perchloric acids
in an approximate ratio of 4:1. Dissolved solutions are dried in a perchloric hood and then
redissolved in 1.0N nitric acid. An appropriate amount of *>Ca- and *®Ca-enriched double
spike is added to each sample to allow for corrections for mass discriminations produced
within the mass spectrometer itself.
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A.5 Cation exchange columns

The dissolved sample-spike mixtures are loaded onto cation exchange columns and
eluted with 1.0N and 1.5N nitric acid in order to separate Ca from other major cations.
About 3 pg of purified Ca from each sample are loaded onto a zone-refined Re filament
followed by 1uL 20% phosphoric acid.

A.6 Mass spectrometry

Ca isotope ratio measurements are carried out by thermal ionization mass spec-
trometry (TIMS) at UC-Berkeley on a Thermo-Finnigan Triton TI with nine moveable
Faraday collectors. For each sample, 100 isotope ratio measurements are made in order to
reduce within-run uncertainties to about 4+0.04 permil. For further details on within-run
mass discrimination corrections, see Appendix ??. The mass-fractionation corrected ratios
from the mass spectrometer are for the spike-sample mixture. The actual sample isotope
ratios are determined using an iterative spike-subtraction algorithm (see Appendix ?77).
Sample Ca isotope ratios are reported as

(44CG/4OCQ)sample

§*Ca = 1000 x
(440a/400a)standard

1 (A1)

where (#Ca/*Ca)standara=0.0212076 (Skulan et al., 1997).
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Appendix B

User’s guide to the Ca double spike

This section is intended as a guide to the method files of the Triton software and
the spike subtraction spreadsheet that our lab group uses in order to convert data from the
mass spectrometer into publishable Ca isotope ratios.

B.1 Running your sample in the mass spectrometer

Once your sample-spike mixture is loaded onto a filament and placed in the mass
spectrometer, it is time to make a measurement. As you heat up the filament by passing
current through it, some Ca atoms evaporate and some get ionized. The ionized fraction
is sent down the flight tube toward the detectors. The detectors record counts of masses
40, 42, 43, 44, 46, and 48. During the run, the ratios of 42/48 and 40/44 ions hitting the
detectors generally decreases with time because the lighter isotopes ionize more readily and
therefore become increasingly depleted in the reservoir on the filament. Figure B.1 shows
what some of the uncorrected data look like as a function of time.

To correct for the mass discrimination induced within the machine itself, we first
choose two isotopes to be used as a normalizing ratio throughout the run. We generally use
42/48 because it represents a large mass spread. Then for each measurement within the
run, the measured (42/48),.4. is used to calculate a power law exponent « from an equation

of the following form:
42 42 P
il = (= mazy- (B.1)
48 corrected 48 raw \T748

where m; is the atomic mass of nuclide 7. For each measurement, a value of p is calculated
and applied to each of the other measured ratios. For example,

(), (), ) ©2
44 corrected 44 raw \T44

Figure B.2 is what the normalized (42/48) and corrected (40/44) data look like for a good
run in which there is uniform scatter in the corrected (40/44) ratios about a mean value. Oc-
casionally, however, you may get a ”bad run” where the corrected data vary systematically
with time (e.g., Figure B.3).



Figure B.1: Screen capture showing the raw data for two different Ca isotope ratios.
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Figure B.2: Screen capture showing the corrected data for two different Ca isotope ratios.
This is a "good run” in which the corrected 40/44 values show uniform scatter about a

mean value.
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Figure B.3: Screen capture showing the corrected data for two different Ca isotope ratios.
This is a "bad run” in which the corrected 40/44 values vary systematically with time.

The fact that the corrected ratio is changing with time throughout the run indicates that
the power law relationship is not an adequate representation of the mass-dependence of
evaporation/ionization off of the filament (for reasons that we don’t understand). My
suggestion is that you throw that data point out and measure a different bead from the
same sample. It will probably give you a good run on the next try.

B.2 Spike subtraction

The mass-fractionation corrected ratios from the mass spectrometer are for the
spike-sample mixture. The actual sample isotope ratios are determined using an iterative
spike-subtraction algorithm. What follows is a summary of what the spike subtraction
spreadsheet is actually doing when you input into Excel the data you collected from the
mass spectrometer.

Notation used:

t=tracer (or spike)
s=sample

m=mixture (or measured)

To begin, it is assumed that the 42/48 ratio in the spike is known perfectly from the double
spike calibration. Derivation of the spike subtraction algorithm then begins with:

g B 48 + 48; - 44 (%)s + 48,
49 - 42, + 42 44, (%)S + 48, (%)t‘

(B.3)

Rearranging equation B.3 leads to B.4, which is used to calculate a value for the (42/48),
ratio from the measured values:

() @) w{E@.E @) e




81

Initially it is assumed that the sample has an isotopically “normal” composition. With
that, the only unknown in B.4 is the 44,/48; term. An expression for this can be derived
beginning with an equation similar to equation B.3:

44\ A4 +44 M+ 48 (3), (B.5)
48) 48,448, 44, (3), +48 '
which leads to 44 44
s (8)m— (B)s (B.6)

81— (5), (3),
Combining B.4 and B.6, we have everything we need to calculate a first approximation
for the (42/48); ratio from the measured ratios. This value will differ from the “true”
(42/48); ratio because we used an approximation for the sample ratios (i.e., the “normal”
composition). The difference is used to calculate an initial mass discrimination factor p; in
the same fashion as in equation B.1:

42 42 Pt
() s ™ () (i) ®7)
48 t,corrected 48 t,uncorrected m4g

This factor is p; is used to correct the other measured ratios:

40 40 bt
()™ (G0 s () ®9
44 m,corrected 44 m,uncorrected maa

42 42 bt
(58 s ™ () () ®9
44 m,corrected 44 m,uncorrected M44

4 4 Pt
(88 s () () ®10
44 m,corrected 44 m,uncorrected 44

After the mass discrimination correction is applied, the desired spike-subtracted sample
ratio (40/44); is calculated from:

(44)82 (44>m+44s[<42>t <44>m_ <42>t]’ .
42, _ (51)m — (G), B.12
4T (),(®), o

This value for (40/44)s will differ from the "normal” value, and the difference can be used
to calculate a second mass discrimination factor ps:

4 4 Ps
(), s () s i) ®1
44 s,corrected 44 s,uncorrected maq

where
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which is used to update the other sample ratios:

42 42 bs
(38) s ™ (55), s (i) ®.19
44 s,corrected 44 s,uncorrected mM44

48 48 Ps
() s () i) ®19
44 s,corrected 44 s,uncorrected L

Finally, these updated sample ratios can be used to update (42/48); and the process is
repeated until p no longer changes at the level of 1 ppm, which requires 3 to 5 iterations.
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Additional data tables
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Large spherulite Small spherulite

Distance Abs H,0,0 Distance Abs H,0
(mm) (wt. %) (mm) (wt. %)
0.00 0.511 0.180 0.00 0.385 0.139
0.15 0.511 0.180 0.01 0.382 0.138
0.25 0.497 0.175 0.05 0.367 0.132
0.30 0.489 0.172 0.07 0.368 0.133
0.35 0.499 0.176 0.09 0.374 0.135
0.45 0.490 0.173 0.13 0.374 0.135
0.50 0.485 0.171 0.15 0.376 0.135
0.55 0.480 0.169 0.17 0.371 0.134
0.65 0.469 0.165 0.21 0.373 0.135
0.70 0.458 0.161 0.23 0.370 0.133
0.75 0.462 0.163 0.25 0.377 0.136
0.85 0.446 0.157 0.29 0.369 0.133
0.90 0.442 0.156 0.31 0.369 0.133
0.95 0.426 0.150 0.33 0.371 0.134
1.05 0.434 0.153 0.37 0.355 0.128
1.10 0.427 0.150 0.39 0.358 0.129
1.15 0412 0.145 0.41 0.361 0.130
1.25 0.408 0.144 0.45 0.363 0.131
1.30 0.420 0.148 0.47 0.351 0.127
1.35 0.392 0.138 0.49 0.354 0.128
1.45 0.391 0.138 0.53 0.356 0.128
1.50 0.384 0.135 0.55 0.360 0.130
1.55 0.386 0.136 0.57 0.355 0.128
1.65 0.381 0.134 0.61 0.352 0.127
1.70 0.376 0.133 0.63 0.355 0.128
1.75 0.379 0.134 0.65 0.352 0.127
1.85 0.368 0.130 0.69 0.351 0.127
1.90 0.363 0.128 0.71 0.346 0.125
1.95 0.358 0.126 0.73 0.341 0.123
2.05 0.364 0.128 0.77 0.341 0.123
2.10 0.362 0.128 0.79 0.344 0.124
2.15 0.362 0.128 0.81 0.344 0.124
225 0.356 0.125 0.85 0.340 0.122
2.30 0.355 0.125 0.87 0.334 0.120
2.35 0.359 0.126 0.89 0.325 0.117
2.45 0.351 0.124 0.93 0.333 0.120
2.50 0.355 0.125 0.95 0.331 0.119
2.55 0.349 0.123 0.97 0.330 0.119
2.65 0.348 0.123 1.01 0.330 0.119
2.70 0.359 0.126 1.03 0.331 0.119
2.75 0.357 0.126 1.05 0.329 0.119
2.85 0.353 0.124 1.09 0.327 0.118
2.90 0.353 0.124 1.11 0.319 0.115
2.95 0.356 0.125 1.13 0.330 0.119
3.05 0.349 0.123 1.17 0.323 0.116
3.10 0.360 0.127 1.19 0.322 0.116
3.15 0.383 0.135 1.25 0.325 0.117
3.25 0.380 0.134 1.29 0.324 0.117

Table C.1: FTIR data for the two spherulitic glasses discussed in chapter 2.
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Distance SiO, AlO; TiO, FeO MgO CaO Na,O K,O MnO P,05 Total
(mm) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (wt.%) (wt.%)
0.10 47.94 12.88 2.87 12.50 10.25 10.84 2.68 0.62 0.38 - 100.96
0.23 48.10 12.89 2.93 12.28 10.17 10.76 2.63 0.61 0.30 - 100.67
0.35 48.77 13.03 2.87 12.02 10.10 10.76 2.58 0.62 0.36 - 101.11
0.48 48.87 13.08 2.86 12.18 10.03 10.77 2.53 0.64 0.29 - 101.25
0.60 47.87 12.99 2.80 12.28 9.93 10.63 2.55 0.66 0.33 - 100.03
0.73 48.81 13.17 2.84 12.29 9.91 10.66 2.51 0.65 0.30 - 101.14
0.85 47.86 13.05 2.85 11.95 10.09 10.58 2.62 0.67 0.33 - 100.00
0.98 48.17 13.08 2.92 11.83 9.68 10.46 2.46 0.68 0.34 - 99.63
1.10 49.00 13.18 2.90 12.10 9.74 10.52 2.52 0.70 0.36 - 101.01
1.23 48.21 13.23 291 11.87 9.66 10.51 2.55 0.75 0.37 - 100.06
1.35 48.72 13.19 291 11.25 9.55 10.42 2.62 0.74 0.37 - 99.77
1.48 48.27 13.27 2.88 11.52 9.49 10.54 2.63 0.77 0.30 - 99.67
1.60 49.02 13.10 2.86 11.29 9.54 10.36 2.69 0.81 0.33 - 100.00
1.73 49.44 13.01 2.81 11.38 9.27 10.43 2.81 0.87 0.30 - 100.32
1.90 50.12 13.17 2.80 10.88 9.10 10.12 2.85 0.88 0.36 - 100.27
2.10 50.71 13.34 2.62 10.93 8.87 9.91 2.85 0.96 0.31 - 100.51
223 51.96 13.12 2.56 10.51 8.68 9.68 2.89 1.06 0.27 - 100.74
2.35 52.65 13.36 2.49 10.19 8.35 9.59 291 1.12 0.33 - 101.00
2.48 53.43 13.23 2.31 9.71 7.91 9.26 3.25 1.26 0.35 - 100.71
2.60 54.90 13.34 2.12 9.19 7.38 8.83 3.30 1.45 0.27 - 100.78
2.73 56.64 13.29 1.81 8.13 6.83 8.29 3.44 1.68 0.25 - 100.36
2.88 59.66 13.06 1.50 7.14 5.72 7.02 3.79 2.12 0.23 - 100.24
3.00 65.01 12.74 1.10 5.30 4.13 5.20 4.17 2.78 0.25 - 100.68
3.13 71.15 12.36 0.58 2.87 2.10 2.74 4.14 3.50 0.19 - 99.63
3.48 72.88 13.05 0.39 1.41 0.77 1.43 4.10 4.12 0.20 - 98.36
3.63 73.20 13.00 0.40 1.58 0.71 1.43 4.02 4.10 0.20 - 98.65
3.75 72.99 13.06 0.39 1.38 0.63 1.24 4.04 4.14 0.12 - 97.99
3.93 74.02 13.16 0.38 1.26 0.51 1.14 4.11 422 0.17 - 98.96
4.05 74.71 13.39 0.37 1.12 0.45 1.04 4.06 4.24 0.17 - 99.56
4.18 75.32 13.33 0.39 1.14 0.38 1.00 3.97 431 0.14 - 99.97
433 74.27 13.44 0.38 1.03 0.34 1.05 4.09 428 0.17 - 99.05
4.45 74.43 13.45 0.37 1.13 0.31 0.98 3.96 4.35 0.22 - 99.21
4.65 73.58 13.30 0.35 1.12 0.38 0.99 3.96 4.36 0.20 - 98.23
4.78 74.10 13.51 0.38 0.88 0.30 1.02 3.96 4.36 0.11 - 98.62
4.90 74.44 13.29 0.37 1.04 0.33 1.02 3.90 4.33 0.19 - 98.92
5.03 75.42 13.28 0.36 1.06 0.29 0.92 3.94 4.36 0.15 - 99.79
5.18 74.87 13.21 0.37 1.13 0.31 0.94 3.89 4.31 0.16 - 99.19
5.30 75.28 13.48 0.38 0.96 0.33 0.98 4.02 431 0.12 - 99.86
5.43 75.03 13.23 0.37 1.11 0.34 0.97 4.04 4.36 0.15 - 99.60
5.55 73.12 13.46 0.39 1.04 0.32 0.90 3.89 4.36 0.18 - 97.66
5.73 73.98 13.37 0.37 0.93 0.32 0.92 4.03 4.35 0.18 - 98.44
5.85 73.27 13.39 0.37 1.00 0.31 1.00 391 437 0.17 - 97.78
5.98 73.70 13.41 0.38 1.12 0.29 0.94 3.91 433 0.16 - 98.24
6.10 75.07 13.59 0.37 1.10 0.31 0.93 3.88 433 0.13 - 99.70
6.23 74.97 13.50 0.40 1.02 0.33 1.04 3.96 437 0.22 - 99.80
6.35 74.01 13.53 0.38 0.96 0.33 0.93 4.00 4.36 0.24 - 98.73
6.48 74.27 13.47 0.38 1.08 0.30 0.99 3.86 433 0.18 - 98.85
6.60 75.52 13.35 0.37 1.08 0.31 0.94 3.87 429 0.21 - 99.94
6.73 75.14 13.21 0.35 1.22 0.33 0.91 4.08 435 0.17 - 99.75
6.85 75.52 13.25 0.37 1.08 0.32 0.99 3.96 431 0.20 - 100.00
6.98 75.42 13.37 0.36 1.13 0.31 0.95 3.96 4.29 0.20 - 100.00
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Distance SiO, AlO, TiO, FeO MgO CaO Na,O K,0 MnO P,0s Total
(mm) (Wt.%) (Wt.%) (Wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
0.14 44.84 8.87 5.15 10.76 10.85 11.22 2.67 1.86 0.20 0.59 97.01
0.30 43.53 8.87 5.14 11.52 10.74 11.26 2.72 1.88 0.22 0.56 96.44
0.46 44.73 8.57 5.07 10.84 10.70 11.20 2.71 1.90 0.22 0.40 96.34
0.64 44.74 8.79 4.95 11.27 10.65 11.11 2.81 1.89 0.21 0.42 96.84
0.82 45.58 9.06 4.94 11.21 10.61 11.02 2.88 1.95 0.11 0.51 97.87
0.98 45.00 8.90 4.96 10.82 10.51 10.99 2.73 1.98 0.09 0.40 96.39
1.16 45.45 8.88 491 10.41 10.40 10.88 2.83 2.01 0.28 0.47 96.52
1.34 45.38 8.95 4.93 10.70 10.32 10.94 2.81 2.00 0.08 0.50 96.61
1.50 46.69 9.02 4.83 10.83 10.41 10.80 2.89 2.05 0.11 0.48 98.12
1.67 46.09 8.92 4.70 10.99 10.41 10.94 2.92 2.06 0.15 0.42 97.60
1.83 46.99 9.12 4.67 10.52 10.16 11.06 2.94 2.15 0.22 0.40 98.23
1.99 46.82 9.11 4.53 10.13 10.05 10.51 2.96 2.09 0.24 0.40 96.84
2.17 46.88 9.09 4.45 10.04 9.98 10.72 2.98 2.19 0.08 0.43 96.85
2.35 46.91 9.23 437 9.93 9.96 10.39 291 2.23 0.31 0.42 96.66
2.51 48.07 9.30 433 10.22 9.83 10.45 3.01 2.30 0.13 0.47 98.11
2.69 48.23 9.41 4.21 9.80 9.77 10.48 3.02 2.34 0.22 0.39 97.87
2.85 48.19 9.24 4.11 9.77 9.64 10.21 3.07 2.36 0.23 0.28 97.10
3.01 47.94 9.33 3.98 9.50 9.42 10.12 3.13 2.49 0.15 0.39 96.45
3.17 48.24 9.68 3.87 9.24 9.34 10.04 3.17 2.58 0.16 0.30 96.62
3.33 49.39 9.50 3.73 9.57 8.92 9.48 3.30 2.62 0.27 0.39 97.17
3.49 50.46 9.77 3.58 9.13 9.00 9.68 3.18 2.72 0.26 0.39 98.16
3.65 50.61 9.93 3.40 9.24 8.76 9.61 3.25 2.85 0.15 0.29 98.08
3.81 51.53 9.89 3.27 8.80 8.48 9.22 3.40 3.01 0.23 0.27 98.10
3.97 51.55 9.82 3.09 8.59 8.25 9.02 3.44 3.07 0.23 0.24 97.30
4.13 52.88 9.86 2.93 8.51 7.93 8.78 347 3.20 0.21 0.30 98.07
4.31 54.47 10.15 2.69 7.75 7.50 8.32 3.43 3.51 0.13 0.23 98.18
4.47 54.85 10.33 2.47 7.57 7.17 8.00 3.61 3.67 0.12 0.19 97.98
4.63 55.86 10.56 2.26 7.08 6.93 7.30 3.82 3.90 0.20 0.14 98.05
4.79 57.06 10.87 2.04 6.56 6.41 7.29 3.76 4.06 0.15 0.16 98.35
4.95 59.16 10.85 1.80 6.19 5.90 6.63 3.73 4.39 0.07 0.12 98.84
5.11 60.26 10.98 1.56 5.71 5.39 6.02 3.92 4.69 0.13 0.08 98.73
5.27 61.97 11.28 1.27 5.40 4.64 5.21 3.95 5.03 0.00 0.05 98.80
5.43 64.66 11.44 0.91 4.23 3.80 4.29 3.89 5.56 0.09 0.02 98.88
5.59 67.29 11.67 0.60 3.50 2.97 3.31 3.88 5.96 0.04 0.00 99.23
5.75 70.52 11.88 0.34 2.51 2.04 2.36 3.70 6.30 0.00 0.00 99.66
591 71.99 12.33 0.09 1.71 1.08 1.51 3.51 6.49 0.01 0.03 98.75
6.07 74.41 12.74 0.09 0.91 0.50 1.05 3.31 6.71 0.02 0.02 99.76
6.24 74.01 12.44 0.12 0.72 0.23 0.88 3.30 6.88 0.07 0.02 98.66
6.40 74.80 12.78 0.08 0.56 0.12 0.76 3.26 6.75 0.06 0.01 99.17
6.56 74.67 12.86 0.12 0.66 0.10 0.74 3.26 6.78 0.00 0.03 99.21
6.80 76.67 12.25 0.09 0.58 0.10 0.67 3.32 6.70 0.03 0.01 100.41
6.96 75.45 13.14 0.11 0.67 0.09 0.75 3.13 6.70 0.03 0.03 100.10
7.12 75.39 12.89 0.10 0.74 0.10 0.69 2.89 6.58 0.03 0.00 99.41
7.28 75.26 13.02 0.09 0.75 0.11 0.63 2.90 6.55 0.00 0.00 99.32
7.44 76.07 12.62 0.10 0.80 0.11 0.70 2.95 6.44 0.05 0.01 99.85
7.60 75.60 12.92 0.09 0.88 0.11 0.68 2.82 6.39 0.07 0.10 99.66
7.76 75.96 12.90 0.08 0.76 0.09 0.73 2.83 6.36 0.13 0.01 99.84
7.92 76.77 12.98 0.10 0.90 0.12 0.76 2.83 6.26 0.08 0.05 100.84
8.08 75.47 13.31 0.11 0.68 0.12 0.71 2.80 6.18 0.07 0.04 99.49
8.24 74.91 13.22 0.09 0.79 0.13 0.72 2.73 6.22 0.00 0.02 98.83
8.40 75.49 13.26 0.12 0.64 0.09 0.82 2.80 6.20 0.08 0.03 99.54



87

Distance SiO, AlO; TiO, FeO MgO CaO Na,O K,O MnO P,05 Total
(mm) (Wt.%) (Wt.%) (Wt.%) (wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (wt.%) (Wt.%) (Wt.%)
0.11 49.01 12.59 2.67 11.11 9.33 10.73 2.13 0.59 0.21 0.20 98.56
0.26 48.91 12.62 2.75 11.01 9.37 10.70 2.11 0.61 0.19 0.24 98.49
0.41 49.41 12.59 2.73 11.00 9.34 10.78 2.24 0.62 0.19 0.22 99.12
0.58 49.41 12.71 2.72 11.00 9.17 10.58 2.18 0.63 0.22 0.31 98.92
0.73 49.27 12.64 2.67 11.00 9.03 10.67 2.09 0.65 0.21 0.22 98.46
0.89 49.38 12.71 2.74 10.91 9.11 10.52 2.21 0.64 0.20 0.28 98.70
1.04 49.60 12.73 2.69 10.27 8.91 10.50 2.16 0.66 0.13 0.22 97.88
1.19 49.91 12.74 2.73 10.72 8.88 10.62 2.17 0.69 0.15 0.23 98.84
1.35 50.43 12.67 2.64 10.54 8.85 10.36 2.33 0.70 0.15 0.24 98.91
1.50 50.78 12.79 2.57 10.43 8.75 10.34 2.33 0.74 0.14 0.27 99.14
1.65 51.14 12.70 2.58 10.39 8.69 10.31 2.36 0.77 0.25 0.24 99.44
1.81 51.39 12.72 2.53 10.38 8.62 10.30 2.47 0.80 0.20 0.27 99.68
1.96 51.65 12.58 2.53 10.02 8.45 10.22 2.43 0.86 0.14 0.26 99.14
2.11 52.02 12.70 2.52 9.83 8.29 9.98 247 0.87 0.17 0.20 99.05
2.26 52.37 12.76 2.29 9.83 8.13 9.80 2.58 0.93 0.18 0.19 99.05
2.42 53.00 12.72 2.20 9.60 8.02 9.68 2.48 0.99 0.19 0.21 99.07
2.57 53.90 12.64 2.15 9.32 7.73 9.45 2.61 1.08 0.13 0.20 99.21
2.72 54.59 12.79 1.98 8.94 7.45 9.11 2.84 1.18 0.15 0.15 99.17
2.88 55.56 12.71 1.83 8.68 7.16 8.92 2.85 1.25 0.15 0.25 99.34
3.03 56.82 12.65 1.70 7.95 6.66 8.48 3.05 1.48 0.14 0.18 99.11
3.18 59.16 12.14 1.49 7.11 6.20 7.75 3.01 1.68 0.19 0.14 98.87
3.46 63.91 12.25 1.00 5.69 4.48 6.03 3.65 2.35 0.10 0.08 99.55
3.61 70.13 11.96 0.49 3.66 2.80 4.01 3.76 3.04 0.02 0.05 99.93
3.81 75.06 12.67 0.09 1.32 0.83 1.75 3.97 3.92 0.07 0.06 99.74
3.98 76.59 13.01 0.09 0.84 0.23 1.17 4.11 4.13 0.01 0.01 100.20
4.13 76.98 13.14 0.12 0.79 0.15 1.04 4.16 4.29 0.04 0.00 100.71
4.30 76.28 13.08 0.11 0.77 0.10 0.92 4.05 4.16 0.04 0.04 99.55
4.47 77.26 13.20 0.13 0.83 0.11 0.90 4.10 4.24 0.07 0.03 100.86
4.62 76.94 13.19 0.12 0.87 0.10 0.88 3.96 4.16 0.08 0.03 100.32
4.79 76.92 13.20 0.09 0.81 0.10 0.87 4.04 423 0.02 0.00 100.28
4.96 77.35 13.18 0.10 0.92 0.10 0.88 4.08 4.30 0.07 0.03 101.02
5.11 77.33 13.21 0.10 0.82 0.10 0.85 391 4.16 0.05 0.03 100.55
5.26 77.39 13.06 0.11 0.82 0.11 0.88 4.15 4.19 0.03 0.04 100.78
5.42 77.54 13.11 0.09 0.89 0.10 0.92 4.16 4.21 0.02 0.01 101.05
5.57 77.55 13.12 0.11 0.85 0.12 0.90 3.98 4.29 0.06 0.05 101.02
5.72 77.29 13.07 0.11 0.82 0.10 0.89 4.12 4.17 0.02 0.06 100.65
5.88 77.64 13.08 0.11 0.82 0.11 0.87 3.88 4.24 0.02 0.02 100.79
6.03 77.58 13.11 0.12 0.89 0.12 0.85 4.01 4.28 0.02 0.04 101.02
6.18 77.39 13.17 0.09 0.96 0.10 0.93 3.96 4.25 0.10 0.02 100.97
6.33 77.40 13.09 0.09 0.90 0.11 0.90 3.98 4.16 0.04 0.00 100.68
6.49 77.30 13.07 0.12 0.88 0.10 0.89 3.78 4.20 0.04 0.00 100.39
6.64 76.92 13.03 0.10 0.80 0.12 0.88 3.83 4.17 0.09 0.06 99.99
6.79 77.19 13.12 0.09 0.80 0.11 0.83 391 422 0.06 0.01 100.34
6.95 76.73 13.14 0.11 0.86 0.10 0.85 3.88 422 0.00 0.04 99.94
7.10 76.44 13.07 0.12 0.87 0.11 0.84 3.81 4.28 0.03 0.04 99.61
7.25 77.44 12.93 0.13 0.82 0.12 0.89 3.69 4.24 0.01 0.00 100.26



88

Distance SiO, Al,O4 TiO, FeO MgO CaO Na,O K,O0 MnO P,0s Total
(mm) (Wt.%) (Wt.%) (Wt.%) (wt.%) (Wt.%) (wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
0.13 43.47 8.38 4.97 10.42 10.07 11.05 2.69 2.05 - - 93.10
0.28 43.55 8.53 4.94 10.54 9.97 10.92 2.78 2.06 - - 93.29
0.42 43.92 8.46 4.90 10.39 9.74 10.88 2.77 2.07 - - 93.12
0.57 43.99 8.52 4.88 10.57 9.65 10.99 2.68 2.03 - - 93.30
0.71 44.25 8.47 4.78 10.47 9.84 10.89 2.73 2.14 - - 93.57
0.86 44.08 8.63 4.78 10.57 9.66 10.81 2.74 2.15 - - 93.41
1.00 44.24 8.61 4.77 10.12 9.62 10.73 2.82 2.12 - - 93.02
1.15 44.32 8.55 4.69 10.20 9.54 10.83 2.74 2.23 - - 93.10
1.29 44.49 8.67 4.58 10.29 9.52 10.58 2.76 2.20 - - 93.09
1.44 44.45 8.61 4.59 10.15 9.32 10.62 2.77 227 - - 92.77
1.58 45.16 8.65 437 9.78 9.25 10.59 2.79 2.26 - - 92.85
1.73 45.17 8.67 443 9.78 9.26 10.32 2.92 2.31 - - 92.85
1.87 45.49 8.78 433 9.75 9.02 10.39 2.92 2.37 - - 93.05
2.02 45.82 8.86 4.10 9.44 9.08 10.24 2.88 2.46 - - 92.88
2.16 46.10 8.90 4.05 9.55 8.97 10.07 2.89 2.45 - - 92.98
2.31 46.91 9.01 3.89 9.12 8.83 9.79 3.04 2.63 - - 93.22
2.45 47.21 9.11 3.79 9.00 8.37 9.49 351 2.54 - - 93.02
2.65 47.95 9.16 3.59 8.97 8.32 9.47 3.13 2.78 - - 93.38
2.80 48.38 9.27 3.42 8.60 8.19 9.30 3.26 2.92 - - 93.34
2.94 49.39 9.40 3.24 8.40 7.85 9.15 332 3.04 - - 93.79
3.09 50.55 9.55 2.92 8.28 7.61 8.72 3.38 3.25 - - 94.27
3.23 51.78 9.72 2.79 791 7.22 8.23 3.58 3.39 - - 94.63
3.42 53.03 10.00 2.48 7.49 6.80 7.73 3.64 371 - - 94.87
3.57 54.15 10.24 2.12 6.81 6.27 7.36 3.66 3.98 - - 94.59
3.71 55.60 10.38 1.87 6.51 5.89 6.52 3.80 429 - - 94.87
3.86 56.89 10.56 1.55 5.39 5.15 6.03 3.84 4.63 - - 94.04
4.00 58.97 10.67 1.22 4.93 438 5.13 3.95 5.08 - - 94.33
4.15 60.95 10.94 0.87 4.11 3.56 4.02 391 5.48 - - 93.84
429 63.46 11.00 0.52 3.10 2.62 3.03 3.92 5.86 - - 93.51
4.44 66.57 11.46 0.23 2.09 1.60 2.03 3.72 6.23 - - 93.92
4.58 69.30 11.86 0.10 1.34 0.79 1.31 3.52 6.51 - - 94.74
4.73 70.56 12.31 0.11 0.89 0.33 0.92 3.52 6.58 - - 95.21
4.87 72.18 12.47 0.10 0.71 0.15 0.79 3.44 6.59 - - 96.43
5.02 72.43 12.58 0.10 0.77 0.09 0.70 3.41 6.63 - - 96.71
5.16 73.03 12.51 0.12 0.82 0.09 0.68 3.34 6.47 - - 97.05
5.31 73.57 12.66 0.13 0.82 0.09 0.68 3.25 6.45 - - 97.64
5.45 73.43 12.70 0.10 0.85 0.08 0.68 3.25 6.30 - - 97.39
5.60 73.84 12.70 0.09 0.76 0.11 0.68 321 6.17 - - 97.55
5.74 74.15 12.78 0.08 0.77 0.10 0.67 3.10 5.94 - - 97.60
5.89 74.74 12.81 0.11 0.79 0.10 0.71 3.10 5.89 - - 98.24
6.03 74.70 12.86 0.09 0.77 0.10 0.76 3.03 5.72 - - 98.02
6.18 75.14 13.01 0.13 0.73 0.10 0.77 2.94 5.74 - - 98.58
6.32 75.81 12.96 0.09 0.89 0.08 0.79 3.00 5.65 - - 99.27
6.47 75.97 12.96 0.12 0.73 0.11 0.88 2.83 5.48 - - 99.07
6.61 75.90 13.00 0.10 0.88 0.12 0.89 2.97 5.52 - - 99.38
6.76 75.51 12.87 0.11 0.38 0.12 0.89 2.97 5.49 - - 98.83
6.90 75.49 12.88 0.09 0.88 0.10 0.84 2.95 5.40 - - 98.64
7.05 76.34 12.90 0.12 0.78 0.10 0.85 2.92 5.42 - - 99.42
7.12 76.32 12.74 0.09 0.72 0.11 0.87 2.80 5.49 - - 99.15
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Distance SiO, Al,O4 TiO, FeO MgO CaO Na,O K,0 MnO P,0s Total
(mm) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (wt.%) (Wt.%) (Wt.%) (Wt.%)
0.16 50.03 12.75 2.48 11.05 9.51 11.03 2.17 0.47 - 0.21 99.71
0.26 48.87 12.84 2.48 10.82 9.47 11.05 2.20 0.46 - 0.27 98.47
0.46 48.83 12.66 2.54 11.05 9.54 10.95 2.05 0.48 - 0.29 98.40
0.56 48.99 12.91 251 11.00 9.44 11.13 2.19 0.46 - 0.27 98.91
0.76 49.39 12.82 243 11.04 9.44 10.96 221 0.47 - 0.23 98.98
0.86 49.02 12.91 2.52 11.23 9.54 11.06 222 0.49 - 0.28 99.28
1.06 48.69 12.96 2.34 11.02 9.60 10.93 222 0.44 - 0.24 98.43
1.16 48.64 12.78 2.50 10.69 9.48 10.98 225 0.47 - 0.26 98.06
1.35 50.33 12.80 2.54 10.90 9.39 11.02 222 0.50 - 0.30 100.01
1.45 49.16 12.89 232 11.09 9.58 10.95 2.19 0.47 - 0.29 98.93
1.65 49.34 12.87 2.62 10.92 9.49 10.89 2.19 0.53 - 0.30 99.15
1.75 49.39 12.88 2.59 10.87 9.46 11.09 2.22 0.50 - 0.22 99.22
1.95 49.02 12.96 2.62 10.91 9.46 10.90 2.18 0.51 - 0.26 98.81
2.05 49.22 13.00 2.35 10.94 9.38 11.00 2.24 0.49 - 0.29 98.92
2.25 49.92 13.06 2.49 10.95 9.48 11.03 2.19 0.47 - 0.25 99.84
2.34 49.19 12.96 232 11.05 9.40 10.98 2.25 0.48 - 0.24 98.86
2.54 49.22 13.00 2.39 11.01 9.51 11.02 2.17 0.48 - 0.29 99.09
2.64 49.03 12.96 2.50 10.71 9.50 10.93 2.18 0.50 - 0.25 98.56
2.84 49.78 12.98 2.39 10.95 9.48 10.93 225 0.50 - 0.30 99.56
2.94 49.43 12.92 2.48 10.91 9.38 10.87 2.57 0.50 - 0.24 99.30
3.14 49.70 13.01 2.49 10.92 9.43 10.97 221 0.47 - 0.26 99.44
3.24 49.61 13.01 233 11.00 9.47 10.82 2.30 0.50 - 0.31 99.35
3.43 49.81 13.03 245 11.08 9.38 10.73 2.26 0.48 - 0.26 99.48
3.53 49.72 13.03 2.50 11.02 9.39 10.93 2.21 0.48 - 0.24 99.53
3.73 49.34 12.92 2.40 10.82 9.34 10.83 2.27 0.48 - 0.27 98.67
3.83 49.55 12.95 2.37 10.77 9.39 10.90 2.18 0.48 - 0.25 98.84
4.03 49.79 12.94 2.49 10.82 9.35 10.89 2.24 0.46 - 0.23 99.21
4.13 49.57 12.92 2.36 10.85 9.53 10.96 2.38 0.52 - 0.28 99.38
433 50.07 12.85 2.30 11.05 9.47 11.02 2.24 0.48 - 0.22 99.70
442 49.34 13.00 2.50 10.71 9.48 10.98 2.19 0.48 - 0.21 98.91
4.62 49.16 12.95 2.47 11.15 9.48 10.83 2.15 0.48 - 0.25 98.91
4.72 49.63 13.02 2.59 10.88 9.37 10.94 2.29 0.51 - 0.24 99.48
4.92 49.82 13.00 2.50 10.78 9.49 11.11 222 0.49 - 0.23 99.64
5.02 49.17 12.98 242 11.07 9.34 11.11 2.25 0.48 - 0.23 99.04
5.22 49.20 12.97 2.44 10.89 9.43 10.92 2.23 0.48 - 0.22 98.78
5.32 49.41 12.87 2.54 10.99 9.42 11.12 222 0.48 - 0.26 99.30
5.51 50.02 12.89 2.38 10.74 9.39 11.11 227 0.49 - 0.27 99.57
5.61 49.70 12.86 2.49 10.75 9.42 11.03 2.18 0.52 - 0.24 99.20
5.81 49.55 12.96 2.38 10.97 9.54 11.08 2.32 0.48 - 0.24 99.52
591 49.52 12.93 237 10.74 9.48 11.08 2.19 0.49 - 0.21 98.99
6.11 49.42 12.94 2.53 10.64 9.51 11.08 225 0.51 - 0.23 99.11
6.21 49.54 12.81 2.42 10.84 9.45 10.90 2.27 0.53 - 0.24 99.01
6.41 49.36 12.91 2.43 10.81 9.53 11.02 2.24 0.52 - 0.29 99.12
6.51 49.69 13.09 251 10.83 9.52 10.83 2.20 0.49 - 0.27 99.43
6.70 49.43 12.95 242 10.84 9.47 11.14 2.31 0.47 - 0.24 99.27
6.80 49.49 13.00 2.77 10.61 9.55 10.87 2.27 0.48 - 0.24 99.29
7.00 49.78 13.01 2.42 10.80 9.65 11.07 2.24 0.49 - 0.27 99.72
7.10 49.76 13.17 2.58 10.77 9.60 11.09 2.18 0.49 - 0.21 99.85



N-2
Distance SiO, AlO; CaO Na,O FeO Total
(mm) (Wt%)  (wt%)  (Wt%)  (wt%)  (Wt%)  (wt%)
0.06 63.65 22.07 3.08 9.81 0.14 98.75
0.18 64.22 22.06 3.09 9.90 0.20 99.47
0.30 64.28 22.10 3.08 9.86 0.17 99.48
0.42 63.68 22.29 3.15 9.88 0.21 99.20
0.54 63.39 21.87 3.07 9.76 0.17 98.26
0.66 63.90 22.03 3.09 9.96 0.24 99.22
0.78 63.73 22.11 3.03 9.85 0.23 98.94
0.90 63.97 22.37 3.00 9.79 0.21 99.35
1.02 63.51 21.62 3.02 9.52 0.30 97.97
1.14 63.24 22.00 2.95 9.69 0.19 98.07
1.26 64.13 22.25 3.04 9.74 0.21 99.37
1.38 63.79 22.11 3.05 9.82 0.22 98.98
1.50 63.77 22.27 3.01 9.94 0.22 99.21
1.62 63.74 22.13 2.96 9.81 0.24 98.88
1.74 63.84 22.08 2.86 9.87 0.20 98.85
1.86 64.01 22.08 291 9.86 0.19 99.06
1.98 63.54 22.29 2.78 9.79 0.20 98.60
2.10 64.00 22.35 2.76 10.10 0.20 99.41
222 63.87 22.18 2.71 10.27 0.21 99.24
2.34 63.74 22.27 2.70 10.18 0.18 99.07
2.46 63.94 22.25 2.52 10.19 0.18 99.07
2.64 64.49 22.18 2.52 10.24 0.22 99.74
2.76 64.39 22.13 2.44 10.30 0.18 99.44
2.88 64.55 21.96 2.38 10.33 0.19 99.40
3.00 64.32 22.03 2.15 10.45 0.20 99.15
3.12 65.52 21.40 1.91 10.41 0.14 99.39
3.24 66.87 20.21 1.61 10.13 0.16 98.98
3.36 68.02 19.63 1.40 10.13 0.16 99.33
3.48 68.20 19.41 1.24 10.24 0.07 99.16
3.60 68.24 19.66 1.12 10.28 0.13 99.42
3.72 67.75 19.54 0.98 10.28 0.13 98.69
3.84 67.88 19.47 0.88 10.36 0.13 98.72
3.96 638.28 19.63 0.74 10.40 0.10 99.16
4.08 68.37 19.67 0.71 10.56 0.16 99.47
4.20 68.14 19.61 0.58 10.57 0.11 99.01
4.32 68.42 19.66 0.49 10.59 0.17 99.33
4.44 67.95 19.55 0.46 10.68 0.18 98.82
4.56 68.05 19.62 0.44 10.71 0.16 98.98
4.68 67.89 19.64 0.42 10.61 0.10 98.65
4.80 68.38 19.64 0.37 10.71 0.08 99.18
4.92 68.46 19.80 0.36 10.67 0.08 99.35
5.04 68.39 19.69 0.36 10.69 0.09 99.22
5.16 67.89 19.75 0.35 10.83 0.12 98.95
5.28 68.23 19.63 0.33 10.78 0.14 99.10
5.40 68.05 19.79 0.32 10.84 0.14 99.15
5.52 68.10 19.87 0.35 10.79 0.11 99.21
5.64 68.07 19.90 0.31 10.52 0.08 98.88
5.76 67.96 19.83 0.32 10.71 0.14 98.95
5.88 68.22 19.80 0.31 10.47 0.17 98.97
6.00 68.17 19.93 0.34 10.43 0.14 99.00
6.18 68.02 19.79 0.29 10.81 0.14 99.05
6.30 68.32 19.65 0.33 10.74 0.11 99.16
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ABDI-4

Distance SiO, AlO4 CaO Na,O MgO Total
(mm) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
0.00 66.10 16.92 391 9.54 2.70 96.47
0.06 66.10 16.96 3.78 9.67 2.60 96.52
0.18 65.80 17.04 3.81 9.73 2.60 96.38
0.30 66.10 17.15 3.75 9.69 2.60 96.69
0.42 66.30 16.95 3.80 9.58 2.60 96.63
0.54 66.40 16.72 3.74 9.69 2.60 96.56
0.66 65.30 16.65 3.70 9.63 2.60 95.28
0.78 66.20 16.68 3.82 9.76 2.60 96.46
0.90 66.20 16.97 3.70 9.72 2.60 96.58
1.02 65.90 16.84 3.68 9.67 2.70 96.09
1.14 65.90 16.93 3.71 9.73 2.70 96.27
1.26 65.80 16.96 3.71 9.68 2.60 96.15
1.38 66.00 16.82 3.72 9.70 2.60 96.24
1.50 66.30 16.82 3.54 9.67 2.60 96.33
1.62 65.80 16.71 3.58 9.64 2.60 95.73
1.74 65.50 16.58 3.47 9.80 2.60 95.35
1.86 65.90 16.61 3.46 9.86 2.50 95.84
1.98 66.10 16.90 3.36 9.75 2.60 96.12
2.10 66.10 16.97 3.18 9.77 2.50 96.03
222 66.10 16.97 3.09 9.86 2.40 96.02
2.34 66.80 17.17 2.72 9.95 2.20 96.64
2.46 67.00 17.34 2.53 9.98 1.90 96.85
2.58 67.40 17.65 2.20 10.20 1.50 97.45
2.70 67.20 18.43 1.87 10.38 1.20 97.88
2.82 66.90 18.83 1.57 10.66 0.90 97.95
2.94 67.40 19.22 1.33 10.81 0.60 98.75
3.06 67.60 19.29 1.14 10.71 0.50 98.74
3.18 67.70 19.33 0.92 10.76 0.30 98.70
3.30 67.50 19.41 0.80 10.66 0.30 98.38
3.42 67.70 19.46 0.68 10.89 0.30 98.74
3.54 67.40 19.49 0.61 10.87 0.20 98.37
3.66 67.60 19.48 0.55 10.93 0.30 98.57
3.78 67.90 19.31 0.51 10.91 0.30 98.63
3.90 68.00 19.26 0.47 10.99 0.30 98.71
4.02 67.30 19.11 0.44 10.86 0.20 97.71
4.14 67.70 19.30 0.41 10.97 0.20 98.37
4.26 67.80 19.35 0.40 10.96 0.30 98.52
4.38 67.40 19.35 0.40 10.77 0.30 97.92
4.50 67.50 19.40 0.41 11.01 0.30 98.31
4.62 66.90 19.21 0.43 10.99 0.30 97.53
4.74 67.20 19.10 0.40 10.87 0.30 97.57
4.86 67.50 19.00 0.38 11.02 0.30 97.89
4.98 67.70 19.10 0.39 10.89 0.30 98.08
5.10 67.70 19.31 0.37 10.84 0.30 98.22
522 67.90 19.34 0.38 10.90 0.30 98.52
5.34 68.00 19.32 0.37 10.96 0.20 98.65
5.46 67.70 19.23 0.39 10.87 0.30 98.19
5.58 67.90 19.14 0.39 10.96 0.30 98.39
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