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Abstract Spherical masses of crystal fibers (spherulites)
crystalize from rhyolitic melt/glass mainly in response to
significant undercooling while lava cools. Spherulite growth
should induce compositional gradients in the surrounding
glass from expulsion of incompatible constituents and dif-
fusion of those constituents away from the spherulite.
Finite-difference numerical modeling of one-dimensional
diffusion, in which diffusivities are allowed to vary with
temperature, is used to investigate how compositional gra-
dients reflect spherulite growth and lava cooling. Overall,
three forms of gradients are identified. Elements that diffuse
quickly are expelled from the spherulite but then migrate
away too quickly to become enriched at the boundary of the
spherulite. Elements that diffuse slowly are trapped within
the growing spherulite. Between those endmembers are
elements that are not trapped, yet diffuse slow enough that
they become enriched at the contact. Their slow diffusion
away then elevates their concentrations in the surrounding
glass. How enriched those elements are at the spherulite-
matrix interface and how far their enrichments extend out-
wards into the glass reflect how spherulites grow and ther-
mal conditions during growth. Concentrations of H,O, Rb,
F, Li, Cl, Na, K, Sr, Cs, Ba, and Be were measured in and
around spherulites in obsidian from a 4.7+1 km® rhyolite
lava dome erupted from Tequila volcano, Mexico. Measur-
able concentration gradients are found for H,O, Rb, and F.
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Attributes of those gradients and the behaviors of the other
elements are in accord with their experimentally constrained
diffusivities. Spherulites appear to have grown following
radial, rather than volumetric, growth. The observed gra-
dients (and lack of others) are more consistent with growth
mainly below the glass transition, which would necessitate
the dome cooling at ca. 10> to 1077 °C s '. Such slow
cooling is consistent with the relatively large volume of the
dome.
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Introduction

Obsidian domes, flows, and pyroclasts are common in the
geologic record, yet few have been emplaced in modern
times (Johnson and Smith 1974; Singer et al. 2008; Castro
and Dingwell 2009). Constraints on the physical processes
and timing of mechanisms responsible for obsidian forma-
tion are thus derived mostly from textural and structural
studies. For example, orientations of bubbles and microlites
are used to infer obsidian flow dynamics (Manga 1998; Rust
et al. 2003). Flow bands, tuffisite veins, and healed fractures
provide field evidence of repeated fragmentation and anneal-
ing in volcanic conduits (Tuffen et al. 2003; Gonnermann and
Manga 2005; Cabrera et al. 2011).

To fully interpret lava textures and structures, the thermal
history of lava needs to be understood and in particular that
history where the features occur. To constrain how cooling
varied with time at specific locations within lava, the ther-
mal record needs to be preserved. One such record may be
preserved as the relaxation temperature of glass, which
preserves the cooling history across the glass transition
(Tg) (Gottsmann and Dingwell 2001). Compositional
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gradients surrounding spherulites could also preserve a re-
cord of the thermal history, with the idea that because
spherulites may grow over a range in temperature, the
compositional record preserved around them might yield
information on the conditions under which they formed
(e.g., Lofgren 1971a; Fenn 1977; Swanson 1977; Castro et
al. 2008; Watkins et al. 2009). Specifically, incompatible
constituents are expelled into the surrounding rhyolitic melt/
glass glass as the spherulite grows (e.g., Kesler and Weiblen
1968). Those constituents then diffuse away from the
enriched boundary into the surrounding matrix forming
compositional gradients (Castro et al. 2008; Watkins et al.
2009). The attributes of those gradients (how enriched the
boundary is; how far away constituents migrate) could be a
proxy for thermal conditions during growth, because diffu-
sion rates vary with temperature (e.g., Zhang et al. 2010).

Recent reviews of spherulites are given in Castro et al.
(2008), Watkins et al. (2009), and Seaman et al. (2009). In
general, spherulites are spherical aggregates of crystals
(Fig. 1) that radiate outwards from a central point (Lofgren
1971a; MacArthur et al. 1998). The fact that natural spher-
ulites occur almost exclusively in glass requires conditions
in which crystal nucleation is suppressed (Swanson 1977;
Fenn 1977). When they do nucleate, experimental evidence
indicates that silica and feldspar polymorphs grow in acic-
ular or fibrous crystal morphologies because of large under-
cooling (Kirkpatrick 1975; Swanson 1977; Fenn 1977).
Where spherulites occur naturally it is common for them
to reach millimeters to centimeters in size, but in rare
instances can be a meter or more (Carmichael et al. 1974,
Davis and McPhie 1996; MacArthur et al. 1998; Smith et al.
2001; Castro et al. 2008; Watkins et al. 2009; Seaman et al.
2009). In this paper, we focus on spherulites thought to have
grown during cooling. Such spherulites typically overprint
microlite flow banding in obsidian, but often flow bands are
deformed around the spherulites (Stevenson et al. 1994;
Monecke et al. 2004; Tuffen and Castro 2009) and the
coarseness of the spherulite appears to require relatively
hot conditions to grow (e.g., Swanson et al. 1989). Those
observations argue for growth both above and below T,,
which for dry rhyolite is 600-700 °C (Dingwell 1998;
Gottsmann et al. 2002).

Spherulite growth involves diffusion and uptake of
compatible elements into the crystallizing region, as
well as rejection and expulsion of incompatible elements
from the crystallizing region (Kesler and Weiblen 1968;
Castro et al. 2008; Watkins et al. 2009). The details of
that process are complicated, and depend on the com-
position and morphology of crystallizing phases, which
in turn, are a complex function of melt composition, temper-
ature, pressure, and degree of undercooling (Kirkpatrick
1975). In general, partitioning of elements between fibrous
crystals and the melt or glass phase takes place at the
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tips of fibers as well as along fibers as they grow
laterally. As crystal fibers impinge upon one another,
incompatible elements may become trapped in the inter-
stitial regions of melt or glass within the spherulite. The
extent of incompatible element expulsion thus depends
on crystal growth rate as well as the rate at which
elements diffuse away from crystallizing regions. Both
of those factors depend on temperature, and by exten-
sion, the cooling history of the obsidian host.

Previous studies show that water gradients surround-
ing spherulites can be modeled using the advection-
diffusion equation (Castro et al. 2008; Watkins et al.
2009). Those studies held temperature constant, howev-
er, and so they could not establish the thermal histories
recorded by those gradients. Here, we build on those
models by incorporating the temperature dependence of
diffusion to predict the attributes of compositional gra-
dients of water and other constituents around spheru-
lites. An important issue is that compositional gradients
will reflect not only cooling but also how the spherulite
grew. In this study, therefore, we investigate the depen-
dence of compositional gradients on various growth
laws for spherulites as well as their dependence on
cooling rate. Newly acquired compositional data for
water and other trace elements surrounding spherulites
are presented for comparison to model predictions and
to constrain the likely thermal conditions and spherulite
growth behavior during cooling of obsidian lava.

Numerical model

In our model for spherulite growth, we treat the spher-
ulite as a single, isolated phase that is spherically sym-
metric. As the spherulite grows outward, incompatible
elements are concentrated at the spherulite-melt or
spherulite-glass boundary and diffuse outward into the
surrounding matrix. The concentration distribution of
incompatible elements around the spherulite is governed
by the growth rate and the element-specific diffusivity.
To simulate this phenomenon, we use finite-difference
numerical modeling to solve for one-dimensional
diffusion:

e o

where (%—f)i is the change in concentration of constituent
i with time ¢, (%—f)l is the change in concentration of i
with distance x from the spherulite boundary in the
matrix, and D; is diffusivity of i. We represent the
motion of the spherulite-matrix boundary with an inflow

condition that simulates the incompatible constituent
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Fig. 1 a Photomicrograph of
spherulite in surrounding glass
(see (b) for scale), with laser
track indicated. The dark halo
probably reflects oxidation of
the glass (Castro et al. 2009); b
SEM image of that same
spherulite, with the same laser
track indicated. Positions of (c)
and (d) are shown; ¢ SEM
close-up of the interior of the
spherulite, with feldspar (light
gray), cristobalite (dark gray),
Fe oxide (bright), and vesicles | >
(black) indicated; d SEM close- 4 |
up near the rim, with the same
phases as in (¢)

expelled into the matrix. That inflow is controlled by our
choice of growth law, a parameter we treat as an unknown (see
below). With each increment of growth, a discrete amount of 7
is expelled into the spherulite-matrix boundary. The concen-
tration of i at the spherulite-matrix boundary changes with
time as a function of input by the spherulite growth rate and
reduction via diffusion. The model is governed by two bound-
ary conditions. The first conserves mass during diffusion
and incremental growth using a conservative discretiza-
tion that ensures that diffusive fluxes entering and leav-
ing each cell are equal (LeVeque 2002). The second
condition fixes the concentration of i to a set value in
the far-field matrix (which is assumed homogeneous).

As mentioned earlier, some incompatible elements may
not be fully expelled. We do not distinguish between spe-
cific mechanisms of incompatible element trapping, but
instead account for incomplete expulsion by specifying that
only part of the mass of 7 is expelled into the spherulite-
matrix boundary during an increment of growth.

In many respects our model is similar to those of Castro
et al. (2008) and Watkins et al. (2009), except that we allow
D; (in square micrometers per second) to vary with tem-
perature, such that

)
D,’ = Doexp (R—;) (2)

where D, is a constant, £, is activation energy, R is the gas
constant, and 7' is temperature (in degrees Celsius). Diffusivities
are calculated iteratively for each step in time, using values for D,
and E, provided by Zhang et al. (2010). Water diffusivity is
known to vary with both temperature and dissolved water con-
tent, and so we vary Dy, with both using the model of Ni and
Zhang (2008). For comparison purposes we refer to D; values at

500 °C (i.e., D). Values of D3 in dry rhyolite range mainly
from <10® to >10" um*s™' (Fig. 2).
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Fig. 2 Representative elements arranged vertically according to their
diffusivities in dry rhyolite at 500 °C (Dfoo), as estimated from Zhang
et al. (2010). Water diffusivity corresponds to melt water content of
0.12 wt.% (Ni and Zhang 2008). Compositional gradients displayed by
those elements around three Tequila spherulites and the approximate
transitions between gradients are marked
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Cooling model for obsidian lava

In this section, we obtain a temperature—time history that
potential represents the environment in which spherulites
form. This serves as a starting point for investigating the
impact of growth laws on compositional gradients around
spherulites. Manley (1992) numerically modeled the cooling
of ca. 50-m thick obsidian lava, based on the 0.1 km?
Obsidian Dome (Fig. 3a). Spherulites in a glassy matrix
are found in Obsidian Dome at heights of ca. 10-35 m
above the base of the flow. At a height of 30 m, the
numerical model predicts that temperature dropped from
emplacement temperature (~900 °C) to ~740 °C in the
first ten years, to ~400 °C in 30 years, and 200 °C in
~60 years (Fig. 3a). We approximate that thermal his-
tory with an exponential decay in temperature with time
() in the form

T = Toexp(—(at)") 3)

where T, is initial or emplacement temperature, and ¢ and
are fit parameters, which we set at a=1x10"°°Cs ' and n=
1.5 (Fig. 3b). A closer fit to the results of Manley (1992) could
be found if either a or n were allowed to vary with time, but we
only seek a first-order approximation for cooling, and thus
keep them constant.

Equation 3 is used below to evaluate how composi-
tional gradients change with growth law for a specific
cooling history. Once those effects are established, we
evaluate the impact of different cooling histories. We
neglect the release of latent heat from spherulite crys-
tallization, assuming that such heat is removed faster
than spherulites grow (Watkins et al. 2009). Latent
heat release could be incorporated into the cooling
model.

Growth laws for spherulites

Watkins et al. (2009) assumed that spherulite growth is
modulated by enrichment of water in the surrounding
glass, with growth slowing as the boundary becomes
more enriched (Frank 1950; Keith and Padden 1963,
1964). Castro et al. (2008) used a growth rate that
slows exponentially with time, justified by the as-
sumption that growth is limited by diffusion. Here, we
assume that spherulite growth is controlled by tempera-
ture. That assumption is justified because diffusion of
compatible constituents slows as temperature decreases
(Eq. 2).

We assume that spherulite growth can be described as
either radial or volumetric. In the case of radial growth, each
step of growth expels mass as a proportion of its radius.
Growth rate is either held constant or allowed to slow
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linearly or exponentially as temperature drops (Egs. 4, 5,
and 6):

dr dr .
(E) = (E>n (radial, constant) (4)

(%) - (%>n B (%> % (5)

(radial, linearly decreasing)

(radial, exponentially decreasing)

where (&) and T are radial growth rate (in micrometers per
dr

hour) and temperature at time 7, (§f) and 7, are radial
growth rate (in micrometers per hour) and nucleation tem-
perature, T¢ is final temperature, and ¢ is a fit parameter.
Both forms of slowing radial growth converge to similar
rates at low temperatures, but the exponential growth law
(Eq. 6) decreases more quickly.

In the case of volumetric growth, each step expels mass
in proportion to volume. Growth rate is either held constant
or decreases exponentially with 7 (Egs. 7 and 8):

dr dr .
(E) = (E) ) (volumetric, constant) (7

(volumetric, exponentially decreasing)

where (47) is volumetric growth rate (in cubic micrometers

per hour) at time 7 and (4F) is volumetric growth rate at
nucleation. Both forms of volumetric growth correspond to
slowing radial growth, because the width of each newly
added annulus shortens with time.

Below, all model results are derived by assuming 7,=
800 °C and growth ceases at 400 °C (7y). Unless stated
otherwise (&) at 700 °C is set equal to 0.25 um h™" or its
equivalent volumetric rate. For nucleation at other temper-
atures (§) s calculated from the growth law assuming

&), = 8{25 pm h~'at 700 °C. In the case of constant rate
laws, however, the growth rate at nucleation is set at
0.25 um h™' (or its volumetric equivalent) regardless of
T,.. Because growth rates depend on 7, how big a spherulite
gets partly depends on 7, (Fig. 4). Finally, except where
stated, half of the total mass of an element is expelled into

the melt/glass in each increment of growth.
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Fig. 3 a Cooling of Obsidian
Dome, modified from Manley
(1992). Curves show

o

temperature distributions at
various times (in years) after
emplacement. Shaded region
shows depths in the flow where
spherulites are found. b
Thermal history (solid curve)
calculated using Eq. 3, setting
a=1x10"°Cs ' and n=1.5.
Squares are temperatures at

W
o
1

Position in flow (m)
(%]
1<)
|

30 m from the bottom of
Obsidian Dome (dashed line in
(a)). Dashed curve is for a=2x
107° °C s and dotted—dashed
curve for 5x1071%°°C s7!;
n=1.5 for both. The evolution
of temperature based on the
cooling rate from Gottsmann
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| | |
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and Dingwell (2001) is shown
for reference

400 800
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Compositional gradients surrounding spherulites

To establish what compositional gradients are expected to
surround spherulites, we solved Eq. 1 for a range of diffu-
sivities. Our modeling, in conjunction with results of Keith
and Padden (1963), identifies that compositional gradients

radial, constant

Final Spherulite Radius (um)

1 00 T
800 700

600 500 400

Nucleation Temperature (°C)

Fig. 4 Spherulite size (in micrometers) as a function of nucleation
temperature (7,,). Curves correspond to various growth laws: constant
radial growth (green curve; Eq. 4), linearly decreasing radial growth
(red; Eq. 5), exponentially decreasing radial growth (blue; Eq. 06),
constant volumetric growth (gray; Eq. 7), and exponentially decreasing
volumetric growth (black; Eq. 8). All curves derived by setting 7,=
800 °C and 77=400 °C. For non-constant growth laws (%) , was set at
0.25 um h™" at 7,,=700 °C and then varied with T'according to growth
law. Growth rate for constant growth is 0.25 um h™" or its volumetric
equivalent
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should generally take on one of three forms (Fig. 5). First,
there are constituents that are expelled but diffuse so quickly
away from the boundary that they do not become enriched,;
we refer to those as Type 1 gradients (Fig. 5a). At the other
extreme, Keith and Padden (1963) showed that constituents
that diffuse very slowly relative to spherulite growth are
trapped within the spherulite. In that case, there is no change
in concentration between the spherulite and matrix (Type 3
gradients; Fig. 5b). In between, there are constituents that
escape (at least partially) the spherulite, but their diffusion is
sluggish enough that they remain enriched at the interface
(Type 2 gradients; Fig. 5c). Their concentrations decrease
away from the spherulite as they diffuse away. Water con-
tents have been observed to form Type 2 gradients (Castro et
al. 2008; Watkins et al. 2009).

The transitions between gradient types occur at relatively
faster diffusivities for radial growth laws than for volumetric
growth laws (Fig. 6). For example, constant radial growth
leads to Type 2 gradients for elements with D3%< 10° ums ™",
whereas exponentially slowing volumetric growth results in
such gradients only for elements with D% <10* um s .
Transitions shown in Fig. 6 result from setting 7,,=650 °C and
(§), = 0.25 um s~ . If spherulites nucleate at hotter temper-
atures or if (%) <0.25 um s~ then the transitions shift to
lower values of D% . If the spherulites continue growing
below 400 °C, then the transitions shift to higher values of
D%,

Type 2 gradients can be described by how enriched
the boundary layer is and how far a gradient extends
into the surrounding matrix (Fig. 5d). The enrichment at
the interface (equal to the ratio of the interface concen-

tration to that in the far-field glass) reflects a competition
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Fig. 5 Schematic drawings of compositional gradient types expected
to occur around spherulites. a Type 1 gradients consist of relatively low
concentrations in the spherulite but constant concentrations in the
surrounding glass. b Type 3 gradients consist of unchanging concen-
trations across the spherulite-glass interface. ¢ Type 2 gradients consist
of relatively depleted contents in the spherulite and convex downward
variations in contents in the surrounding glass. The dotted curve shows
a relaxed Type 2 gradient, which results when diffusion continues after
spherulite growth ceases. d Type 2 gradients can be described by the
enrichment at the interface and its “half-peak” position

between expulsion and diffusion. For a given diffusivity,
growth law plays an important role in enrichment
(Fig. 7). Radial growth results in enrichments that in-
crease with spherulite size. The degree of enrichment
also depends on the relationship between growth rate
and temperature. Constant radial growth rate (Eq. 4)
results in greater enrichments than do radial growth
rates that decrease with temperature (Egs. 5 and 6). In
contrast to radial growth, volumetric growth results in
enrichments that decrease with spherulite size (Fig. 7).
The lower degree of enrichment around larger spheru-
lites results from a rapid decrease in growth rate at
higher temperatures while diffusion is still fast. Regardless
of growth law, enrichments would be greater if spher-
ulites continue growing below 400 °C because of slow-
ing diffusion.

A second characteristic of Type 2 gradients is how
far they extend into the matrix (Fig. 5d). Establishing
that distance in natural data could be difficult, however,
because it requires finding precisely where the concen-
tration of an element exceeds that of its glass
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Fig. 6 Ranges in diffusivities that result in the three different types of
compositional gradients, using the various growth laws (Egs. 4, 5, 6, 7,
and 8). All results calculated for 7,,=650 °C with (%)n =025umh L.
Colors match those in Fig. 4

concentration. We thus instead focus on the position
along a gradient where the concentration equals the
average between the peak and background concentra-
tions. Such “Half-Peak” positions are controlled mainly
by D,, with faster diffusing elements migrating farther
away in a given amount of time. Half-Peak position also
varies with growth law (Fig. 8). In the case of radial growth,
that position increases as enrichment increases, but extends
relatively farther away if growth slows. In contrast, volumetric
growth results in shorter Half-Peak positions that decrease as
enrichment increases.

Regardless of growth law, Type 2 behavior is expected
for diffusivities that range by several orders of magnitude
(Fig. 6). Such gradients should thus exist for some constit-
uents under almost all circumstances. How enriched those
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Fig. 7 Variations in enrichment as a function of final spherulite size
for the various growth laws; the range in size was produced by varying
T,.. All curves (labeled and colored as in Fig. 4) were derived by setting
7,=800 °C and 7y=400 °C. In addition, growth rates at nucleation for
non-constant growth laws were set at 0.25 um h™" at 7,,=700 °C and
then varied with 7 according to growth law. Solid curves are for Rb
diffusivity (DSR%0 = 10733 ym?s~1); dashed curves are for Dy,o.
Diamonds are Rb enrichments around spherulites in Tequila obsidian;
squares are water enrichments around those and other Tequila spher-
ulites, defined by either the greatest concentration at the rim (open
squares) or the highest concentration in the longer, broader gradient
outside of steep gradients next to the rims (filled squares)

gradients are reflects growth, and so examining enrichments
surrounding spherulites of different sizes should help distin-
guish how spherulites grow.

_ radial, constant
10 100

Enrichment

.
¢ radial, exponential
’ decreasing

10! 102 103

Half Peak Position

Fig. 8 Variations in enrichment as a function of Half Peak position for
the various growth laws; the range in size was produced by varying 7.
All curves (labeled and colored as in Fig. 4) were derived using the
same assumptions as those in Fig. 7. Insert shows larger scale for
enrichment to include constant radial growth. Enrichments of Rb
(diamonds) and water (squares) around spherulites in Tequila obsidian
are shown (see Fig. 7 for details)

Impact of cooling rate on compositional gradients

Equation 3 with our preferred values for ¢ and n was
used to derive the forms of compositional gradients that
should surround spherulites. That model predicts cooling
of ~107°? °C s™' (Fig. 3). Using differential scanning
calorimetry, Gottsmann and Dingwell (2001) estimated
that the Rosse Roche obsidian lava cooled at ~10%°Cs™" or
three orders of magnitude faster than specified in our model
(Fig. 3). At that rate, the time allowed for spherulites to grow
would be much shorter, resulting in far less time for diffusion.

To investigate the full impact of cooling rate on the form
of Type 2 gradients, we modeled the behavior of an element
with Dfoo = 10733 (Fig. 9). Nucleation temperature (7,,)
was fixed at 650 °C, but (%)n was varied in order to produce
spherulites of different sizes. We modeled spherulite growth
at constant radial rates (Eq. 4) and exponentially decreasing
volumetric rates (Eq. 8), because those result in the most
disparate spherulite growth (Fig. 4). As an intermediate
example, spherulites were also modeled with a linearly
decreasing radial rate (Eq. 5). We find that the Half Peak
position normalized to Enrichment varies greatly depending
on cooling rate, growth law, and growth rate (Fig. 9). For all
growth behaviors, faster cooling results in smaller ratios
related to spherulites of any given size. In fact, given the
diffusivity assumed, Half-Peak positions will not extend
further than 1015 times Enrichment if cooling rate exceeds
10°* °C s7'. In many cases, a given initial growth rate
results in similar normalized Half-Peak positions around
spherulites of substantially different sizes. For example,
Half-Peak positions will be on order of ten times that of
enrichment away from 100-pum to 10-cm spherulites, if they
all start growing radially at ~0.1 um h™' and that rate
decreased linearly (Fig. 9b). Only when growth rate slows
rapidly does the normalized Half-Peak position depend sig-
nificantly on initial growth rate (Fig. 9a).

Compositional gradients expected around spherulites
thus depend greatly on how quickly obsidian lava cools
(Fig. 9). For spherulites of similar size, the Half-Peak posi-
tion relative to Enrichment will extend much further if lava
cools slowly, similar to the model of Manley (1992), then if
it cools quickly, like that measured by Gottsmann and
Dingwell (2001). The clear distinction between cooling
rates indicates that compositional gradients can indeed pre-
serve a record of the cooling of lava.

Spherulites from Tequila volcano, Mexico
An important prediction from our modeling is that various
types of compositional gradients should surround any given

spherulite. To explore that, we analyzed spherulites from an
obsidian lava erupted from Tequila Volcano, Mexico, the

@ Springer



Bull Volcanol

10004 _ _
] T~ a
1 N
AN
100] /7 !

N
L \
J ~ \

10N o A
_ N

\.

—
]
=)

Half Peak position
Enrichment
=

100 -

10 ;

102 10° 10 10°  10°
Spherulite Diameter (um)

Fig. 9 The ratio of Half Peak position to Enrichment as a function of
final size of spherulites grown at a an exponentially decreasing volu-
metric rate (Eq. 8), b a linearly decreasing radial rate (Eq. 5), or ¢ a
constant linear rate (Eq. 4) (colors match those in Fig. 4). Solid curves
are for cooling rates labeled in log;o units (°C s '); dashed curve is for
cooling rate from Eq. 3 using preferred values for @ and n; dotted—
dashed curve is for cooling using measured rate of Gottsmann and
Dingwell (2001). Gray lines connect results for given nucleation
growth rates (in micrometers per hour). All results set 7,=800 °C,
Ti=400 °C, T,,=650 °C, and D32’ = 10733 ym?s~!

same one in which Watkins et al. (2009) measured water
concentrations surrounding other spherulites. The sample
came from the northern margin of an obsidian lava dome
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with a volume of 4.7+1 km?®, which erupted 642 + 6 ka
(sample TEQ-18 in Lewis-Kenedi et al. 2005). The non-
porphyritic lava is rhyolitic, with high-silica rhyolitic glass
(Table 1). The glass contains subtle flow bands of varying
amounts of microlites of feldspar and minor amounts of Fe
oxides and pyroxene. Feldspar microlites are generally tab-
ular in shape and range in size from 10x2 to 100x20 um.
Fe oxides are typically equant in shape and generally 5 um
in size. Trace pyroxenes are generally 10x2 pum in size.

Here, we measured water concentrations in traverses
away from six spherulites, not analyzed by Watkins et al.
(2009), and then for other elements in traverses from three
of those six (Fig. 1). We targeted mainly elements for which
values for D, are constrained by experimental data in water-
poor rhyolite at temperatures similar to those assumed in our
model. Water contents were measured using synchrotron
FTIR; concentrations of Na, K, Li, Rb, Sr, Ba, Cs, and Be
were measured by laser ablation (LA)-ICP-MS; Cl and F
concentrations were measured by electron microprobe (see
Appendix for methods).

The spherulites are 2 to 6.5 mm in diameter; four are
spherical in shape, the other two are more ellipsoidal. The
three targeted for LA-ICP-MS analyses are 2.3, 2.9, and
6.5 mm. Of those three, Cl and F concentrations were
measured away from the smallest and largest. All six spher-
ulites consist of anorthoclase (Ab7s5.10r24.1An;+;) and
cristobalite (Watkins et al. 2009), with minor Fe oxides
and less than a few percent vesicular glass (Fig. 1). The
average sizes of the five largest feldspar and cristobalite are
relatively constant across the spherulites, except in the outer
~50 pum, where they decrease in size to less than 1 pum
(Fig. 10). Those outer ~50 um also appear more vesicular.
Little difference exists in grain size between spherulites,

Table 1 Compositions of whole rock and matrix glass of tequila
obsidian lava

Whole rock Matrix glass
SiO, 74.1 75.00
TiO, 0.11 0.20
ALO5 12.3 13.58
FeO* 1.35 1.28
MnO 0.05 0.00
MgO 0.08 0.10
CaO 0.42 0.39
Na,O 4.35 4.53
K,0 4.62 4.92

Whole-rock analysis (TEQ-18) is from Lewis-Kenedi et al. (2005).
Matrix glass is the average composition (n=5) analyzed by electron
microprobe (normalized to 100 %), with all Fe reported as FeO; oxides
are in weight percent
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Fig. 10 Grain size variations inside of spherulites. Sizes are averages
of the five largest feldspars at a given position; cristobalite shows the
same variations in size with distance. Symbols represent three spher-
ulites: circles for the 2.3-mm spherulite, squares for the 2.9-mm
spherulite, and triangles for 6.5 mm spherulite. Positions have been
normalized to the full radius of the spherulite to show the same relative
positions in the spherulites

except the core of one of the small spherulites is slightly
finer grained than the other.

Water concentrations are 0.14 to 0.18 wt.% at the rims of
the six spherulites, and decrease to ~0.11 wt.% at about
1,600-1,800 um away (Fig 11a). The very low water con-
centrations in the glass argue that the sample has not been
hydrated, and therefore the spherulites did not grow at low
temperature via fluid fluxing (Lofgren 1971b). The greatest
water concentration is found at the rim of the largest spher-
ulite. Next to the rims of four of the six spherulites, water
gradients in the first 100—150 wm of glass are steeper
than the more extensive gradients that extend outward
from ~150 pm. Watkins et al. (2009) found similarly
steep enrichments around other spherulites in the sam-
ple. Interestingly, they also found relative depletions in
water near the rims of others. Water concentrations were
not analyzed in the interiors of the spherulites but are
expected to be low (Watkins et al. 2009). Water con-
centrations thus form Type 2 gradients.

Compositional gradients similar to those of water were
found for Rb (Fig. 11b) and F (Fig. 11c). Rb in the glasses
reaches peaks of ~450 to 575 parts per million (ppm) next to
spherulite rims, and decreases to ~150+30 ppm ~600—
700 um away. We cannot accurately quantify Rb in the
spherulites, because we do not know their bulk composi-
tions, but if we assume that they have similar silica contents
as the glass, the average concentration of Rb is ~20—

80 ppm, significantly less than in the glass. Fluorine is
1,600-1,900 ppm in glasses at spherulite rims, which is
significantly more than the ~1,100 ppm in glasses far away
(Fig. 11c¢).

Lithium is depleted in the spherulites relative to the
glasses (Fig. 12). In the glasses, however, Li contents are
essentially homogeneous. Li thus appears to form Type 1
gradients, such that it was expelled from the spherulites but
diffused away too quickly to become measurably enriched.
We note that Li is one of fastest diffusing elements in dry
rhyolite at temperatures of interest (Jambon and Semet
1978). Potassium shows similar distributions as Li, with
lower concentrations in the spherulite, but no enrichment
at the rims (Fig. 12). K thus appears to form Type 1 gra-
dients. Likewise, Cl concentrations are constant in the glass
(Fig. 12). We did not measure Cl in the spherulites, but it
should be in low abundance. Cl diffuses even faster than Li
(Jambon and Semet 1978; Bai and Koster van Groos 1994),
and so in fact the two should behave similarly. Sodium
follows a similar trend as Li, Cl, and K, except that it is
relatively enriched in the spherulite. Greater Na/K ratios in
the spherulites relative to those in the glass are consistent
with the sodic-rich feldspar in the spherulites. Although Na
appears to have been compatible, and hence cannot strictly
follow our model, its lack of depletion at spherulite rims
indicates that Na diffusion was fast relative to spherulite
growth, which is essentially Type 1 behavior. Na diffusivity
in dry rhyolite is in fact almost as fast as Li (Margaritz and
Hofmann 1978; Jambon and Semet 1978; Watson 1981,
Jambon 1982). Therefore, Li, Na, CI, and K all formed Type
1 gradients. Of those, K has the lowest diffusivity (Jambon
and Carron 1976; Jambon 1982).

Concentrations of Ba, Sr, Cs, and Be are relatively con-
stant from inside the spherulite to the glass outside (Fig. 13).
Ba and Sr concentrations correlate with each other, suggest-
ing that their occasional fluctuations represent feldspar
microlites in the glass. Sr and Ba may or may not have been
incompatible in the spherulite, but Cs and Be were most
likely highly incompatible, and so at least those elements
should have been enriched in the surrounding glass. None,
however, show differences between spherulite and glass,
and so it appears that all form Type 3 gradients. In fact, all
four diffuse orders of magnitude slower than water,
although Be diffusivity is known only at high temper-
atures (Margaritz and Hofmann 1978; Jambon 1982;
Baker 1992; Mungall et al. 1999).

Three groups of elements have been identified. One
group (Li, K, Na, and Cl) forms Type 1 compositional
gradients, the second (H,O, Rb, and F) forms Type 2 gra-
dients, and the third (Ba, Sr, Cs, and Be) forms Type 3
gradients. Overall, the groupings are consistent with exper-
imentally calibrated diffusivities (Fig. 2). All of those that
form Type 1 gradients diffuse faster than H,O, and all of
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Fig. 11 Compositional
gradients measured for a water,
b Rb, and ¢ F. Curves for Rb are
best fits to 5-point running
averages of data, with 7 values
of >0.92; solid line for squares;
dashed line for circles; dotted—
dashed line for triangles (see
Fig. 10 for symbols). Water and
fluorine contents were mea-
sured in the glass only; the av-
erage error on F analyses is
shown. Rb was measured in
continuous traverses starting in
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those that form Type 3 gradients diffuse slower than Rb. In
regards to H,O and Rb, Half Peak positions for water
are at ~450-650 pum, whereas those for Rb are at ~75-
100 pm. Greater distances are expected for faster dif-
fusing elements, and indeed water diffuses faster than
Rb (Jambon 1982; Ni and Zhang 2008). The consistent
groupings of elements and the extents of Type 2 gra-
dients thus indicate that our model correctly predicts
elemental behavior during spherulite growth.

Fluorine formed well-defined compositional gradients
similar to those of water and Rb (Fig. 11c). Half-Peak
positions for F occur at ~30—45 um, much closer than those
for Rb or water (Fig. 11). Such distances suggest that D%
should be much lower than Dﬁg% and only slightly lower
than DpY. Unfortunately, we cannot confirm that because Dr
in dry rhyolite at temperatures of interest is unknown (Baker
and Balcone-Boissard 2009). Fluorine diffusivity in phono-
lite (DR = 1073%t0 10~*#um? s~!; Zhang et al. 2010) and
in aluminosilicate melts (10~%?) (Dingwell and Scarfe 1985)
is slower than D3 (Fig. 2). The relative positions of D32
and D in Fig. 2 suggest that F diffusivity in dry rhyolite
may be similar to that in phonolite.

Enrichments in H,O and Rb generally increase as spher-
ulite size increases (Fig. 7). That is true for water, whether
enrichment is defined using either the steep gradients next to
the rims or the longer, broader profiles outside of the steep
gradients (Fig. 11a). For each spherulite, Rb is more
enriched relative to water, which is consistent with the lower
diffusivity of Rb. Greater enrichments at the rims of larger
spherulites indicate that their growth can be described as
some form of radial growth, and not volumetric (Fig. 7).

The compositional gradients in H,O and Rb associ-
ated with spherulites of different size can be modeled
following our assumptions in Fig. 9, focusing on radial
growth laws (Fig. 14). If growth were constant, then the
spherulites grew, on average, at ~10 > um h~' while
the lava cooled at ~10®® °C s '. If radial growth
slowed while the lava cooled, then the spherulites
started growing at ~10"" to ~10° um h™' while the lava
cooled at ~107*? to 107 °C s™'. Although we cannot
identify a preferred radial growth law from our dataset,
we note that crystals are often found to experimentally
grow at relatively constant rates (e.g., Fenn 1977;
Swanson 1977; Baker and Freda 2001).

Growth and cooling rates in Fig. 14 were derived assum-
ing that spherulites grew between 650 (7},) and 400 °C (Ty),
which approximates growth occurring at T, and below
(Dingwell 1998; Gottsmann et al. 2002). Alternatively,
growth can be assumed to occur only above T,, such that
Ty =650 °C. We model the latter case using only constant
radial growth (Eq. 4) because the times allowed for growth
above T, are short. Compositional gradients similar to those
observed for Rb can be produced for spherulites of 2.3 to
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Fig. 14 The ratio of Half Peak position to Enrichment as a function of
size of spherulites grown radially at a an exponentially decreasing rate
(Eq. 6), b a linearly decreasing rate (Eq. 5), or ¢ a constant rate (Eq. 4).
Two sets of curves are shown in each, labeled in log;o units (°C sfl)
according to the diffusivity used (see Fig. 9 for other details). Dia-
monds and squares are for Rb and water data, respectively, around
Tequila spherulites

6.5 mm in diameter by changing 7, from 651° to 780 °C as
cooling rate increases from 107°° to 10™*° °C s™'. Nucle-
ation must occur at higher temperatures at faster cooling
rates in order to allow enough time to make appropriately
sized spherulites. At those conditions growth rates are ~1.4
to 2.4 um h™', with the larger spherulite inferred to grow
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faster than the small ones, in order to generate the greater
enrichment of Rb at its boundary (Fig. 11b). Those same
conditions cannot, however, produce water gradients similar
to those observed. Instead, higher values of 7,, (up to ~100 °C
hotter) and slower growth rates (up to ten times slower) are
needed to approximate the observed water gradients. Regard-
less of conditions, growth at temperatures above T, causes
elements with significantly lower diffusivities than Rb to
display Type 2 behavior. In particular, Sr and Ba should form
Type 2 gradients. In addition, the more rapid growth at hotter
conditions should result in Type 2 gradients displayed ele-
ments with higher diffusivities than water, such as K (but not
Li or C).

The model for growth above T, assumed that both
growth and diffusion cease at 7, (set at 650 °C). In reality,
elements would continue to diffuse as the glass cools. Post-
growth diffusion changes the shape of the concentration
profiles; in particular, the steep enrichments of Type 2
gradients relax (Fig. 5c). Such relaxation lowers concentra-
tions near the spherulite boundary and moves mass out-
wards, producing a more gentle decrease in concentration.
Some water gradients around spherulites in our Tequila
sample appear partially relaxed (Watkins et al. 2009), but
many others are not (e.g., Fig. 11a). Castro et al. (2008) also
found both relaxed and unrelaxed gradients for water. For
both Rb and F, the broad plateaus of relaxed concentrations
should extend outward by ca. 50 to 200 pum, depending on
cooling rate. Instead, no such relaxation is observed in the
Rb or F gradients (Fig. 11b, ¢). As for Ba and Sr, their
diffusivities are low enough that neither move appreciably
when temperature is below 650 °C. Thus, the Type 2 gra-
dients that they should form during growth above 7, would
be preserved, in contrast to the gradients measured (Fig. 13).
Finally, K diffusivity is high enough at temperatures below
650 °C that its Type 2 gradient produced during growth
would essentially completely relax, and thus appear as if it
behaved as a Type 1 element (Fig. 12).

Overall, the observed compositional gradients for the
three sets of elements (Figs. 11, 12, and 13) are consistent
with relatively slow growth during slow cooling, if growth
occurred mainly below T, (Fig. 14). Narrow ranges of
growth rates and cooling rates reproduce both water and
Rb gradients for each growth law, with the closest agree-
ment occurring using constant radial growth (Fig. 14). In
contrast, modeled growth above T, temporarily produces
Type 2 gradients for Rb and water (and F), but they would
not be fully preserved and instead show pronounced relax-
ations. Such growth would also result in Type 2 gradients
for slower diffusing elements, such as Sr and Ba. Those
elements, however, form Type 3 gradients (Fig. 13). Despite
the inconsistencies between measured and predicted gra-
dients for growth above Ty, such growth is supported by
the vesicular nature of the spherulite interiors (Fig. 1). On
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the other hand, Lofgren (1971a) showed that crystals in
spherulites decrease in size dramatically from ca. 10 to
<1 um when the temperature at which they grow decreases
from 700 to below 500 °C. The precipitous decrease in grain
size in our spherulites is consistent with growth at relatively
cool conditions (Fig. 10). We also note that water gradients
surrounding four of the six spherulites are in fact steeper in
the first 100—150 um away from the rims (Fig. 11a). One
explanation for such sharp increases is that diffusion slowed
substantially during the final stages of growth. Slower water
diffusion in that case could only result from cooler temper-
atures because water diffusivity increases with water content
in the melt/glass (Ni and Zhang 2008). It thus appears that
the final stages of growth for some spherulites occurred at
conditions significantly below 7.

The evidence is thus equivocal in regards to the timing of
spherulite growth, but the observed compositional gradients
seem to favor spherulites growing mainly below T. If so,
such growth could only occur if cooling rates are on order of
107 t0 1077 °C s! (Fig. 14). Such slow cooling is expected
for relatively large volume flows (Manley 1992). Indeed, the
lava has an estimated volume of 4.7 + 1 km® (Lewis-Kenedi
et al. 2005). It appears that compositional gradients around
spherulites may in fact record some aspects of thermal
history of lava.

Summary

Finite-difference numerical modeling of one-dimensional
diffusion, in which diffusion is allowed to vary with
temperature, identified three general forms of composi-
tional gradients that should occur around spherulites in
obsidian lava. Fast-diffusing elements are expelled from
the spherulite but migrate away fast enough to not
become enriched at the spherulite-glass contact. Very
sluggish elements get trapped inside the growing spher-
ulite (Keith and Padden 1963). Little difference in their
concentrations will exist between spherulite and glass.
There are then elements that will not be trapped but
diffuse slowly enough that they become enriched at the
contact. Their diffusion away from the contact elevates
their concentrations in the surrounding glass. How
enriched those elements are at the contact and how far
their enrichments extend outwards into the glass reflect
how spherulites grew, how fast they grew, and under
what thermal conditions they grew. Enrichments of wa-
ter and Rb around spherulites in an obsidian lava dome
from Tequila volcano, Mexico, suggest that those spher-
ulites grew radially. Spherulite growth mainly below the
glass transition (assumed~650 °C) at cooling rates of ~10> to
107 °C s! is indicated by attributes of the water and Rb
gradients as well as the types of gradients displayed by
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slower diffusing elements and variations in grain size
inside the spherulites. In contrast, growth mainly above
the glass transition at faster cooling rates is indicated by
the vesicular nature of the spherulites. Better under-
standing of the growth mechanism of spherulites would
allow one scenario to be favored over the other, which
would then allow compositional gradients surrounding
spherulites to be used to infer the thermal conditions
during their growth.
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Appendix A: analytical methods

Water concentrations were measured by synchrotron
radiation-source Fourier transform infrared spectroscopy
(SR-FTIR) at the Advanced Light Source Beamline 1.4.4
using a Thermo Nicolet Nexus 870 FTIR Spectrometer
interfaced with a Continuum XL IR microscope. Measure-
ments were made using a 15x Reflachromat objective, MCT
detector, and KBr beamsplitter. The spot size for the infrared
beam is diffraction limited, about 2—4 um in this spectral
region, and the step size between individual measurements
can be as short as 0.1 um. Transects were oriented perpen-
dicular to spherulite rims and measurements were made on
the surrounding glassy matrix. Because the wafers are
only ~500-pum thick effects of spherulite curvature were
neglected. We collected 32 scans per spot and 128 scans
for the background. A new background was collected
every 5 minutes during each transect.

Table 2 Analytical conditions for LA-ICP-MS measurements

Concentrations were determined from FTIR measure-
ments using the Beer—Lambert law

C = (Aﬂ) 100 (A1)

pde;
where M; is the molecular weight (in grams per mole), 4 is
the absorbance, p is the sample density (=2,300 g/L for
rhyolite glass), d is the thickness of the wafer (in centi-
meters), and ¢; is the molar absorption coefficient (in liters
per centimeter per mole). Total water concentrations (H,Oy)
are determined from the 3,570-cm ' peak height using a
linear baseline correction (Newman et al. 1986). Total water
contents are not high enough to determine the relative abun-
dance of hydrous species (OH) and molecular water
(H>O,,). Because absolute values of water concentration
are not important for our analysis, we report the relative
uncertainty between spot analyses, which is estimated to be
less than 0.01 wt.% based on variability in the glass matrix
far from the spherulites.

Trace element concentrations were measured by LA-ICP-
MS at the University of Texas at Austin, using a New Wave
Research UP 193-FX fast excimer (193 nm wavelength, 4—
6 ns pulse width) laser system coupled to an Agilent 7500ce
ICP-MS (Table 2). The laser system uses a large format laser
cell (232 cc with He carrier gas flow of 200 mL min ")
equipped with a roving collector cup for direct sampling of
the ablation plume. Reference standards and rhyolite sec-
tions were sampled as line scans (5 um s '), using a rect-
angular 5x50 pm slit aperture oriented with long-axis
normal to the scan direction, an energy density (fluence)
of 671+18 Jem 2, and 10 Hz repetition rate. The ICP-MS,
operated at an RF power of 1,500 W and Ar carrier flow of
1.1 Lmin ', monitored masses 'Li, *Be, **Na, 2°Si, *°K,
85Rb, 88Sr, 133Cs, and *"Ba. Analyte integration times
varied between 5 and 100 ms, for a sampling period of

Li 9Be LN 39 85Rb 883G, 1335 137,
Integration times (ms) 30 100 5 5 10 50 100 50
NIST 612/BCR-2G* 99 111 102 95 102 102 104 101
NIST 610/BCR-2G* 97 108 104 100 100 102 107 106
BCR-2G/NIST 612* 103 92 98 105 99 99 96 99
NIST 610/NIST 612° 99 98 102 105 99 100 103 105
Primary reference® BCR BCR 612 BCR BCR 612 BCR 612
Glass (ppm)° 16 3 18,493 13,506 117 4 2 34
Detection limits (ppm) 0.27 22 14.17 15.46 0.15 0.04 0.04 0.47

#Secondary standard recoveries (in percent)/primary standard. Recoveries versus those of GeoREM preferred values. See http://georem.mpch-

mainz.gwdg.de

bPrimary reference used for each element. USGS BCR-2G (BCR); NIST 612 (612)

¢ Average of median concentrations for all traverses
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0.5462 s; equivalent to a reading every 2.731 pum. Time-
resolved intensities were converted to concentration (in
parts per million) equivalents using lolite software (Univer-
sity of Melbourne), with 2°Si as the internal standard, and a
Si index value of 35.8 wt.%. Baselines were determined
from 60 s glass blank intervals measured while the laser
was off and all masses were scanned by the quadrupole.
USGS BCR-2 G was used as the primary reference standard
for all analytes except 11B, 88Sr, and 137Ba, for which NIST
612 was used. Average detection limits for line scans were
14 (Be) to 1305 (Na) times lower than the corresponding
median concentrations. Recoveries (relative 1 s deviations
versus GeoREM preferred values) among analytes for
secondary standards run as unknowns against primary
standards were typically better than 3 %. Based on these
observations, we conservatively assign 5 % as relative
uncertainties.

Major-element compositions and fluorine and chlorine
contents of matrix glasses were measured using the JEOL
Superprobe electron microprobe at the University of Texas
at Austin. Major elements were analyzed using 10 nA beam
current, 15 keV accelerating voltage, and a beam defocused
to 10 um size. Spot analyses of F and Cl were made along
linear traverses orientated perpendicular to spherulite rims in
15-um intervals, using a 40-nA beam current, 15 keV ac-
celerating voltage, and a beam defocused to 10 um size.
Both F and Cl were measured on peak for 90 s, and 60 s off-
peak for background, using the Durango apatite and a scap-
olite as standards, respectively.
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