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aBstraCt

The rates of nucleation and crystal growth from silicate melt are dif-
ficult to measure because the temperature–time path of magma is often 
unknown. We use geochemical gradients around spherulites in obsidian 
glass to estimate the temperature–time interval of spherulite crystalliza-
tion. This information is used in conjunction with new high-resolution 
X‑ray computed tomography (HRXCT) data on the size distributions 
of spherulites in six samples of rhyolite obsidian lava to infer spherulite 

nucleation rates. A large data set of geochemical profiles indicate that the lavas cooled at rates of 10–2.2 
to 10–1.2 °C/h, and that the spherulites grew at rates that decreased exponentially with time, with values 
of 10–0.70 to 100.30 μm/h at 600 °C. Spherulites are estimated to have begun nucleating when undercool-
ing [ΔT, = liquidus T (≈800 °C) minus nucleation T] reached 100–277 °C, and stopped when ΔT = 
203–365 °C, with exact values dependent on assumed cooling and growth rates. Regardless of rates, 
we find that spherulites nucleated within a ~88–113 °C temperature interval and, hence, began when 
ΔT ≈ 0.65–0.88 × TL, peaking when ΔT ≈ 0.59–0.80 × TL. A peak rate of nucleation of 0.072 ± 0.049 
cm–3 h–1 occurred at 533 ± 14 °C, using cooling and growth rates that best fit the data set of geochemi-
cal profiles. While our inferred values for ΔT overlap those from experimental studies, our nucleation 
rates are much lower. That difference likely results from experimental studies using hydrous melts; 
the natural spherulites grew in nearly anhydrous glass.
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introduCtion

Crystallization of molten magma affects magma rheology and 
volatile exsolution, and it has been long thought to be a dominant 
process in generating the vast array of magma compositions seen 
on Earth (e.g., Bowen 1919, 1947; McKenzie 1984). Despite 
the importance of crystallization to many problems in igneous 
petrology and volcanology, the kinetics of crystallization, and 
hence the rate at which magma undergoes physical and chemi-
cal changes, are not well understood. Much of our knowledge 
on crystallization comes from laboratory experiments, where 
temperature and cooling rate are controlled. There are, however, 
limits to laboratory investigations. For one, it is not yet possible 
to observe the onset of crystallization because nucleation clusters 
consist of only tens to thousands of atoms (Lasaga 1998). It is 
also difficult to measure the kinetics of crystallization in highly 
viscous melts because of the long run times needed to achieve 
visible crystals (e.g., Schairer and Bowen 1956; Johannes 
1979). Experiments on crystal nucleation in viscous melts are 
also few because of their significant incubation periods, where 
melts can be held for significant times below their liquidi and 

not produce recognizable crystals (Winkler 1947; Schairer and 
Bowen 1956; Fenn 1977; Lofgren 1974; Swanson 1977). The 
incubation period is the time it takes a system to re‑establish 
an equilibrium cluster‑size distribution in response to a sudden 
change in temperature or pressure (Turnbull 1948). During that 
adjustment period, the likelihood that a cluster of critical size can 
be formed is extremely low. Incubation periods thus introduce 
large uncertainties in determining the onset of nucleation (e.g., 
Swanson 1977; Fenn 1977).

One way of overcoming some of the experimental limitations 
is to deduce crystallization rates from natural samples. Natural 
lavas, for example, can crystallize over much longer periods of 
time than experimental samples. Crystal‑size distributions (CSD) 
of natural samples have thus been used to infer crystallization 
rates (e.g., Marsh 1988, 1998, 2007; Cashman and Marsh 1988; 
Higgins 1999; Morgan et al. 2007). A CSD is described using a 
population density function n = dN/dL, where N is the cumulative 
number of crystals per unit volume and L is the linear crystal 
size. The slope and intercept on a plot of ln(n) vs. L contains 
information on the average nucleation rate and average growth 
rate (e.g., Cashman and Marsh 1988). Use of such methods, 
however, provides only time‑averaged crystallization rates, and 
requires that the temperature–time interval of crystallization can 
be constrained independently.
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In this study we use a different approach to derive nucleation 
rates for spherulites in rhyolite lavas. Spherulites—radiating ag-
gregates of crystals—were analyzed in three dimensions using 
X‑ray computed tomography, providing the full size of each 
spherulite and their volumetric number density. To interpret 
the size distributions in terms of nucleation kinetics, we derive 
the time frame for nucleation and the thermal conditions for 
crystallization from modeling geochemical gradients around the 
spherulites (Gardner et al. 2012; Befus et al. 2015b). We target 
spherulites in Yellowstone rhyolite obsidian lavas, because they 
are all dense aggregates of radiating sanidine and quartz (plus 
minor amounts of Fe‑Ti oxides) that grew in high‑silica rhyolite 
melt under similar thermal histories. Many variables that impact 
crystallization kinetics are thus similar between samples.

methods
Six fist‑sized samples were collected from three different lava flows (Pitchstone 

Plateau, Summit Lake, and Solfatara Plateau) for this study (Fig. 1). One sample was 
collected from near the mapped vent region of each flow (Y‑22, Y‑80, Y‑200; Table 
1), while the other three come from either the flow front (Y-202 from Summit Lake 
and Y‑142 from Solfatara Plateau) or a significant distance away from vent (Y‑193 
from Pitchstone Plateau). These lavas erupted between ~70 and 120 ka (Christiansen 
2001; Christiansen et al. 2007). A rectangular block ~3 cm per side was sawed 
from each sample, and scanned at the University of Texas High-Resolution X-ray 
Computed Tomography (HRXCT) facility. The data were acquired using a Zeiss 
(formally Xradia) microXCT 400 operating at 60 kV and 8 W with a 0.35 mm SiO2 

X‑ray prefilter. All scans were reconstructed as 16‑bit TIFF stacks with a resulting 
voxel (3D pixel) resolution of 25.07 μm. Spherulites in the resulting grayscale 
images do not contrast greatly from the surrounding matrix as a result of similar 
attenuation values, which made automated segmentation and analysis not viable. 
Instead, each scan was imported into Avizo 8.0 for manual segmentation, utilizing 
various software tools built into the program (Fig. 2). Each spherulite was visually 
identified and segmented into three orthogonal slices; more slices were used for 
relatively large spherulites and those not roughly spherical to better capture their 
actual shapes. The slices were used to measure the full 3D dimensions of each 
spherulite. When spherulites were touching, segmentation was used to manually 
separate them before analysis. Once segmented, each was saved individually and 
imported into the Blob3D software (Ketcham 2005) for data extraction (Fig. 2). 
Best-fit ellipsoids were fitted to the previously segmented slices to measure the 
volume of each spherulite. Uncertainty on volume measurements is controlled by 
the voxel size relative to the spherulite diameter, but is thought to be on order of 

fiGure 1. (a) Simplified geologic map of Central Plateau Member rhyolites in the Yellowstone caldera, Wyoming, modified after Christiansen 
(2001). Lava flows are shown in pink, with sampled lavas labeled and positions where samples were collected (black squares for samples scanned 
by HRXCT; gray circles are additional samples for geochemical data; white circle is Y24 from Befus et al. 2015b, also included in this study). (b) 
Representative photograph of Yellowstone spherulites from Solfatara Plateau lava, photographed near Y142 in a. Field of view is approximately 
10 cm across. (c) Photomicrograph of a representative spherulite (in sample Y202) analyzed for geochemical gradients. For scale, the laser track 
highlighted is 100 μm wide. The gradation in color in the spherulite probably results from oxidation.

Table 1. Spherulite sizes and amounts
Sample Averagea Mediana Largesta Smallesta NS

b nc φd

 (mm3) (mm3) (mm3) (mm3) (cm–3)  (vol%)
Y22 0.9726 0.3551 28.74 0.0074 256.2 652 13.70
Y80 0.4624 0.1910 17.59 0.0057 314.4 1190 14.53
Y142 0.9757 0.3073 49.60 0.0120 125.5 809 12.24
Y193 2.1535 0.4371 58.37 0.0140 74.4 480 16.02
Y200 3.3506 0.6644 120.4 0.0100 88.0 489 29.47
Y202 3.2969 0.9961 459.9 0.0130 110.1 525 36.28
a Average, median, largest, and smallest volumes of spherulites, in cubic mil-
limeters.
b NS = number density of spherulites, in number per cubic centimeters.
c n = number of spherulites measured.
d φ = volume percent of spherulites in the sample.
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about 1% of the total volume (Hanna et al. 2015). A total of 480–1190 spherulites 
were measured in each sample (Table 1). For convenience, we report the equivalent 
spherical diameter for each spherulite calculated from its volume.

Thick sections were cut from each sample block and polished for geochemical 
analysis. One to three spherulites were targeted in each sample, chosen to cover a 
broad range of sizes. Each section was oriented so that the centers of the targeted 
spherulites were exposed. This was achieved by first knowing where targeted 
spherulites were in the blocks, based on the CT scans, and then slowly grinding 
the section until the size of the targeted spherulites stopped increasing, indicating 
that the center had been reached. The geochemical analyses, which were measured 
along traverses perpendicular to the edge of the spherulites, were thus perpendicu-
lar to the full diameter of the spherulite. The widths of individual crystals inside 
spherulites were measured using a petrographic microscope.

To augment our data set an additional 54 analyses of spherulite-matrix glass 
pairs are included from 14 other samples from Yellowstone lavas (Befus et al. 
2015b; Befus, unpublished data). We followed the same analytical methods as 
reported in Gardner et al. (2012) and Befus et al. (2015b). Briefly, trace‑element 
concentrations were measured using 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. Refer-
ence standards and rhyolite sections were sampled as line scans (5 μm/s), using 
a rectangular 5 × 50 μm slit aperture oriented with long‑axis normal to the scan 
direction, which was oriented normal to the local margin of the spherulite and glass 
(Fig. 1). The ICP‑MS monitored masses 7Li, 11B, 23Na, 25Mg, 29Si, 39K, 45Sc, 55Mn, 
59Co, 85Rb, 88Sr, 133Cs, 137Ba, and 208Pb at a reading every 3.73 μm. Time‑resolved 
intensities were converted to concentration (parts per million) equivalents using 
Iolite software (University of Melbourne), with 29Si as the internal standard, and a 
Si index value of 35.8 wt%. Based on recoveries among analytes we conservatively 
assign 5% as relative uncertainties.

spherulites and their assoCiated GeoChemiCal 
Gradients in YelloWstone rhYolitiC lavas

Spherulites in all samples consist of radiating masses of 
intergrown sanidine and quartz crystals, with minor amounts of 
Fe‑Ti oxides and glass (Fig. 1). In most cases, sanidine and quartz 
crystals are elongated roughly perpendicular to the outer margin 
of the spherulite (Fig. 3). In the cores of the largest spherulites 
individual crystals are 29 ± 5 μm wide. Near the rims of those 
same spherulites, however, individual crystals are only 8 ± 2 
μm wide. In the smallest spherulites, crystals are smaller, 10 ± 
3 and 7 ± 1 μm in spherulite cores and rims, respectively. Note 
that crystals throughout small spherulites are similar in size to 
those near the rims of large spherulites (Fig. 3).

The largest spherulites measured have volumes that range 
from 17.6 to 459.9 mm3, depending on the sample (Table 1). 
The smallest spherulites measured have volumes ranging from 
0.0057 to 0.013 mm3. There are smaller spherulites in all samples, 
but these were smaller than analytical resolution. We note that 
their numbers are few compared to the measured population of 
spherulites, as shown by the size distributions (Fig. 4). Overall, 
the equivalent spherical diameter of spherulites ranges from ~220 
to ~9580 μm. The median volume is ~0.191 to ~0.996 mm3, or 
~715 to ~1240 μm in diameter.

Spherulite size distributions are mainly unimodal, with the 
most common spherulites in all samples being ~660–1020 μm 
in diameter (Fig. 4). These make up ~50–60% of the popula-
tions in the Pitchstone Plateau and Solfatara Plateau samples 
and ~35–40% of the Summit Lake samples. All populations are 
positively skewed, with relatively large spherulites making up 
different proportions of the populations in different samples. For 
example, spherulites larger than 880 μm make up 24–29% of 
the populations in the Summit Lake samples, but only 2–17% 
in the others. In general, Summit Lake samples contain larger 

fiGure 2. Image illustrating steps used to measure spherulite volumes. 
(a) Spherulites manually segmented in Aviso using three orthogonal planes 
to represent their volumes, shown in relationship to a tomography slice. 
(b) Segmented planes were transported into Blob3D to verify that all 
spherulites were separated. (c) Best‑fit ellipsoids for each spherulite were 
generated using Blob3D. Ellipsoid shown is fit to the orthogonal planes 
shown in b. The volume of each ellipsoid was then measured.
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the enrichment of Rb at the margin and the distance over which 
elevated concentrations are found in the glass correlate with 
the size of the spherulite. Measured concentrations of Rb for 
all spherulite–matrix pairs are listed in the Supplemental1 Data 
Table. It is thought that Rb inside the spherulites is contained 
in the feldspars and/or any remaining glass. All other elements 
have variable but similar abundances inside and outside of the 
spherulites (Fig. 5). There are spikes in concentrations found 
at the outer edges of some spherulites, most commonly in Mg, 
Cs, Ba, Sr, and Pb.

disCussion

The fact that spherulites of all sizes are approximately 
spherical indicates that they grew after lava had been emplaced 
and ceased to deform. Because all spherulites in a given sample 
experience the same thermal history, it is reasonable to assume 
that (1) all spherulites in a given sample stopped growing at the 
same time/temperature, and (2) larger spherulites are larger be-
cause they nucleated earlier, and thus at higher temperature, and 
were growing for longer periods of time than smaller spherulites. 

fiGure 3. Photomicrographs of crystals in Yellowstone spherulites. 
(a and b) Crystals in the core and rim, respectively, of spherulite Y80 T1, 
which is 2950 µm in diameter. Scale bar is 200 µm long. (c) Crystals in 
spherulite Y80 T2, which is 300 µm in diameter. Scale bar is 100 µm long.

1Deposit item AM-16-115624, Supplemental Data. Deposit items are free to all readers 
and found on the MSA web site, via the specific issue’s Table of Contents (go to http://
www.minsocam.org/msa/ammin/toc/2016/Nov2016_data/Nov2016_data.html).

fiGure 4. Spherulite size distributions. (a) Y22; (b) Y80; (c) Y142; 
(d) Y193; (e) Y200; and (f) Y202.

spherulites, and in fact one sample (Y202) has a secondary mode 
in size at ~1500 μm. Despite such differences, number densities 
of spherulites from all three flows overlap and range from ~74 
to ~314 cm–3 (Table 1).

A total of 63 spherulite–matrix glass pairs were analyzed, 
and all show similar geochemical patterns (Fig. 5). Concentra-
tions of Li are uniformly low within spherulites (7 ± 4 ppm), 
and uniformly high in the surrounding glass (58 ± 5 ppm). The 
change is sharp, occurring over a distance of <10 μm, and coin-
cides with the margin of the spherulite. Concentrations of Rb are 
also relatively low inside spherulites (113 ± 33 ppm), and larger 
spherulites typically have slightly less Rb in them than smaller 
ones. Far away from spherulites the glasses in all samples have 
uniformly high Rb contents of 225 ± 22 ppm (Fig. 5). Unlike Li, 
Rb contents vary in the matrix, with the maximum concentration 
occurring at the contact with the spherulite and decreases over 
a distance of ~190–390 μm to the far‑field value (Fig. 5). Both 
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there are some incompatible elements that can diffuse slightly 
faster than the spherulite can grow, and hence they become 
concentrated at the migrating spherulite–matrix boundary. The 
elevated concentrations lead to diffusion away from the bound-
ary, resulting in decreasing concentrations out into the glass until 
the far-field concentration is reached; we refer to these gradi-
ents as Type 2. Studies of spherulites in rhyolite lavas indicate 
that concentrations of Rb and H2O commonly occur in Type 2 
gradients (Castro et al. 2008; Watkins et al. 2009; Gardner et al. 
2012; Befus et al. 2015b).

Compositional gradients can be modeled using a moving 
boundary diffusion model that incorporates the growth rate of 
the spherulite, thermal conditions during its growth, and the dif-
fusion rate of the element (Gardner et al. 2012). Here, we use a 
model in which radial spherical growth decreases as a function 
of temperature, following

(dR/dt) = (dR/dt)0·exp[–α·(T – To)] (1)

where (dR/dt) is the radial growth rate at a specific time step, 
(dR/dt)o is the initial radial growth rate, T is temperature at time 
t, and To is initial temperature. The parameter a is set to 0.025 

Thus, with knowledge of spherulite growth rates and thermal 
histories, one can use spherulite size distributions to reconstruct 
nucleation rate vs. temperature curves.

Recent studies have shown that compositional gradients as-
sociated with spherulites in rhyolitic lavas formed during their 
growth while the lava cooled (Castro et al. 2008; Watkins et al. 
2009; Gardner et al. 2012; Befus et al. 2015b; Befus 2016). The 
style of gradient for a given element can be understood in terms 
of its relative compatibility and diffusivity, growth kinetics of 
the spherulite, and the thermal conditions of the lava (Smith et 
al. 1955; Albarede and Bottinga 1972; Skora et al. 2006; Wat-
son and Muller 2009; Gardner et al. 2012; Befus et al. 2015b). 
Briefly, while lava cools elements that diffuse fast relative to 
the growth rate of the spherulite are expected to have different 
abundances inside and outside of the spherulite, based on their 
compatibility with the crystals forming the spherulite, but there 
will be no gradients in concentration in either; for convenience, 
we refer to these as Type 1 gradients. On the other hand, ele-
ments that diffuse significantly slower than the spherulite grows 
are expected to have constant abundances across the spherulite 
and matrix, which we refer to as Type 3 gradients. In between, 

fiGure 5. Example concentrations of Li, Rb, and Sc in spherulite and matrix glass as a function of distance. The boundary between spherulite 
and matrix is marked with the dotted lines. The left‑hand column shows elemental concentrations associated with Y193 T1 (585 μm diameter); the 
right‑hand column is Y142 T1 (2030 μm diameter). The enrichment (ε) of Rb at the margins and the propagation distance (PΔ in μm) are listed for 
each. Predicted variations in Rb concentration from the moving boundary diffusion model are shown as gray curves, calculated using best‑fit rates 
for growth (1.0 ± 0.5 μm/h) and cooling (10–1.6 ± 0.3 °C/h).
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to generate an exponential decay in growth rate (Befus et al. 
2015). This growth model was shown to best fit the overall dif-
ferences in elemental enrichment at spherulite–matrix boundaries 
of spherulites in rhyolite lava (Gardner et al. 2012; Befus et al. 
2015b). As a point of reference, we report growth rate (dR/dt) 
at 600 °C, but emphasize that growth rate is not constant in the 
model, but instead slows as lava cools.

Temperature of the cooling lava is modeled as a function 
of time (t) as it changes from To to the temperature at which 
spherulites cease growing (TF), following

T = To exp[–(bt)1.5]  (2)

where b is a fit parameter. This functional form reproduces the 
shape of the temperature-time path of numerical conductive 
cooling models of lava (Manley 1992; Gardner et al. 2012). 
All magmas of interest were stored at 750 ± 25 °C (Befus and 
Gardner 2016), and so we set To = 750 °C.

In all calculations the diffusivity (D) for each element var-
ies as a function of temperature, following the model equations 
proposed by Zhang et al. (2010) for rhyolitic melts. In most 
cases, the equation for D takes the form

D= exp c− d
T

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥   (3)

where c and d are fit parameters based on experimental data.
Gardner et al. (2012) showed that, for a given growth rate, 

gradients in the concentrations of incompatible elements are 
expected to evolve from Type 3 to Type 2 to Type 1 as either 
cooling rate slows or To increases. A similar evolution is ex-
pected as growth rate increases under a given thermal regime. 
Of the elements analyzed, Li is the only one that occurs in Type 
1 profiles (Fig. 5). Using the diffusivity model for Li in Zhang 
et al. (2010), and assuming reasonable estimates for cooling 
and growth rates (Befus et al. 2015b), the occurrence of Li in 
Type 1 profiles suggests that all spherulites grew when T > 350 
°C. If they had continued to grow at much colder temperatures, 
Li diffusion would become slow enough relative to spherulite 
growth that it would form Type 2 gradients. Most other elements 
of interest form Type 3 gradients, with equal concentrations 
inside and outside of the spherulite. Of those that form Type 3, 
Sr is expected to diffuse the fastest at relevant conditions, based 
on the models of Zhang et al. (2010). If T > 700 °C, however, Sr 
diffusion would become fast enough that it would be expected 
to form Type 2 gradients. The absence of such gradients for Sr 
concentrations thus argue that spherulites grew at temperatures 
of 700 °C or colder. We thus assume that most spherulites grew 
while temperature was between ~350 and ~700 °C.

Support for those relatively cold temperatures for growth of 
Yellowstone spherulites comes from the observation that they 
all crosscut flow banding in the samples, instead of deflecting 
or distorting it. The lack of deflection argues that the Yellow-
stone spherulites grew while the lava was instead glassy, and 
hence when temperature was below the glass transition (Tg). If 
spherulites grew while the lava was still molten, then their growth 
tends to deflect flow banding (Castro et al. 2008; Watkins et al. 
2009; von Aulock et al. 2013). For Yellowstone rhyolite, Tg is 
estimated at 610–700 °C, using the viscosity model of Giordano 

et al. (2008) and assuming that Tg ~ T at which viscosity = 1012 
Pa·s. That range suggests that most spherulites nucleated and 
grew at temperatures below ~600 °C.

Both the growth history of a spherulite and the thermal 
conditions during its growth are recorded in the relative enrich-
ment of Type 2 elements, and how far those elements diffuse 
away from the margin (Watson and Muller 2009; Gardner et 
al. 2012; Befus et al. 2015b). Here, we define Rb enrichment 
(ε) as the ratio of its maximum concentration at the margin to 
its far-field concentration in the matrix, and then convert it to a 
percentage. The distance away from the spherulite margin that 
Rb is enriched above the far‑field concentration is defined as 
its propagation distance (PΔ). We calculate PΔ as the distance 
from the margin that the Rb concentration is greater than two 
standard deviations above that measured in the far‑field matrix 
(Befus et al. 2015b). Befus et al. demonstrated that the ratio (ε/
PΔ) is greater for spherulites that grow faster, at a given cooling 
rate (Fig. 6a). Conversely, ε/PΔ decreases for slower cooling rate, 
for a given growth rate.

The ratio ε/PΔ has been calculated for every spherulite‑glass 
pair and is plotted vs. the size of the spherulite in Figure 6. Also 
shown are ε/PΔ vs. radius for model spherulites, with each curve 
representing iterative solutions to the numerical moving bound-
ary diffusion modeling using Equations 1–3. Curves in Figure 
6 labeled with growth rates were constructed by specifying a 
growth rate, and solving the equations for a range of possible 
cooling rates. Curves labeled with cooling rates were each calcu-
lated by fixing cooling rate and systematically changing growth 
rate. The cloud of data formed by the samples covers permissible 
ranges for parameters in Equations 1 and 2. For temperature, the 
“permissible” range for b = 3.3 to 32.7, corresponding to cooling 
rates of 0.0063 to 0.063 °C/h. Regression of the entire set gives 
a best fit for b = 14.5

3.09.5+
– , which equals a cooling rate solution of 

0.6
0.30.60+

–  °C/day. When b is set to 9.5 and (dR/dt)o is modified in 
the growth law equation, the full range of data can be explained 
by (dR/dt) between 0.2 to 2.0 μm/h, with the entire set best fit 
by a growth rate of 1.0 ± 0.5 μm/h, again defined as the value at 
600 °C, recognizing that the rate decreases exponentially with 
decreasing T.

Nucleation temperatures of spherulites
We can determine the temperature at which each spherulite 

nucleated by assuming a given cooling rate and specifying a 
growth rate. Our modeling of compositional gradients surround-
ing spherulites indicates that all spherulites grew on average at 1 
μm/h (when T = 600 °C), while the lavas cooled at a rate of ~0.6 
°C/day. Cooling temperatures and slowing growth with time is 
supported by the observation that crystal sizes in large spherulites 
decrease from their interiors to their rims (Fig. 3). In addition, 
small spherulites, thought to nucleate at colder temperatures 
than large ones, are fine grained like those in the outer parts of 
the large spherulites.

Based on the average rates of growth and cooling, the sizes 
of spherulites in each sample suggest that nucleation temperature 
ranges between 480 and 600 °C (Figs. 7 and 8). Those tempera-
tures vary, however, if the rates of cooling and growth differ. 
Spherulites would need to nucleate at hotter temperatures if 
they grew more slowly under faster cooling. Indeed, given 
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the spread in rates inferred from the compositional gradients 
(Figs. 6a and 6b), spherulites would have nucleated at 590–710 
°C under the fastest cooling and slowest growth permissible. 
Conversely, spherulites would nucleate at colder temperatures 
if they grew faster under slower cooling, and in fact under the 
slowest permissible cooling and fastest growth, they would have 
nucleated at 430–500 °C.

Nucleation rates of spherulites
Our modeling suggests that spherulites of similar size nucle-

ate at about the same temperature (Fig. 7a). We thus arbitrarily 
group spherulites together that nucleated within a temperature 
window of 10 °C, which defines the number of spherulites nucle-
ated per 10 °C (Fig. 7b). The cooling rate of the sample defines 

the amount of time that lapsed between each 10 °C interval. 
As for the volume in which spherulites can nucleate, it shrinks 
over time as previously nucleated spherulites continue to grow. 
Because no spherulites were seen to have grown inside other 
ones, we can assume that the final volume of each spherulite 
after it stops growing equals the volume in which no later 
spherulite could have nucleated. This is the same as saying that 
there is a halo of matrix around a growing spherulite in which no 
other spherulite can nucleate. The “effective” volume available 
for nucleation at any given time (temperature) thus equals the 
total sample volume minus the sum of the final volumes of all 

fiGure 6. The ratio of Rb enrichment (ε) to propagation distance 
(PΔ) for 63 spherulite–matrix glass pairs as a function of the diameter 
of the spherulite measured in 20 samples from the three targeted lava 
flows (see Fig. 1). Black squares are data from the samples scanned by 
HRXCT, gray circles are data from other spherulites (Befus, unpublished 
data), and white circles are data from Befus et al. (2015b). Red square is 
spherulite Y142 T1 and green square is Y193 T1 (Fig. 5). (a) Variations 
in the ratio expected as a function of cooling rate and growth rate are 
shown as curves. The best‑fit rates for the entire data set are solid curves, 
whereas dashed curves show the range of permissible rates. (b) Variations 
in the ratio expected given the best‑fit cooling rate, for different growth 
rates (solid curves) and nucleation temperatures (dashed curves).

fiGure 7. Example output for sample Y142, using the best‑fit growth 
rate and cooling rate. (a) Nucleation temperature calculated for each 
spherulite in the sample, once growth rate and cooling rate are specified. 
(b) Histogram of numbers of spherulites nucleated in intervals of 10 °C. 
(c) Volumetric nucleation rate for each bin in b calculated with knowledge 
of the sample size (spherulites + glass) and the amount of time lapsed 
between each 10 °C interval of cooling.
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spherulites that had nucleated previously (at higher temperature). 
The reported nucleation rate for each sample is the number of 
spherulites nucleated in 10 °C intervals per effective unit volume 
per unit time (Fig. 7c).

We calculate nucleation rates for the six samples separately 
to establish the range in rates (Fig. 9). Assuming best‑fit rates 
for growth and cooling (Fig. 6), nucleation, on average, begins 
at 592 ± 8 °C, and the rate of nucleation accelerates greatly to 
a peak of 0.072 ± 0.049 cm–3 h–1 at 533 ± 14 °C. Upon further 
cooling, nucleation slows until it ceases at 485 ± 6 °C. More 
generally, nucleation rate depends on assumed rates of cooling 
and growth. Under the fastest permissible cooling, peak nucle-
ation rates increase to 0.232 (±0.163) to 0.245 (±0.180) cm–3 h–1, 
depending on growth rate. Under conditions of extremely slow 
cooling, nucleation rate slows to 0.025 (±0.018) to 0.028 (±0021) 

fiGure 9. Nucleation rates of spherulites for the six Yellowstone 
rhyolite samples as functions of undercooling ΔT [= TL – Tnucleation, with 
TL assumed to be 800 °C].

fiGure 8. Frequency of nucleation temperatures (°C) for spherulites. 
(a) Y22; (b) Y80; (c) Y142; (d) Y193; (e) Y200; and (f) Y202.

cm–3 h–1. The distribution of nucleation rates for most samples is 
unimodal, and only slightly skewed toward higher temperature. 
In one case (Y202), however, there is a bimodal distribution of 
nucleation rates spread out over a wider range of temperatures. 
The secondary peak at higher temperature is the reflection of the 
greater number of large spherulites in that sample.

Crystals nucleate in melt/glass at temperatures below the 
liquidus temperature (TL), which is defined as the degree of 
undercooling, ΔT (= TL – T) (e.g., Lofgren 1971). For the 
sanidine+quartz spherulites in Yellowstone lavas we assume 
that TL equals the highest temperature at which both sanidine 
and quartz crystallize together. Quartz joins sanidine as a 
crystallizing phase at ~800 °C at 25 MPa in hydrous Yellow-
stone rhyolite (Befus and Gardner 2016). Extrapolating to 0.1 
MPa places the upper limit of their co‑precipitation at slightly 
above 800 °C, because the stability curve for quartz is nearly 
vertical in pressure-temperature space. We thus assume that TL 
for Yellowstone spherulites is 800 °C. Given that assumption, 
spherulites nucleated under best‑fit conditions at ΔT ≈ 208 
(±6) to 315 (±8)°C (Fig. 9). More generally, ΔT ≈ 100–203 
to 277–365 °C, given the permissible ranges in the rates of 
growth and cooling rate. Regardless of absolute values of ΔT, 
however, the nucleation interval spans a temperature range of 
roughly ~88–113 °C.

The peak in spherulite nucleation is inferred by this study to 
have occurred at ΔT = 155 (±14) to 331 (±16) °C for the ranges 
in rates of growth and cooling. Under best–fit conditions, ΔT = 
267 (±14) °C. Overall, therefore, nucleation begins when ΔT ≈ 
0.65–0.88 × TL, and peaks when ΔT ≈ 0.59–0.80 × TL. The peak 
rate thus occurs at ΔT ≈ 2⁄3TL, which is expected from classical 
nucleation theory (Lasaga 1998). We note that almost all rela-
tively large spherulites have some phenocryst in their cores, and 
thus seem to have nucleated heterogeneously.

Comparison to previous studies

Recently, Befus (2016) measured oxygen isotopic frac-
tionation between quartz and alkali feldspar (Δ18OQtz‑Kfs) in 
Pitchstone Plateau spherulites and found that Δ18OQtz‑Kfs is 1.3 ± 
0.7‰ in their cores. Such fractionation implies the spherulites 
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nucleated at 578 ± 160 °C. It was also found that Δ18OQtz‑Kfs in-
creases to 2.9 ± 1.1‰ near spherulite rims, which implies that 
spherulites continued to grow until 301 ± 88 °C, well below 
Tg. The agreement in nucleation temperatures and the thermal 
regime for growth between the studies (Fig. 8), which used 
independent methods, lends strong support to the nucleation 
rates derived in this study.

In an experimental decompression study of the crystalliza-
tion of Yellowstone rhyolite, Befus et al. (2015a) found that 
alkali feldspar microlites nucleated at ΔT ≥ 60 °C, but only 
after 24–120 h at low pressure. Clinopyroxene nucleated under 
similar conditions as alkali feldspar. In this case, crystallization 
was driven by loss of dissolved H2O from the melt, and thus ΔT 
equates to how much the mineral liquidus temperature is raised 
above the experimental temperature (Hammer and Rutherford 
2002; Befus et al. 2015a). Quartz joined alkali feldspar only 
when ΔT reached ≥120 °C, and they co‑precipitated in coarse 
crystal aggregates that appear granophyric in texture. They did 
not form spherical aggregates of closely packed crystals. Our 
results are consistent with these experimental results, in that 
dense spherulites appear to require significantly higher ΔT to 
nucleate and grow. Indeed, Befus et al. (2015a) demonstrated 
that most microlites in the matrix of Yellowstone lavas grew 
before lava emplacement, and hence prior to the development 
of spherulites.

Experimental studies of igneous textures, especially in rhyo-
litic melts, often only report nucleation densities, because of 
the uncertainties in conditions for nucleation. Swanson (1977) 
reported number densities of feldspars and quartz nuclei in 
hydrous silicic melts and found that they increased dramati-
cally as ΔT increased, from <10 cm–3 at ΔT < 100 °C to >107–8 
cm–3 at ΔT > 200 °C. Fenn (1977) reported nucleating 103–103.8 
feldspar spherulites per cm–3 in hydrous feldspathic melt at ΔT 
≥ 110 °C. In comparison, spherulites in Yellowstone lavas oc-
cur in number densities of 74–314 cm–3, and they nucleated at 
ΔT = 100–365 °C. The significantly lower nucleation density 
at greater ΔT for natural rhyolite can most likely be attributed 
to the impact of dissolved H2O on nucleation rate. Both Fenn 
(1977) and Swanson (1977) used melts with ~2–12 wt% H2O, 
which is significantly more than that in matrix glasses of 
Yellowstone lavas (~0.1–0.2 wt%). Greater H2O contents are 
known to significantly accelerate diffusion (Zhang et al. 2010) 
and lower viscosity (Giordano et al. 2008), both of which en-
hance nucleation (e.g., Swanson and Fenn 1986). Greater H2O 
contents also lowers Tg (Deubener et al. 2003), which would 
allow spherulites to nucleate while rhyolite is still molten, also 
enhancing nucleation.

Spherulites grown experimentally generally change in 
texture from coarse and open at low ΔT, to “bow tie” shaped 
at moderate ΔT, to round and dense with small crystals at high 
ΔT (Lofgren 1971; Swanson 1977; Swanson et al. 1989). The 
latter type tend to grow at ΔT > 250–300 °C (Lofgren 1971; 
Swanson 1977). Yellowstone spherulites are generally spherical 
and closely packed with small crystals (relative to the size of 
the spherulite) and lack obvious bow‑tie structures (Fig. 1). It is 
noteworthy that dense, fine-grained Yellowstone spherulites are 
inferred to have grown at ΔT of ~250 °C, similar to experiments, 
despite differences between experimental and natural samples.

ConCludinG remarKs

Spherulites measured in Yellowstone obsidian lavas range in 
size from 0.006 to 460 mm3, with median volumes of 0.19–0.99 
mm3. Geochemical gradients preserved around spherulites in-
dicate that most grew while the lavas cooled at 0.30 to 1.20 °C/
day, at rates that decreased exponentially with temperature and 
time, but were 0.2 to 2.0 μm/h at 600 °C. Between 74 and 314 
cm–3 spherulites nucleated during cooling and mostly formed uni-
modal, symmetrical distribution of sizes. Growth occurred over 
a range of temperatures, consistent with the variations in crystal 
sizes, and mostly at or below the glass transition temperature of 
the matrix, consistent with the lack of deformation of the matrix 
by the spherulites. Depending on rates of cooling and growth, 
nucleation temperatures fall between ~430 to ~710 °C, but the 
actual range in temperature is much narrower for a specific set 
of conditions. Peak nucleation rates of 0.072 ± 0.049 cm–3 h–1 are 
found at ΔT = 267 (±14) °C, using best‑fit approximations for the 
rates of cooling and growth. The nucleation rates derived in this 
study provide estimates that are appropriate for nearly anhydrous 
rhyolite, which have not been measured experimentally.
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