Contributions to Mineralogy and Petrology
https://doi.org/10.1007/s00410-018-1519-5

(2018) 173:92

ORIGINAL PAPER

Crystal nucleation and growth produced by continuous
decompression of Pinatubo magma
Kenneth S. Befus1 · Benjamin J. Andrews2
Received: 24 May 2018 / Accepted: 9 October 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
High-temperature decompression experiments demonstrate that crystal textures preserve a record of the style and rate of
magmatic ascent. To reinforce this link, we performed a suite of isothermal decompression experiments using starting material from the climactic 1991 Pinatubo eruption. We decompressed experiments from 220 MPa to final, quench pressures of
75 or 30 MPa using continuous decompression rates of 100, 30, 10, 3, 1, and 0.3 MPa h −1. Amphibole, clinopyroxene, and
plagioclase crystallized during the experiments, with plagioclase microlites dominating the assemblage. Total microlite
number densities range from 107.6±0.4 up to 108.2±0.2 cm−3, with plagioclase accounting for up to 65% of the total number.
Plagioclase microlite area increased systematically from 19 ± 8 to 937 ± 487 µm2 with increasing experiment duration. Our
textures provide time-integrated records of crystal kinetics. Average nucleation and areal growth rates of plagioclase are highest in the fastest decompressions (~ 107.5 cm−3 h−1 and 10.1 ± 4.1 µm2 h−1, respectively) and more than an order of magnitude
lower in the slowest experiments (~ 105.5 cm−3 h−1 and 0.8 ± 0.2 µm2 h−1, respectively). Both nucleation and growth rates are
highest at high degrees of disequilibrium. We find that peak supersaturation-dependent instantaneous rates are generally more
than an order of magnitude faster than average rates. We use those instantaneous nucleation and growth rates to introduce
an iterative model to evaluate the effects of different decompression rates, decompression paths (continuous, single-step or
multistep), and the presence of phenocrysts on final crystallinity and microlite size distribution.
Keywords Experimental petrology · Disequilibrium · Crystallization · Decompression · Pinatubo · Microlite

Introduction
The rate of magmatic ascent provides a fundamental control
on the style of an eruption (Scandone et al. 2007; Rutherford
2008). Techniques used to track the ascent of magma in the
conduit have limitations because magma ascent occurs in the
subsurface, where it cannot be directly observed. Thus, much
of our understanding of magmatic ascent rates and processes
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come indirectly via geophysical measurements, modeling,
and comparisons between high-temperature experiments
and textures observed in samples from past eruptions (e.g.,
Rutherford and Hill 1993; Melnik and Sparks 2002; Gonnermann and Manga 2003; Patane et al. 2003; Humphreys et al.
2008; Toramaru et al. 2008; Castro and Dingwell 2009).
High-temperature decompression experiments in controlled laboratory apparatus provide an additional method
to infer magma ascent rates. Decompression experiments
replicate the pressure–temperature conditions a magma
experiences as it ascends from depth through the conduit
(e.g., Geschwind and Rutherford 1995; Hammer and Rutherford 2002). The experimental melt texturally responds to
the appointed decompression pathway with nucleation and
growth of bubbles and crystals (Gardner et al. 1999; Blundy
and Cashman 2001; Hammer 2008; Mollo and Hammer
2017). Magmatic ascent rate can then be inferred based on
the textural similarity between the natural specimen and
best-matching experimental product (e.g., Cashman 1992;
Couch et al. 2003; Suzuki et al. 2007; Martel 2012).
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In this study, we focus on the nucleation and growth of
microlite crystals in response to varying decompression
pathways. Microlites are small, micron-sized crystals that
nucleate and grow when the melt supersaturates in a mineral phase (Swanson 1977; Swanson et al. 1989; Hammer
et al. 1999). Microlite textures are sensitive to the host melt’s
degree of supersaturation; this degree of disequilibrium is
often referred to as “undercooling”. Higher amounts of
supersaturation or undercooling are thought to favor nucleation, whereas lower amounts favor growth on preexisting
crystals and microlites (Hammer 2004, 2008; Mollo and
Hammer 2017). Crystallization will reduce supersaturation
and drive systems toward equilibrium. Although nucleation
provides sites to accommodate crystal growth, only growth
can reduce supersaturation.
During experiments, supersaturation is generated by
dropping pressure following a prescribed decompression pathway (i.e., change in pressure with time, dP/dt).
Many past studies used single-step or multistep decompression pathways, marked by punctuated drops and holds
(Fig. 1a) (e.g., Hammer and Rutherford 2002; Couch
et al. 2003; Shea et al. 2009; Andrews and Gardner 2010).
Those styles impart distinct crystal textures. Nucleation
events are initiated by the kinetic shock of a punctuated
decompression step. Holds between steps favor episodes
of growth on preexisting and newly nucleated crystals.
Continuous decompression experiments have only recently
become feasible, thus relatively few studies have examined textures from continuous decompression pathways
(Brugger and Hammer 2010a, b; Cichy et al. 2011; Martel

a

2012; Mollard et al. 2012; Befus et al. 2015; Riker et al.
2015; Waters et al. 2015). We recognize that magmatic
ascent in volcanic systems can be punctuated, continuous, or some combination through space and time. Hence,
experimental investigations of all decompression pathways provide valuable insight to processes that operate
in nature. Understanding how different paths affect final
textures is required for interpreting experimental and natural microlite textures.
Here, we describe a series of high-temperature experiments designed to investigate the crystallization kinetics of continuously decompressed magma from the 1991
climatic eruption of Pinatubo. The Pinatubo system provides an excellent case study to explore the continuous
decompression endmember. The magmatic conditions of
the 1991 Pinatubo eruption are very well constrained by
geophysical techniques and petrologic investigations (e.g.,
Rutherford and Devine 1996; Hammer et al. 1999; Scaillet
and Evans 1999). In addition, we can directly build upon
the experimental work of Hammer and Rutherford (2002),
who examined crystallization kinetics of the same melt
in response to single-step and multistep decompression
pathways. We find that decompression path matters. Significant microlite nucleation and growth occurs throughout
the entire decompression interval, with large fractions of
growth also occurring on preexisting phenocrysts. Crystallization produces an ever-evolving supersaturation or
disequilibrium that, in turn, results in significant disparities between instantaneous and average nucleation and
growth rates.
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Fig. 1  a Schematic diagram
of single-step, multistep, and
continuous decompression pathways (after Marxer et al. 2015).
b Experiment conditions shown
with the phase equilibria of the
plagioclase liquidus, which was
used to measure the amount of
supersaturation, depicted with
black arrows (Hammer and
Rutherford 2002; Gualda et al.
2012)
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Methods
In our experiments, we used starting material from a clast
of the white dacite pumice from the 1991 Pinatubo eruption, which we acquired from the National Rock and Ore
Collection at the National Museum of Natural History,
Smithsonian Institution (sample 116563-1). The pumice
was emplaced on the southwest flank of the volcano during the climactic Plinian phase of the eruption on June
15. The white dacite accounted for ~ 80% of the eruptive
volume from the June 15th (Rutherford and Devine 1996).
This dacite is the same starting material, albeit a different
pumice fragment, used by Rutherford and Devine (1996)
for phase equilibrium experiments, and by Hammer and
Rutherford (2002) for single-step and multistep decompression experiments. The white dacite pumice is coarsely
porphyritic and contains ~ 35 vol.% phenocrysts of plagioclase ( An 41±4), hornblende, cummingtonite, biotite,
quartz, magnetite, ilmenite, anhydrite, apatite, and zircon
hosted within a glassy, high-silica, rhyolitic matrix (76.4
wt.% SiO2) (Rutherford and Devine 1996; Hammer and
Rutherford 2002). Importantly, the white dacite pumice is
microlite free (Hammer et al. 1999; Polacci et al. 2001).
We lightly crushed the white dacite pumice clast
to produce a powder to use as the starting material for
experiments. That starting material contains ~ 25 vol.%
plagioclase phenocrysts that were broken into crystal fragments that range from 50 to 150 µm across. To prepare
experimental capsules, we first loaded starting material
powder and distilled water into 5-mm-outside diameter
Au cylinders that were welded closed on one end. For
each capsule, we added enough water to ensure that water
accounted for ~ 10 wt.% of the experimental charge. That
amount was selected so our experiments would closely
match the saturated condition of the natural system, which
contained ~ 7.7 wt.% H2O (Rutherford and Devine 1996).
We then welded the cylinders shut on the other end.
All experiments were performed by loading the Au capsules and Ni filler rods into externally heated cold seal
Waspaloy pressure vessels at the National Museum of Natural History. We controlled pressure and temperature conditions of experiments using tube furnaces and a hydraulic
system, which are precise to ± 5 °C and ± 0.1 MPa, respectively. Temperatures and pressures were monitored and
recorded digitally at 1-min intervals during experimental runs. Oxygen fugacity was controlled by the Ni filler
rods that maintain an oxygen fugacity approximately one
log unit above the Ni–NiO oxygen buffer (NNO + 1)(e.g.,
Gardner et al. 1995; Geschwind and Rutherford 1995).
We first ran annealing experiments at 780 °C and
250 MPa to homogenize the powder–water mixture into
dense glass. Those conditions were chosen to anneal
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because they were just above the plagioclase liquidus
and thus would not significantly disintegrate preexisting
crystals nor crystallize new phases (Hammer and Rutherford 2002; Gualda et al. 2012) (Fig. 1b). After 24 h, we
removed the pressure vessel from the furnace, used compressed air to blow on the vessel for ~ 30 s, and finally
rapidly quenched it by bucket immersion. Previous tests
in the laboratory have shown that cooling below the glass
transition occurs in < 30 s (Waters et al. 2015). A small
chip of the resultant dense glass was prepared for petrographic analysis, and the remainder was crushed to a
powder to use as the starting material for decompression
experiments.
We prepared capsules for continuous decompression experiments using aliquots of the starting material
and enough distilled water to ensure saturation. Experiments were first held at 220 MPa and 780 °C for 30 min
to anneal the powder. Isothermal decompressions were
then performed at 780 °C at controlled, continuous rates
of 100, 30, 10, 3, 1, and 0.3 MPa h−1 (Table 1)(Fig. 2).
That range in decompression rates led to experiments that
lasted between 115 min and 29 days. The decompression rates were chosen to explore a range of ascent rates
observed in past explosive and effusive eruptions (Browne
and Szramek 2015). The slowest rates represent the longest continuous decompressions ever performed, and were
limited by the human toll of monitoring the experimental apparatus for such an extended period of time. Faster
decompression rates than 100 MPa h −1 are experimentally viable, but experiments at such rates did not produce
microlites and were thus outside the objectives of this project. Similarly, no microlites were observed in the 30-MPa
quench at 100 MPa h−1, so there was no reason to run a
parallel experiment quenched at 75 MPa.
Continuous decompression was achieved by having 1, 2,
or 3 experimental pressure vessels at 780 °C and open to
the pressure line, while a fourth vessel, also open to the
pressure line, served as a pressure actuator. Cooling that
actuator’s temperature resulted in a predictable decompression of the pressure line and experimental vessels. The relationship between actuator temperature and pressure was
determined by running a series of multi-hour heating and
cooling cycles on the actuator with 1, 2, or 3 pressure vessels
open to the line over pressures ranging from 20 to 220 MPa.
This method is further discussed in Waters et al. (2015). To
provide snapshots of textural maturation during the decompressions, we ran experiments in pairs. We quenched the
first at 75 MPa and the second at 30 MPa. Upon reaching
the final pressure, experiments were rapidly quenched with
compressed air and bucket immersion as described above.
Next, we removed the experimental products and verified
the capsules were not compromised during the experiments and remained vapor saturated. Finally, we mounted
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10.93 (0.49) 0.62 (0.04)
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11.28 (0.49) 0.80 (0.10)
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Fig. 2  Decompression rates for a all continuous experiments on a linear-log scale. Example decompression pathways are shown in b, c on
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gray line and symbols. The number inside the circle is the decom-

pression rate in MPa h−1. Small irregularities in the decompression
pathways seen in panels b, c are caused by fluctuations in the experimental equipment responding to quench and/or low-pressure conditions

the experimental glasses in epoxy, and prepared polished
thin sections of them for petrographic and electron beam
analyses.
Glass and feldspar compositions in experiments were
analyzed using the JXA-8530FPlus HyperProbe field emission electron microprobe at the National Museum of Natural History. We used a 15 kV accelerating voltage with a
beam current of 10 nA. To minimize Na migration, we used
a defocused 2- and 10-µm-diameter beam for plagioclase
and glass analyses, respectively. The analyses were also
corrected using the Na migration capability of Probe for
EPMA™ (Nielsen and Sigurdsson 1981). In all sessions,
working standards were analyzed repeatedly to monitor analytical quality and instrument drift.
We characterized the textures and compositions of new
microlite crystallization using a combination of electron
beam techniques and optical petrography. First, we collected
backscatter images and EDS maps of representative textures
in all experimental products. Next, we collected the compositions of the larger plagioclase microlites with the electron
microprobe. We measured the composition of the smaller
microlites with ± 2 mol.% confidence using the EDS system.
We used petrographic techniques to measure microlite
sizes and count their number densities (Fig. 3). Briefly, we
counted the total number of microlites within rectangular
prisms of each specimen by counting as we focused through
the transparent glass matrix using an optical microscope. We
performed petrography at > 500× magnification and consequently achieved submicron resolution for microlite measurements and counting. We measured the volume of each
prism using the dimensions of the surface area and the thickness of the sample, which we measured with a linear drive

encoder attached to the focusing drive of the microscope.
Counts include plagioclase, clinopyroxene, amphibole, and
Fe–Ti oxides. To establish the size and growth rates of plagioclase microlites, we measured the 2D area of ~ 100 plagioclase microlites in each sample. The randomly-chosen
population was selected to ensure a representative measurement of plagioclase across the entire sample. We used the
eyepiece reticle to measure crystal length and width in the
plane perpendicular to the thin section. The measurements
are in 2D, which is similar to SEM backscatter measurement
techniques. This petrographic technique, however, capitalizes on matrix glass transparency. The crystals remain fully
visible in 3D; hence, the petrographic measurements do not
rely on assumptions regarding orientation and crystal shape.
Of the ~ 100 measured plagioclase microlites, we report the
average and standard deviation of the 10 microlites with the
largest 2D area to best represent the maximum amount of
plagioclase growth.

Results
New microlite crystallization occurred in all decompression experiments (Fig. 4). Newly-formed plagioclase and
amphibole occur in experiments at all decompression rates,
with clinopyroxene joining the microlite assemblage in most
decompressions that lasted longer than ~ 10 h. Clinopyroxene and amphibole microlites are difficult to discriminate
as separate phases optically; thus we group them together
as “Other” microlites throughout. Quartz and sanidine
microlites were not generated in any experiments. Andesine plagioclase accounts for the most abundant new phase
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a 1 MPa h -1
Amphibole

Glass
Plagioclase
Microlites

25 µm

b 0.3 MPa h -1
Amphibole
Plagioclase
Microlites

Glass

40 µm
Fig. 3  Photomicrographs of groundmass textures. Clear plagioclase
microlites are arrowed in both panels

in all experiments. Where new growth is large enough to
permit analyses, plagioclase in experiments quenched at
75 MPa is O r 2±1Ab 60±4An 38±5, whereas plagioclase in
experiments quenched at 30 MPa is slightly more albitic
at Or2±1Ab62±4An35±5 (Table 1). Plagioclase microlites are
~ 5 mol.% more albitic than plagioclase phenocrysts in the
natural sample, making new crystallization easy to distinguish from relic crystals and fragments using backscatter
imagery and EDS maps (Fig. 5).
Progressive microlite nucleation and growth during
experiments produced textural maturation that is readily
observed (Fig. 4). Matrix glass compositions also record
progressive microlite crystallization because crystals
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selectively incorporate compatible elements (Table 1). Relative to the starting material, slower decompressions contain
elevated concentrations of SiO2 and K2O, and depleted concentrations of CaO, FeO, MgO, and Al2O3 (Fig. 6).
Total microlite number density ranges from 1 07.6±0.4 up
to 108.2±0.2 cm−3 (Table 2). Uncertainties in number density
represent the standard deviation of repeated counts within
individual samples. There is a gentle trend of higher number
density in longer duration experiments, but many experiments have indistinguishable total microlite number densities (Fig. 7a). In all instances, the experiments quenched at
30 MPa contained higher microlite number densities than
experiments quenched at 75 MPa, demonstrating significant
nucleation of all phases during both the high- and low-pressure intervals. The number density of “Other” microlites,
which are combined clinopyroxene and amphibole, do not
systematically change with decompression rate (Fig. 7b).
Plagioclase microlite number density is more sensitive to
decompression rate. Plagioclase number density increases
with increasing experiment duration from 1 07.2±0.4 up to
108.0±0.1 cm−3 (Fig. 7c). The size of plagioclase microlites
also increases systematically with increasing experiment
duration (Fig. 8). The average area of the ten largest plagioclase microlites increases from 19 ± 8 µm2 in the fastest
decompression up to 937 ± 487 µm2 in the longest duration
experiment.

Discussion
Continuous, multistep, and single-step decompression
experiments each simulate viable mechanisms to transfer
magmas from high-pressure crustal storage to subaerial volcanic emplacement. Many past experimental studies demonstrate that those differing decompression pathways produce
distinctive microlite textures (Geschwind et al. 1995; Hammer and Rutherford 2002; Couch et al. 2003; Martel and
Schmidt 2003; Suzuki et al. 2007; Shea et al. 2009; Andrews
and Gardner 2010; Brugger and Hammer 2010a, b; Cichy
et al. 2011; Martel 2012; Mollard et al. 2012; Riker et al.
2015; Arzilli and Carroll 2013; Shea and Hammer 2013;
Befus and Gardner 2015; Waters et al. 2015). Microlite
nucleation and growth are considered sensitive indicators of
decompression-induced disequilibrium. Subliquidus disequilibrium, specifically supersaturation, provides the thermodynamic drive for microlite formation, with textures being
controlled by crystallization kinetics. Kinetics are further
affected by melt viscosity, volatile content, and element diffusivity. The manner in which those parameters change with
time depends, in part, upon the existing crystal population,
as the amount of crystallization affects melt composition
and supersaturation. This means that instantaneous crystal
nucleation and growth rates are functions of supersaturation,

Contributions to Mineralogy and Petrology
Fig. 4  BSE images of typical
textures observed in experiments. Crystal textures evolve
to higher number density, and
become larger and more prismatic in slower decompressions
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but supersaturation at any instant is determined by the total
crystallization that has occurred up to that time. Microlite
textures must differ with decompression pathway because all
of the variables above, and the amount of supersaturation,
evolve differently in response to continuous, multistep, and
single-step experiments.
We calculate the apparent disequilibrium using the plagioclase liquidus surface of the phase diagram generated by
Phase Plot™ using the rhyolite-MELTS database and the
Pinatubo matrix glass composition (Fig. 9a) (Gualda et al.
2012). Our plagioclase liquidus is indistinguishable from the

25 µm

25 µm

liquidus used by Hammer and Rutherford (2002), because
both were constructed from existing experimental data. We
measure this apparent disequilibrium “ΔT” as the difference
between liquidus temperature and 780 °C, the temperature
of our decompression experiments at a given quench pressure. We quenched experiments at 75 and 30 MPa, which
correspond to ΔT of 90 and 150 °C, respectively. This value
is commonly described in the experimental literature as
“undercooling”, but we contend that the term is unintuitive.
Further, as noted by previous workers, crystallization acts to
reduce supersaturation, thus reported values of ΔT are most
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properly referred to as “apparent undercooling” (“ΔTeff”)
and those values represent disequilibrium at the first instant
of a decompression experiment, prior to any crystallization.
The Phase Plot™ phase diagram also provides the volume
percent of equilibrium plagioclase at any temperature and
pressure. We introduce a second measure of the extent of
disequilibrium that accounts for progressive crystallization.
In this case, we measure the extent of disequilibrium as the
difference between the temperature at which the observed
crystallinity would occur in equilibrium (as modeled with
Rhyolite-MELTS) and 780 °C (Fig. 9b) (e.g., La Spina et al.
2016). We symbolize this modified undercooling as, for
example, ∆T20, where the subscript number is the volume
percent of crystallization in the sample.
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Fig. 5  a BSE image of new plagioclase rim growth. X-ray maps show
new growth is distinct in b aluminum and c calcium. The scale bar is
the same in all panels. Warmer colors indicate higher elemental concentrations
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Fig. 6  Compositional change in groundmass glass records the progressive crystallization of microlites. Error bars are shown in gray
when larger than symbol size. Black lines are best-fit fractionation
models with tick marks representing percent of fractional crystallization of the best-fit microlite assemblage comprised of 90% plagioclase, 3% amphibole, and 7% clinopyroxene. Light gray lines are the
plagioclase-only fractionation model. The numbers inside the symbols are the decompression rates in MPa h −1
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Table 2  Experiment textures including microlite number density (MND) and microlite size
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Fig. 8  2D area of plagioclase microlites. Symbols and error bars represent the average and 1σ of the ten largest microlites in each experiment

0.3
0.3

1

30

10

1

3

10

3

10

Duration (h)

3
10

30

100

0.3

1 1

1

b

(2018) 173:92

Quench 75 MPa
Quench 30 MPa

1000
Plagioclase Area (µm 2)

92

7

extent of subliquidus disequilibrium using supersaturation,
Δϕplag, rather than undercooling (either ΔT or ΔT##).

c

8

Estimating percent crystallinity

10
3
10

30
100

1

0.3
0.3

1

3

30

7

6

1

10

100

1000

Duration (h)
Fig. 7  Microlite number density (MND) for a the total population, b
‘other’ microlites including amphibole and clinopyroxene, and c plagioclase

Finally, disequilibrium can also be quantified as supersaturation: the difference between the equilibrium crystallinity and actual crystallinities of a magma at specified P–T
conditions. We symbolize supersaturation as Δϕ following
Brugger and Hammer (2010a, b) and Riker et al. (2015). For
example, the equilibrium crystal fraction of the Pinatubo
dacite at 780 °C and 30 MPa is ~ 26 vol.% plagioclase as
calculated by Rhyolite-MELTS; thus, an experiment decompressed to those conditions with 5 vol.% plagioclase would
have a Δϕplag of 21%. We argue that supersaturation provides
a better and more quantifiable measurement of disequilibrium than undercooling, Consequently, we will describe the
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In each of our experiments, crystallization is accommodated
by new microlite growth and overgrowths on preexisting
crystal fragments. Major element modeling of the groundmass composition presents an excellent method to quantitatively estimate new vol.% crystallinity (e.g., Brugger and
Hammer 2010b). We observe that matrix glass concentrations of S
 iO2, K2O, CaO, FeO, MgO, and A
 l2O3 change
systematically with decompression rate. To quantify the
crystallization that causes such changes, we must first establish the relative proportions of the crystallizing assemblage.
Microlite number density measurements demonstrate that
the contribution of plagioclase to the total number density steadily increases from 20 to 65% as decompression
rate slows. Plagioclase crystal size also increases greatly
in slower decompressions. Amphibole and clinopyroxene
microlites are consistently small, typically a few microns
in diameter, and their number densities do not vary with
decompression rate.
We suggest that plagioclase thus dominates the compositional signal within the matrix glass. Assuming the measured andesine plagioclase is the sole crystallizing phase, a
Harker variation model closely matches trends in the measured matrix glass compositions in SiO2, K2O, and CaO,
but not FeO or MgO. The model produces the best match
to all oxides when we add 3% amphibole and 7% clinopyroxene as relative contributions to the crystallizing assemblage (Fig. 6). Using that assemblage, and considering all
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Fig. 9  Phase equilibria used to measure the degree of supersaturation from a the plagioclase liquidus and b from equilibrium crystallinity calculated using Rhyolite-MELTS shown with the numbers
and colored lines. The black arrows illustrate the difference between
supersaturations measured from the liquidus and estimated equilib-

rium crystallinity for an experiment quenched at 75 MPa (Gualda
et al. 2012). c Depiction of the effect of the chosen supersaturation in
b for schematic nucleation and growth curves, here used to illustrate
that the reference frame for supersaturation will affect the relative
contribution of nucleation and growth

elements (except T
 iO2 and Na2O), we calculate that experiments quenched at 30 MPa and decompressed at 100 MPa
h−1 produced 4 ± 3 vol.% crystals, which increased to 5 ± 4
vol.% crystals at 30 MPa h −1, 9 ± 5 vol.% crystals at 10 MPa
h−1, 10 ± 6 vol.% crystals at 3 MPa h−1, 13 ± 7 vol.% crystals at 1 MPa h −1, and 19 ± 9 vol.% crystals at the slowest
rate of 0.3 MPa h−1. Samples quenched at 75 MPa generally show lower crystallinities. We acknowledge that these
values have inherent uncertainty, reflected by occasional
deviations from the general trend of increasing crystallinity
with decreasing decompression rate, but they are consistent
with petrographic observations and microlite number densities. In our best-fit model, plagioclase accounts for 90%
of the assemblage, thus plagioclase crystallinity in samples
quenched at 30 MPa is estimated to be approximately 3, 2,
9, 7, 14, and 18 vol.% at 100 MPa h −1, 30 MPa h −1, 10 MPa
h−1, 3 MPa h−1, 1 MPa h−1, 0.3 MPa h−1, respectively. These
estimated crystallinities contain unavoidable uncertainties
inherent to experimental datasets, but they are rooted in
robust compositional trends that are known to be directly
related to crystallization. We use these estimated crystallinities to inform measurements of supersaturation at the time
each experiment was quenched.
The extent of supersaturation maintained by the experiments is controlled by the decompression rate. Fast decompressions undergo less crystallization and thus maintain
greater supersaturations when compared to longer duration
experiments with slower decompression rates (Fig. 9c). At
100 MPa h−1 and 30 MPa h −1, samples quenched at 30 MPa
have Δϕplag > 25%; that value is very similar to the maximum apparent Δϕplag value of 26% expected for this system

if no crystallization occurred. As decompression rate slows,
Δϕplag decreases to 20% at 10 MPa h−1, < 16% at 1 MPa h−1,
and < 12% at 0.3 MPa h −1. Those values are equivalent to
supersaturations with respect to the appropriate crystallization isopleth of approximately 85, 60, and 40 °C, respectively. As expected, the extent of supersaturation achieved
and maintained in samples quenched at 75 MPa is less than
in samples quenched at 30 MPa.

Nucleation and growth
Plagioclase microlite number density steadily increases
from 107.2±0.4 up to 1 08.0±0.1 cm−3 with slower decompressions (Fig. 7c). More microlites have an opportunity to
nucleate and grow with increased time. But, average plagioclase nucleation rate decreases by two orders of magnitude from 1 06.9±0.4 to 1 05.1±0.2 cm−3 h−1 as decompression
rate decreases (Table 2). We observe a similar decrease in
nucleation rate with “Total” and “Other” microlites as well
(Fig. 10).
Microlite number densities are greater in the samples
quenched at 30 MPa than those quenched at 75 MPa (Fig. 7).
This should be anticipated because samples quenched at
30 MPa experienced greater supersaturations and had more
time to texturally mature. Between 14 and 64% of the total
microlite nucleation occurred between 75 and 30 MPa, e.g.
during the final ~ 25% of the total decompression duration.
When plagioclase is considered alone, 15–76% of plagioclase microlite crystallization occurred in that low-pressure
interval. For each decompression rate, average microlite
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Fig. 10  Microlite nucleation rates for a the total population, b ‘other’
microlites including amphibole and clinopyroxene, and c plagioclase

nucleation rates are greater in the samples quenched at
30 MPa, except in the slowest decompressions at 0.3 MPa
h−1, which had the same average rate (Fig. 10).
Plagioclase microlite size changes systematically with
decompression rate. They are much larger in the slower
decompressions (Fig. 8), but the average growth rate
decreases exponentially (Fig. 11a). Time-integrated 1D
and 2D measurements can, however, show potentially misleading trends in an incremental 3D process. For example,
2 µm h−1 linear, radial growth on a 2-µm-diameter core
represents much less total crystallization (measured in
volume or mass), than 2 µm h−1 linear, radial growth on a
50-µm-diameter core. Accordingly, constant bulk crystallization rates should show a decreasing 1D or 2D growth rate
with increasing time. We recast our measured growth on the
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largest ten microlites in each sample to instead be a function
of mass addition, assuming the same radial, linear growth
occurs in the unmeasured third dimension. We then divide
crystal mass gained by experiment duration to yield mass
growth rates of individual microlites in g h−1. We find that
average growth rate systematically increases from 10−6 g h−1
up to 10−5 g h−1 on a single crystal as decompression rate
decreases and experimental duration increases (Fig. 11b).
Importantly, calculation of average growth rates for
experiments that experienced evolving pressures, crystallinities, and disequilibria may obscure substantial variation of growth rate with respect to time (and thus pressure, crystallinity, and disequilibria). To better estimate the
instantaneous growth rates recorded by the decompression
experiments, we developed an iterative model that calculates the 1D linear growth rate as a function of Δϕplag. This
model assumes that growth rate with respect to Δϕplag can
be described with a smoothly varying functional form (e.g.
James 1985; Hammer 2004; Lasaga 2014), although the
exact shape of that function is not known a priori. We model
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the growth rate using a log-normal probability distribution
function:
2
k
− (ln x−𝜇)
√ exp 2𝜎2 ,
x 2𝜋

(1)

where

x = b exp1 Δ𝜙plag ,

(2)

and Δϕplag is supersaturation in units of volume fraction. We
use this functional form as variation of fit parameters can
vary the shape of the curve, within the 0–100 vol.% crystal
domain, from an “exponential” increase, to early increase
and subsequent decrease, to effectively linear rates. The
specific shape of that curve is described by four fit parameters (μ, σ, b, and k) that account for the mean, standard
deviation, and scaling with respect to Δϕplag and its maximum value. The value of Δϕplag at any given time (and thus
pressure during a decompression run) is calculated as the
difference between the equilibrium plagioclase crystallinity
at that pressure and the time-integrated amount of crystallization that has occurred up to that time. This crystallization
includes both microlites as well as new growth on existing
phenocrysts or antecrysts (but not the crystal cores). The
model then converts the 1D growth rate to crystal volume
by assuming prismatic crystal shapes with volumes equal to
L × L × aL, where L is the characteristic crystal length and a
is a coefficient describing whether crystals are tabular (a < 1)
or elongate (a > 1) prisms. Growth on phenocrysts of size Lo
occurs as (L + Lo) × (L + Lo) × (aL + aLo), with new growth
being the difference between the volumes of subsequent
timesteps. The number density of modeled microlites used
to determine growth rate is a fraction, M, of the observed
number density for each experiment. The model assumes all
microlites are of uniform size L, and the microlite fraction
M is assumed to be 2 vol.% throughout the experiment (note
that variation of this parameter between 1% and 20 vol.%
does not produce significant changes in the model solution).
To determine growth rate as a function of Δϕplag, we varied the fit parameters to minimize the difference between
the observed and modeled L and Δϕplag at final pressures
of 75 and 30 MPa for each of the experimental decompression rates. The model successfully fit both crystallinity and
crystal size only when 25 vol.% phenocrysts were included
at the start of the simulations, in agreement with the starting material (Fig. 12). Without the presence of phenocrysts,
either crystallinity or crystal size could be fit, but not both.
The best fits occur with shape coefficient a = 0.5; we note
that this factor is within the range reported by Hammer
and Rutherford (1999) whose observed microlites can be
described by values of a ranging from ~ 0.3 to ~ 7. Final fit
parameters are reported in Table 3. The fastest growth rates

92

occur at high Δϕplag. Linear growth rates of ~ 2.3 µm h −1 are
calculated for Δϕplag of ~ 25%, with growth rate decreasing
to < 0.5 µm h −1 at Δϕplag of 15%, and falling to effectively
0 at Δϕplag of ~ 11% (Fig. 12a). The fastest experiments
record the smallest amounts of crystallization and contain
the smallest crystals, but these experiments also have the
fastest average linear growth rates. The slowest decompression rates, on the other hand, grow large crystals and record
substantial crystallization, but they record much slower average linear growth rates. The only way to reconcile those
observations is to have growth rate increase with supersaturation. This implies that maintenance of high supsersaturation becomes a Sisyphean exercise at slower decompression
rates because fast growth rates on ever larger crystals act to
ever more efficiently reduce supersaturation (and thus reduce
growth rate). This is shown in Fig. 12b where, after initially increasing, supersaturation decreases with time in slow
decompressions, and the maximum amount of supersaturation achieved during any given run decreases as decompression rate slows.
We developed a second iterative model that finds a best-fit
function for nucleation rate as a function of disequilibrium.
The model follows the same structure as that used to find
growth, with four fit parameters describing a log-normal
probability distribution curve. The best-fit nucleation rate
is determined by minimizing the difference between the calculated and observed final number densities for each experiment (Fig. 13); fit parameters are reported in Table 3. The
fastest nucleation rates occur at high disequilibrium, with
rates of nearly 107.6 cm−3 h−1 at Δϕplag of 30%. At Δϕplag of
~ 25% plagioclase nucleates at 1 07.3 cm−3 h−1, and at Δϕplag
of ~ 15% nucleation rate is 106.3 cm−3 h−1.

Comparison to past studies
The textural results from our continuous decompression
study build upon a strong framework of past experimental studies. In the instances where quench pressures and
decompression rates are similar, the single- and multistep
experiments from Hammer and Rutherford (2002) provide
a basis for comparison because we use the same rhyolitic
starting material from Pinatubo. Single-step experiments
experienced average nucleation rates ~ 20× faster than our
continuous decompressions (Fig. 14a). Similarly, single-step
experiments grew plagioclase microlites over a similar range
of average growth rates (0.2 to 40 µm h−1), but at a given set
of conditions linear growth was 10–50% slower than continuous decompressions (Fig. 14b). Hammer and Rutherford
(2002) also performed a suite of multistep decompressions
at 1.2 MPa h−1. They did not measure nucleation or growth
rates in those experiments. They did, however, estimate crystallization of 24.3 ± 8.7 vol.% plagioclase and quartz in the
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Fig. 12  a Instantaneous linear plagioclase growth rate (solid line) as
a function of Δϕplag. The calculated growth rate of each experiment
when it was quenched is indicated with the black (30 MPa) and white
(75 MPa) circles. The average growth rates reported by Hammer and
Rutherford (2002) are indicated with the dashed line and secondary
y-axis; note that peak values of the new growth rate are ~ 25 times
greater than those reported by Hammer and Rutherford. Both growth
rates are reported with respect to Δϕplag, but values of ΔT equivalent to Δϕplag are indicated on the upper x-axis. b Calculated decom-

pression rate dependent Δϕplag paths for each experiment. Note that
Δϕplag increases throughout fast decompression runs, but Δϕplag can
decrease late in slower decompressions runs. The final values of
ΔXplag for each experiment are indicated with the circles. c Modeled
versus measured microlite sizes for each experiment. The solid line is
a 1:1 relationship. d Modeled versus measured values of Δϕplag for all
experiments. The solid line is a 1:1 relationship. Error bars in panels
b, c, and d indicate 1σ uncertainty in measurements of crystallinity or
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Table 3  Crystal growth and nucleation best-fit parameters

vol.% crystals composed primarily of plagioclase. This comparison demonstrates multistep decompressions may produce more crystallization than continuous decompressions.
We note that our instantaneous nucleation and growth
rates are in marked contrast to calculations of average
growth rate determined by Hammer and Rutherford (2002)
and a number of other studies (e.g., Mollard et al. 2012;
Waters et al. 2015). First, the Hammer and Rutherford
(2002) average nucleation rates are generally an order of
magnitude lower than the instantaneous rates determined
in this study (Fig. 13). Second, the Hammer and Rutherford
(2002) growth rate peaks near Δϕplag of 10 vol.% (equivalent
to ~ 40 °C; Fig. 12a). Third, they report maximum growth

Growth
Nucleation

σ

μ

b

k

0.75
0.16

1
0.75

0.32
0.10

562
3.2 × 1015

As applied to Eqs. (1) and (2), these parameters yield growth and
nucleation rates in units of µm h−1 and m−3 h−1, respectively

experiment quenched at 25 MPa. They held their multistep
experiments at final pressure for 14–18 h (~ 10% of total
experiment duration). Our 1 MPa h −1 continuous decompression experiment quenched at 30 MPa contains 13 ± 7
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line). The nucleation rate at the time of quenching is indicated with
the black (30 MPa) and white (75 MPa) circles for all experiments.
The average nucleation rates reported by Hammer and Rutherford
(2002) are indicated with the dashed gray line. Values of ΔT equivalent to Δϕplag are indicated on the upper x-axis. b Modeled versus
measured plagioclase number density. Error bars indicate 1σ uncertainty in measurements of length. The solid line indicates a 1:1 relationship

rates that are a factor of ~ 25 slower than the rates indicated
by our observations.
Those differences are expected for several related reasons.
First, the rates are averages which by necessity must smooth
time- or disequilibrium-dependent variations in evolving
systems. Second, the final crystallinities of the experiments
used by Hammer and Rutherford (2002) to calculate the
average rates are very near to the equilibrium crystallinities predicted by MELTS. An experiment may have initiated
with a supersaturation of Δϕplag of ~ 30 vol.% (equivalent
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to an undercooling of 250 °C), but such an experiment was
able to essentially equilibrate prior to quenching. As a consequence, those growth rates are almost certainly underestimated as they average over a long time interval, and only
during the beginning of that interval did the experiment have
a high supersaturation. Finally, because systems with high
supersaturations are expected to more rapidly crystallize,
those systems will also most rapidly reduce their supersaturation. Thus, they move into increasingly slower nucleation and growth regimes. If we compare the fastest average
nucleation rate reported by Hammer and Rutherford (2002),
we find that it is only ~ 3 times less than our instantaneous
rate. Further we note that for short-duration experiments in
this study, the instantaneous and average rates are similar
(Fig. 13a). Comparison of the fastest growth rate reported by
Hammer and Rutherford (2002) with the instantaneous rate
at an equivalent amount of supersaturation (Δϕplag = 12%)
shows that the latter is only ~ 2 times as large (~ 0.17 µm
h−1 compared to ~ 0.08 µm h −1). Together, those comparisons indicate reasonable agreement between instantaneous
nucleation and growth rates for short-duration experiments
and/or low amounts of supersaturation.
Our results can also be contextualized by comparisons
with the few previous studies of feldspar crystallization
induced by continuous decompressions of rhyolitic and
rhyodacite melts (Brugger and Hammer 2010a, b; Cichy
et al. 2011; Martel 2012; Mollard et al. 2012; Befus and
Gardner 2015; Riker et al. 2015; Waters et al. 2015). Those
previous studies targeted different magmatic systems, and
thus the amount of supersaturation must vary with the specific melt composition, phase assemblage, and experimental
conditions. In addition, we measured crystal textures petrographically, whereas other studies used 2D measurements
from backscattered images. Despite these differences, a brief
comparison between all studies can provide insight to nucleation and growth rates during continuous decompression. To
that end, we compiled plagioclase nucleation and growth
rates for all 18 previously published rhyolitic, continuous
decompression experiments that were quenched between 70
and 20 MPa (Fig. 14).
Average plagioclase nucleation rates range from no
nucleation up to 1 010.8 cm−3 h−1 (highest rate from Brugger and Hammer 2010a, b; lowest rate in Cichy et al. 2011)
(Fig. 14b). Average nucleation rates decrease with decreasing decompression rate. Many of the past measurements
overlap with our estimates, but where differences occur,
they tend to be at higher nucleation rates. We suggest the
higher nucleation rates are an artifact of their 3D conversions of originally 2D backscatter textures. Alternatively, the
small differences could be from more energetically favorable nucleation attributable to different melt compositions or
experimental temperatures used in those studies.
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When plagioclase microlites nucleate during continuous decompression, they grow at 0.3–6.5 µm h−1, with
one exception, the fast experimental growth rate at 43.2
(Fig. 14a) (Riker et al. 2015). These rates fall within the
range of 0.3–40 µm h−1 that was reported in many previous
experimental studies of feldspar growth rates in basaltic to
rhyolitic systems (e.g., 10−6 to 10−8 mm s−1 summarized in
Hammer 2008). As with our new data, average linear, radial
plagioclase growth rates from past experimental studies
decrease as decompression rate decreases (Hammer 2008).
Growth rates should decrease as very slow decompression
rates allow a system to approach equilibrium, but this should
be true for only the slowest of decompression rates. There
should not be a systematic trend of decreasing growth rate
with decreasing decompression rate. Instead, we suggest that
decreasing growth rates are a product of measuring growth
solely in one or two dimensions. If we convert linear growth
rates to mass, we find that the mass growth rates increase as
decompression rate slows and experiment duration increases
(Fig. 11b).

Interestingly, Hammer and Rutherford (2002) report
quartz in all of their multistep and single-step experiments,
and identify sanidine in low-pressure single-step experiments. We see no petrographic or compositional evidence
for either quartz or sanidine crystallization in our experiments. Those phases would produce distinct trends in major
element Harker variation diagrams (Fig. 6), which are not
observed in our data. The continuous decompression pathways crossed into the stability fields of those phases (e.g.,
Rutherford and Devine 1996), but crystallization was kinetically impeded.
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Numerical model of decompression‑induced
crystallization
Finally, we introduce a numerical model to briefly examine
the processes of plagioclase microlite crystallization in
response to single-step, multistep, and continuous decompressions. Our model calculates the size distribution and
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mode of crystals within a small volume of magma as that
magma is decompressed. At each time step, Δt, growth can
occur on existing crystals and new crystals can nucleate.
We determine Δϕplag at each step as the difference between
the equilibrium plagioclase crystallinity as indicated by
rhyolite-MELTS and that calculated by this model. We
use the nucleation and growth rates determined in the
preceding section. The model treats the crystals as rectangular prisms that accommodate linear growth on their
faces, thus the same linear growth rate applied to 4-µm
and 2-µm crystals results in eight times as much total crystallization occurring on the larger crystals. A population
of phenocrysts or antecrysts can be added to the model;
those crystals provide sites for growth, but do not otherwise affect the crystallinity of the system (growth on these
large crystals matters, but the initial volume fraction of

Crystalinity (vol.%)
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phenocrysts or antecrysts does not apply toward the system
crystallinity).
Different decompression paths produce different crystal
textures (Fig. 15a). At fast decompression rates (e.g. 30 MPa
h−1), the different decompression paths (single-step, multistep, or continuous) display substantial differences in their
Δϕplag histories, and their final crystallinities. Single-step
experiments crystallize much more (~ 12 vol.%) than multistep (~ 1 vol.%) or continuous (~ 0.2 vol.%) paths. The
calculated crystal size distributions (CSDs) show distinct
differences as well, with greater numbers of coarser crystals
in the single-step than multistep calculation (Fig. 15b). In
turn, the multistep path contains more, larger crystals than
the continuous decompression. At slow rates, the different
decompression paths manifest very different crystallization histories. Single-step decompression results in rapid
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Fig. 15  Results of numerical model of nucleation and growth. a Equilibrium, Δϕplag, and crystallinity as functions of time for continuous,
multistep (MSD), and single-step (SSD) decompressions at 1 MPa
h− 1 from 220 to 30 MPa. Crystallization is a steady process in the
continuous and single-step decompressions, but occurs as a series of
pulses following each 38 MPa decompression in the multistep simulation. b Crystal size distributions (CSDs) for 1 MPa h−1 continuous,
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single-step decompression showing a slightly offset CSD. c Decompression at 30 MPa h −1 produces very different crystallization histories depending on decompression path, with little crystallization in
the continuous and multistep decompressions, but substantial crystallization in the single-step simulation. d CSDs of the fast decompressions show distinct offsets between continuous, multistep, and singlestep decompressions
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crystallization during the first ~ 10% of the total modeled
interval; followed by comparatively little additional crystallization. Multistep decompression shows little crystallization
until a Δϕplag of ~ 15% is achieved, at which time crystallization occurs as a series of pulses. Continuous decompression results in relatively steady crystallization after Δϕplag
of ~ 15% is achieved. The simulations finish with distinct
crystallinities: ~22 vol.% for single-step, ~ 19.5 vol.% for
multistep, and ~ 17 vol.% for continuous paths. The CSDs
produced by the different paths are very similar, with the
single-step distribution being slightly elevated compared to
the multistep and continuous patterns.
Preexisting crystals affect the development of microlite
textures (Fig. 16). At a decompression rate of 10 MPa h −1, a
magma containing 25 vol.% antecrysts or phenocrysts will
undergo approximately twice as much crystallization as an
aphyric melt. Both systems show acceleration in the total
crystallization rate with time. But, the antecryst-bearing
magma begins to crystallize earlier and shows a slower
increase in crystallization rate. Crystallization occurs much
later in the initially aphyric system, yet it progresses at much
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faster rate. We note that although supersaturation essentially
plateaus in the antecryt-bearing magma, Δϕplag is decreasing
in the aphyric system immediately prior to quenching.
The model results may be tentatively applied to previous
measurements of Pinatubo CSDs (Hammer et al. 1999) to
constrain syneruptive magma decompression rates (Fig. 17).
Individual pumice indicate different apparent decompression rates, with reasonable agreement at rates between 5
and 20 MPa h−1. This range of rates is consistent with the
estimate of decompression rate > 10 MPa h −1 reported by
Browne and Szramek (2015), as derived from data presented in Hammer et al. (1999) and Hammer and Rutherford
(2002). Some of the pumice, however, have CSDs with very
steep slopes and high concentrations of small microlites; the
model does not reproduce those relationships using continuous decompression rates, suggesting that at least some of
the Pinatubo pumice may record unsteady decompression
as suggested by Hammer et al. (1999). Although the details
of our results are specific to the 1991 Pinatubo dacite, the
general patterns in crystal textures (e.g., crystallinity, CSD)
as functions of decompression path should hold for other
magma compositions.
Our numerical model of decompression demonstrates
that decompression path should be expected to greatly
influence microlite textures. In addition, this work quantifies the effects of preexisting crystals (either antecrysts or
phenocrysts) on the development of microlite textures. This
insight is not new, as previous workers have mentioned the
importance of phenocrysts on crystallization kinetics (e.g.
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Fig. 16  a Equilibrium, Δϕplag, and crystallinity as functions of time
during decompression at 10 MPa h−1 from 220 to 30 MPa with and
without the presence of phenocrysts with 100-µm characteristic size.
Substantial crystallization begins earlier in the simulation containing
phenocrysts, but the simulation with no phenocrysts undergoes more
rapid crystallization prior to quenching. b The crystal size distribution shifts in response to the presence of phenocrysts
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Fig. 17  Comparison between modeled microlite CSDs (connected
series of points) and those reported by Hammer et al. (1999) for
seven different pumice clasts. There is reasonable agreement between
the natural and numerical CSDs for rates between 5 and 20 MPa h−1.
Modeling run as continuous decompression from 220 to 30 MPa,
with 25 vol.% 100-µm plagioclase antecrysts with shape factor
a = 0.5. Symbology for data from Hammer et al. (1999) is the same as
in that original source
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Martel 2012; Mollard et al. 2012; Waters et al. 2015), but
this is the first quantitative description of these effects. This
model suggests that for slow decompressions, the CSDs
and number densities expected by single-step, multistep, or
continuous decompressions are relatively similar, but the
total crystallinities recorded by these different decompression paths can differ substantially. For fast decompression
rates, substantial differences in both total crystallinity and
CSD patterns are likely to manifest as a result of different
decompression paths.

Conclusion
Microlite textures provide an integrated record of the entire
conduit environment. Microlite number density and size
distribution reflect both deep and shallow conditions. This
observation suggests that microlites may crystallize from
deep to shallow conduit environments, similar to observations in our experiments. If true, then microlites likely
provide a synthesized history of decompression. The rates
at which microlites nucleate and grow are determined by
the supersaturation, Δϕplag, of the magma. That parameter
evolves non-linearly in response to decompression rate,
decompression path, and crystallinity. Instantaneous nucleation and growth rates are generally more than an order of
magnitude faster than time-averaged growth rates. Instantaneous nucleation and growth rates increase with Δϕplag; the
highest growth rates occur at high Δϕplag, not at moderate
values of Δϕplag. Application of instantaneous nucleation
and growth rates to a numerical model of decompressioninduced crystallization shows that single-step, multistep, or
continuous decompression paths should be expected to crystallize different populations and volume fractions, even for
the same average decompression rate. The pressure and time
interval during which the majority of crystallization occurs
can also vary with path. Finally, the presence or absence
of phenocrysts or antecrysts strongly affects the total crystallization, the microlite population, and the interval of
crystallization.
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