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The crystallization of a hydrous basaltic-andesite magma was investigated using cooling and decompression
experiments. These experiments were designed so that the driving force for crystallization of feldspar (the
undercooling) is equal whether in the direction of cooling or decompression. After initial equilibration
steps at conditions T = 1025 °C and Ppyo = 150 MPa, charges were either cooled or decompressed
near-instantaneously to final conditions corresponding to undercoolings AT* = 52-154 °C, with dwell
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Ivle;);rs; Csrystallization times of 12, 24 and 48 h at the final P-T. This ‘single-step’ experimental strategy (SSD for decompression
Cooling experiments, SSC for cooling) allowed derivation of kinetic parameters such as nucleation and growth
Decompression rates as a function of undercooling. Even though our setup was primarily designed to investigate feldspar

crystallization, we report kinetic and geochemical data for all phases present (glass, feldspar, clinopyroxene,
olivine and amphibole). At low to intermediate undercoolings, the solidification behavior of mafic-intermediate
magmas is very similar texturally and compositionally whether the crystallization mechanism is cooling or decom-
pression. At high degrees of undercooling, feldspar and clinopyroxene nucleation rates are nevertheless higher in
SSD compared to SSC runs, perhaps due to slower diffusivities or larger nucleation barriers in the cooling runs.
Minerals transition from interface-limited growth to diffusion-limited growth with increasing undercooling,
while nucleation regimes shift from homogeneous to heterogeneous. Crystal morphologies are highly variable
but can be used qualitatively to assess the extent of undercooling. Relative to more silicic melts with similar crystal
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Crystal growth
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contents, feldspar formed in andesitic melts nucleate at a lower rate but grow to larger sizes.
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1. Introduction

Magma crystallization under dynamic conditions is a key focus of
volcanology because it largely controls their rheological behavior
(e.g. Shaw, 1969; Lejeune and Richet, 1995), and because the crystals
formed preserve petrological signatures of their storage and/or as-
cent histories (e.g. Blundy and Cashman, 2008; Chakraborty, 2008).
Retrieving the solidification history of magmas from phase relations,
their chemical traits, zoning patterns, or the textural characteristics of
their mineral constituents requires a priori knowledge of the physics as
well as the kinetics and energetics of crystallization (Hammer, 2008).
In this respect, laboratory experiments carried out in controlled environ-
ments have allowed significant improvements in our understanding of
magma solidification, and often provide the essential feed for predictive
physical, numerical and thermodynamic models (e.g. Ghiorso and
Sack, 1995; Mastin, 2002; Toramaru, 2006). Early experimental stud-
ies consisted dominantly of dynamic cooling experiments, in which
crystallization was stimulated by decreasing the temperature, thus
applying a certain amount of undercooling AT (AT = T;;q — T, the
difference between the phase liquidus temperature and the ambient
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run temperature). These early investigations dominantly employed
mafic magma compositions, and shaped much of our current compre-
hension of crystal nucleation and growth kinetics through systematic ex-
aminations of the effects of varying melt composition (Kirkpatrick, 1974;
Lofgren, 1974; Muncill and Lasaga, 1987), undercooling (Gibb, 1974;
Lofgren, 1974; Nabelek et al, 1978; Tsuchiyama, 1985), cooling rates
(Lofgren et al., 1974; Walker et al, 1976; Grove and Bence, 1979; Baker
and Grove, 1985), superliquidus history (Gibb, 1974; Walker et al,
1978; Corrigan, 1982), pressure and water concentration in the melt
(Baker and Grove, 1985), oxygen fugacity (Hill and Roeder, 1974), or
the presence of a nucleation substrate (Berkebile and Dowty, 1982).

Studies focusing on crystal formation in more silicic compositions,
while initially less numerous (Fenn, 1977; Swanson, 1977; Muncill and
Lasaga, 1988), subsequently proliferated as decompression became rec-
ognized as one of the main driving forces behind crystallization during
magmatic ascent (e.g. Lipman et al., 1985; Cashman, 1992; Geschwind
and Rutherford, 1995; Métrich and Rutherford, 1998; Hammer et al.,
1999). Crystallization induced by devolatilization of H,0 during decom-
pression now has been studied experimentally in hydrous magmas of
rhyodacitic to rhyolitic melt compositions (Hammer and Rutherford,
2002; Couch et al., 2003; Martel and Schmidt, 2003; Brugger and
Hammer, 2010; Cichy et al, 2011; Martel, 2012; Mollard et al.,, 2012);
fewer studies have focused on hydrous mafic or intermediate melts
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(Nicholis and Rutherford, 2004; Szramek et al., 2006), despite the grow-
ing interest of the community for groundmass textures investigations
involving natural basaltic to andesitic samples (e.g. Taddeucci et al.,
2004; Sable et al., 2006; Suzuki and Fujii, 2010). In contrast to cooling-
induced crystallization, the driving force behind decompression-
induced crystallization is the change in the mineral liquidus temperature
caused by the loss of H,O dissolved in the melt. At a given pressure Py,
the difference between the hydrous mineral-in temperature and the am-
bient run temperature, termed the ‘effective undercooling’ ATy
(Hammer and Rutherford, 2002), provided investigators with a means
of direct comparison with the conventional undercooling AT. However,
crystal nucleation and growth behavior driven by the two crystallization
driving mechanisms, AT and AT,z were not investigated in a comparative
sense. The comparison is fundamental to ascertaining whether crystalli-
zation kinetics are mechanism-dependent, but also potentially important
in the interpretation of crystal textures in natural samples. Magmas may
undergo both decompression and cooling during ascent, and a textural
‘fingerprint’ of one process or another would be helpful in piecing togeth-
er magma ascent history.

By investigating crystal textures (e.g., abundance, number densi-
ty, size and morphology) as a function of AT,y or AT (noted AT* if
unspecified), experimental observations can be placed in the context
of the classical analytical formulations of nucleation and growth
(Kirkpatrick, 1974, 1981; Tsuchiyama, 1983; Muncill and Lasaga, 1987,
1988; Davis and lhinger, 1998; Hammer, 2004, 2008; Shea et al,
2009). Among the key findings from these types of investigations is
the notion that crystal textures are controlled by the interplay between
nucleation and growth. That is, both crystal nucleation rate and growth
rate exhibit asymmetrical bell-shaped curves with respect to thermody-
namic undercooling, but the maxima occur at different values of AT*
(e.g. Kirkpatrick, 1981; Hammer and Rutherford, 2002). In effect, the
degree of undercooling (and the rate at which undercooling is applied)
defines the textural evolution of magmas: at small to moderate values of
AT or AT*/At, growth typically dominates nucleation, leading to coarse
crystallinity. At high values of AT"or AT*/At, nucleation exerts the stron-
ger control on texture and favors numerous small crystals (e.g. Lofgren
et al,, 1974; Swanson, 1977; Nabelek et al., 1978; Lofgren et al., 1979;
Cashman, 1991). Hence, defining the nucleation and growth behaviors
of crystal phases in magmas is a crucial step towards solving the inverse
problem, i.e., what is the cooling or decompression history of a given
volcanic rock collected at the surface (Cashman, 1991; Hammer, 2008
and references therein)? For a given mineral, however, substantial com-
plications arise when considering that the amplitude, width, shape and
position of nucleation and growth curves all depend on melt composition
(e.g. Kirkpatrick, 1983; Davis et al.,, 1997). The characteristics of these
curves have not yet been defined for hydrous magmas at the mafic and
intermediate ends of the compositional spectrum. The occurrence of
H,O-rich magmas with basaltic-andesitic and andesitic compositions
under arc-volcanoes (e.g. Ownby et al, 2011), and the potential for
unveiling greater insights from rock microtextures motivate this work.

Through series of laboratory decompression and cooling experiments,
we (1) determine rates of nucleation and growth of minerals (with a par-
ticular emphasis on feldspar) in a basaltic-andesite as a function of the
temperature and pressure perturbations, (2) characterize qualitatively
the evolution of crystal morphology with applied undercooling,
(3) determine whether the kinetics of the two undercooling mech-
anisms (decompression and cooling) differ, and (4) compare the
crystallization kinetics of hydrous mafic magmas with those of more
evolved compositions.

2. Experimental approach
2.1. Choice of starting material

Natural crushed samples or synthetic compositions made from
oxide reagents are the two types of starting material typically used

in magma crystallization experiments. Compared with natural sam-
ples, synthetic powders have the advantage that starting glasses/
melts are completely homogeneous and that a state of total chemical
equilibrium can theoretically be attained (Pichavant et al., 2007);
synthetic melts are, however, not easily linked with natural magmas be-
cause they have undergone steps of high temperature superliquidus
fusion, which are known to strongly modify the nucleation behavior
of aluminosilicate melts (e.g. Walker et al., 1978; Sato, 1995; Davis
and lhinger, 2002; Pupier et al,, 2008). In contrast, the use of natural
starting materials often requires a careful step of coarse crushing to
avoid exposing phenocryst cores that may be in disequilibrium with
the groundmass (i.e. only a state of partial equilibrium can ever be
achieved), but are more directly comparable to natural magmas in
terms of crystallization kinetics (Pichavant et al, 2007; Hammer,
2008). As in natural magmas, experimental melts obtained from these
starting materials contain pre-existing phases that may influence crys-
tal nucleation in their direct vicinity (e.g. Fokin et al., 1999). Hence,
even though synthetic starting materials provide a more homogeneous
medium for nucleation, we follow Lesher et al. (1999), Hammer and
Rutherford (2002) and Shea et al. (2009), and favor natural starting ma-
terials because they yield initial conditions more akin to those of natural
magmas. For our experimental series, a natural sample from a Mascota
volcanic field (Mexico) lava flow with a basaltic-andesite bulk composi-
tion (~55.7 wt.% SiO, ~5.2% Na,0 + K0, Table 1) and with an andes-
itic groundmass composition (~58.8 wt.% SiO,, ~5.6% Na,O + K,0)
was used as starting material (sample Mas22, kindly provided by
the Smithsonian Department of Mineral Sciences). The bulk compo-
sition is germane to mafic-intermediate magmas erupted from arc
volcanoes. This rock was characterized petrologically by Lange and
Carmichael (1990), and was later the subject of a phase equilibria
study by Moore and Carmichael (1998). The sample is homogeneous,
contains microphenocrysts and phenocrysts of feldspar (13.1 vol.%),
clinopyroxene (7.5%), and olivine (7.4%) and has a glass-poor ground-
mass (72 vol.%) consisting of feldspar, clinopyroxene, orthopyroxene
(Carmichael et al., 1996). The initial conditions for the experiments
were selected so that the groundmass of this starting material becomes
the reactive magma (i.e. the portion of the melt-crystal system that is in
equilibrium, as opposed to the phenocryst interiors, which are out of

Table 1
Chemical compositions of starting materials used in this study.

Mas22 bulk composition Mas22 fused groundmass

(wt.%) ¢ glass composition (wt.%) ”
Si0, 55.65 58.78 (0.87)
TiO, 0.74 0.87 (0.05)
Al,03 17.53 18.66 (0.35)
FeO 6.02 5.6 (0.11)
MnO 0.12 0.11 (0.005)
MgO 6.73 3.32(0.17)
Ca0 7.33 6.77 (0.45)
Na,0 4.00 4.08 (0.11)
K,0 1.19 1.51 (0.15)
P,05 0.27 0.3 (0.02)
H,0 0.61 434 ¢
Total ¢ 99.28
n 5x4¢

Starting conditions

t (h) >30
T (°C) 1025
P (MPa) 150
fO, ANNO +0.5to +1

2 Analyses from Carmichael et al., 1996, recalculated on a dry basis.

b Glass compositions analyzed in five different batches of annealed starting material
with propagated standard deviations.

¢ Calculated using H20SOLvX1 (Moore et al. 1998).

4 Raw uncorrected totals.

€ Each of the five starting glasses was analyzed four times.
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Fig. 1. Phase equilibria diagram for the basaltic-andesite magma composition used for
crystallization experiments. Divided squares represent the main mineral phases ob-
served within the phase equilibrium runs, while black dots represent previous exper-
iments from Moore and Carmichael (1998). Also shown are the initial conditions
(green star) and the final conditions of the cooling (red stars) and decompression
(blue stars) experiments performed in a single-step and at various dwell times at the
final temperature/pressure. Undercooling isotherms (with respect to the feldspar-in
curve) are displayed as gray lines. The olivine-in curve is displayed with two alternate
prolongations at low pressures, that of the present study (01*), and that inferred from
Moore and Carmichael (1998) (Ol**).(For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

equilibrium, Pichavant et al., 2007), and so that the phenocryst cargo is
preserved.

2.2. Decompression and cooling strategies

Igneous crystallization experiments typically fall into one of three
types, defined by the temperature or pressure increment imposed
during cooling or decompression: (a) one large drop in P or T (here-
after single-step decompression SSD, or single-step cooling SSC)
(Naney and Swanson, 1980; Hammer and Rutherford, 2002; Couch
et al., 2003; Shea et al, 2009), (b) multiple evenly-spaced steps
(multi-step decompression MSD or multi-step cooling MSC) Geschwind
and Rutherford, 1995; Martel and Schmidt, 2003) or (c) in a continuous
fashion (continuous decompression CD or continuous cooling CC;
Brugger and Hammer, 2010). Multi-step and continuous experiments

Table 2
Isobaric, isothermal experiments (IBIT) performed to verify phase equilibria.

are suited for investigating styles of magmatic ascent that occur in na-
ture, but are not adequate to measure and model rates of nucleation
and growth because of the constantly changing melt composition
(and thereby degree of supersaturation of the mineral-forming compo-
nents). Single-step experiments, on the other hand, are more difficult to
link to natural scenarios of ascent, but are the most appropriate method
for kinetic studies because they allow examination of the melt's
response to a discrete perturbation. Since the melt composition can be
assumed constant during the actual decompression or cooling event,
nucleation and growth can be linked directly to supersaturation and de-
gree of undercooling (Hammer and Rutherford, 2002; Hammer, 2004).
The focus of this investigation being the crystallization kinetics of a
hydrous mafic melt, all dynamic crystallization experiments were
performed using a single-step strategy.

2.3. Target phase: plagioclase feldspar

Feldspars dominate the groundmass in volcanic rocks of both mafic
(e.g. Cashman and Marsh, 1988; Moore and Carmichael, 1998) and
peraluminous and metaluminous silicic compositions (e.g. Cashman,
1992; Martel and Poussineau, 2007). Compared to olivine, Fe—Ti ox-
ides, and pyroxenes, the plagioclase feldspar stability curve for Mas22
is highly sensitive to Pyso (Moore and Carmichael, 1998). Although all
phases in our runs were texturally characterized and chemically ana-
lyzed, the experimental strategy focuses on plagioclase by equalizing
the feldspar undercooling (AT*fSp) that is applied during cooling and
decompression.

3. Methods
3.1. Isobaric-isothermal (IBIT) experiments

Using 1-atm gas mixing and internally-heated pressure vessel
apparatus, Moore and Carmichael (1998) characterized the phase
equilibria for Mas22 (Table 1) at H,O-saturated conditions and fO,
between ANNO + 1 and +4 (Fig. 1). Phase relations at these condi-
tions provide the basis of our cooling and decompression strategy.
Since the position of the feldspar-in curve is crucial in defining accu-
rately the degree of undercooling AT applied during cooling or de-
compression (Hammer and Rutherford, 2002; Couch et al., 2003;
Mollard et al., 2012), IBIT experiments focusing on plagioclase stabil-
ity were performed as a check that our apparatus and methods repli-
cate the phase relations observed by Moore and Carmichael (1998)
(Table 2).

For hydrous experiments, aliquots of 50-100 mg of coarsely
crushed starting material were placed into 5 mm OD Ag;oPds3, cap-
sules along with enough water to ensure saturation of an H,O-rich

Experiment Starting materials * T (°C) P (MPa) t (h) Phases identified °
IBIT_1 nat 1025 230 30 Olivine

IBIT _2 nat 1055 150 30 Olivine, cpx (dissolving?)
IBIT _3 nat 1056 175 27 Olivine

IBIT _4 nat 1010 150 30 Plagioclase,cpx, olivine
IBIT _5 nat 1050 100 28 Plagioclase,cpx, olivine
IBIT _R1 nat, IBIT _1, IBIT _3 1075 150 30 Olivine

IBIT _R2 nat, IBIT _1, IBIT _3 1125 50 30 Olivine

IBIT _R3 nat, IBIT _1, IBIT _3 1100 75 28.5 Olivine

IBIT _R4 nat, IBIT _1, IBIT _3 1050 125 285 Olivine, cpx, plagioclase
IBIT _R5 nat, IBIT_3 1160 25 41 Olivine, plagioclase*
IBIT _atm1 nat 1160 0.1 24 Olivine, plagioclase

IBIT _atm2 nat 1175 0.1 24 Olivine, plagioclase

IBIT _atm3 nat 1185 0.1 24 Olivine, plagioclase

IBIT _atm4 nat 1188 0.1 24 Olivine, plagioclase

IBIT _atm5 nat 1200 0.1 24 -

@ Materials used in experimental charge, ‘nat’ = natural crushed Mascota22, others designating IBIT experiments used for reversals.
b Phases observed in the experiments (note: glass and oxides are present in all runs). * = phase was identified in one of the run products but not the others.
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Table 3

Textural characteristics of single-step cooling and decompression experiments. All experiments consisted of initial material annealed at P = 150 MPa and T = 1025 °C for ~25-36 h.

Experiment * Feldspar Clinopyroxene

Te Pr t ATy Area © (vol%)®  Np (mm~2)" Ny (mm™3) Ly I(mm3s H% Y(mms ') o©(wol%) Na(mm2) Ny(mm3) Ly I(mm3s™") Y(mms ')

(O (MPa)®  (h)* (°C)°  (mm?)f (mm) (mm)
SSC_52-12 995 150 12 52 2.80 3.2 5 67 0.087 1.56E—03 2.02E —06 47 12 186 0.081 431E—03 1.87E—06
SSC_82-12 965 150 12 82 3.36 123 72 1720 0.12 3.98E—02 2.75E—06 6.5 46 1210 0.110 2.80E—02 2.54E —06
SSC_112-12 935 150 12 112 391 16.4 64 1260 0.158 2.91E—-02 3.67E —06 7.2 48 1181 0.094 2.73E—-02 2.17E—06
SSC_52-24 995 150 24 52 4.87 4.8 34 832 0.081 9.64E—03 9.33E—-07 43 4 35 0.045 4.02E—-04 5.23E—-07
SSC_82-24 965 150 24 82 426 183 122 3100 0.134 3.59E—02 1.56E—06 34 37 1220 0.045 1.41E—02 5.25E—07
SSC_112-24 935 150 24 112 5.24 25.4 118 2534 0.198 2.93E—-02 2.29E —06 39 37 1134 0.127 1.31E—02 1.47E—-06
SSC_52-48 995 150 48 52 7.75 7.5 30 584 0.12 3.38E—03 6.93E—07 1.8 2 21 0.072 1.24E—-04 4.18E—07
SSC_82-48 965 150 48 82 298 23.6 158 4020 0.143 2.33E—02 8.25E—07 48 36 990 0.072 5.73E—03 414E—07
SSC_112-48 935 150 48 112 5.04 25.4 218 6290 0.187 3.64E —02 1.08E —06 1.7 29 1205 0.081 6.97E—03 4.69E —07
SSC_137-48 910 150 48 137 244 30.1 455 5512 0.169 3.19E—-02 9.78E—07 21 32 1240 0.034 7.18E—-03 1.97E—-07
SSC_155-48 892 150 48 155 2.68 28.1 492 139 0.16 8.05E—04 9.26E—07 0.5 7 282 0.043 1.63E—03 2.5E—-07
SSD_52-12 1025 100 12 52 3.39 14 0.3 1 0.046 3.01E—05 1.06E —06 0.5 2 40 0.036 9.26E—04 8.4E—07
SSD_82-12 1025 65 12 82 2.86 145 44 765 0.143 1.77E—02 3.31E—06 34 16 349 0.061 8.07E—03 1.42E—-06
SSD_112-12 1025 42 12 112 2.07 219 95 1919 0.127 4.44E —02 2.94E —06 4.1 10 147 0.100 3.40E—03 2.31E—06
SSD_52-24 1025 100 24 52 7.02 1.4 5 94 0.081 1.08E—03 9.39E —07 3.0 3 26 0.112 2.98E—-04 1.3E—06
SSD_82-24 1025 65 24 82 2.71 17.6 114 2880 0.126 3.34E—02 1.45E—-06 6.3 18 297 0.063 3.44E—-03 7.23E—-07
SSD_112-24 1025 42 24 112 249 22.5 191 5540 0.141 6.42E —02 1.63E—-06 4.7 60 2155 0.069  2.49E—-02 7.97E—-07
SSD_52-48 1025 100 48 52 3.13 34 9.6 141 0.075 8.18E—04 437E—07 13 5 103 0.074 5.94E—04 4.28E—07
SSD_82-48 1025 65 48 82 1.99 229 146 3670 0.107 2.12E—-02 6.19E —07 47 42 1263 0.071 7.31E—-03 411E—-07
SSD_112-48 1025 42 48 112 2.99 253 216 6313 0.121 3.65E—02 6.98E —07 4.0 35 1047 0.056  6.06E—03 3.23E-07
SSD_137-48 1025 22 48 137 1.23 34.8 726 22214 0.072 1.29E—-01 417E—07 7.0 328 22420 0.056 1.30E—01 3.22E—07
SSD_155-48 1025 10 48 155 0.46 46.1 1262 27380 0.073 1.58E—-01 4.25E—07 10.7 1431 165800 0.016  9.59E—01 9.09E —08
Experiment Olivine Amphibole

© (vol.%) Na (mm~2) Ny (mm-3) Linax (Mm) [(mm3s71) Y (mms ') © (vol.%) Na (mm~2) Ny (mm~3) Linax (Mm) [(mm3s71) Y (mms ')

SSC_52-12 11 11 366 0.039 8.48E—03 8.9583E—07 - - - - - -
SSC_82-12 3.7 18 382 0.063 8.84E —03 1.4491E—06 - - - - - -
SSC_112-12 3.8 13 247 0.090 5.72E—-03 2.0926E —06 - - - - - -
SSC_52-24 4.2 12 208 0.030 241E-03 3.4606E —07 - - - - - -
SSC_82-24 2.6 22 645 0.050 747E—-03 5.787E—07 - - - - - -
SSC_112-24 6.4 39 965 0.085 1.12E—-02 9.8264E —07 4.7 35 971 0.130 1.12E—-02 1.51E—-06
SSC_52-48 33 18 439 0.077 2.54E—-03 4.4734E—-07 - - - - - -
SSC_82-48 6.4 46 1237 0.055 7.16E—03 3.206E—07 0.6 11 485 0.039 2.81E—03 2.23E—07
SSC_112-48 3.9 58 2240 0.040 1.30E—02 2.2975E—07 10.2 59 1429 0.135 8.27E—03 7.8E—07
SSC_137-48 0.9 4 75 0.060 4.34E—04 3.4664E —07 19.8 281 10580 0.185 6.12E—02 1.07E—06
SSC_155-48 29 25 752 0.038 435E—-03 2.2222E—-07 16 279 11639 0.114 6.74E —02 6.59E —07
SSD_52-24 4.6 4 41 0.085 4.79E—04 9.8264E —07 - - - - - -
SSD_82-24 6.1 23 448 0.063 5.19E—03 7.2454E —07 - - - - - -
SSD_112-24 59 12 180 0.074 2.08E—03 8.5185E—07 - - - - - -
SSD_52-12 6.2 3 26 0.078 6.07E —04 1.8009E —06 - - - - - -
SSD_82-12 1.5 3 42 0.074 9.82E —04 1.713E—-06 - - - - - -
SSD_112-12 1.8 4 66 0.114 1.53E—03 2.6435E —06 - - - - - -
SSD_52-48 8.1 20 326 0.060 1.88E—03 3.4549E —07 - - - - - -
SSD_82-48 47 38 1063 0.065 6.15E—03 3.7674E —07 - - - - - -
SSD_112-48 4.4 40 1212 0.052 7.01E—-03 2.9919E —07 - - - - - -
SSD_137-48 43 126 6821 0.033 3.95E—-02 1.8924E —07 - - - - - -
SSD_155-48 6.9 129 5560 0.033 3.22E—02 1.8924E —07 - - - - - -

ocl
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fluid phase upon pressurization. Oxygen fugacity was monitored
using solid binary alloy sensors (Taylor et al., 1992), as detailed by
Shea and Hammer (in press). O,-getting Ni powder was needed to
avoid rapid fO, increases in the experimental charge after ~20 h.
Run times for IBIT experiments were generally ~30 h to ensure the
system reached a steady-state (Shea and Hammer, in press). For nor-
mal IBIT runs, the experimental charge thus consisted of a 5 mm
outer diameter (OD) capsule containing (1) the crushed silicate and
water mixture, (2) an fO, sensor enclosed within a 3 mm OD Pt cap-
sule, and (3) around 0.05 g of high purity (>99.97%) Ni powder light-
ly compacted within a 2.5 mm OD AgPd capsule. Other ‘reversal’ runs
(i.e. where final conditions were approached from both the crystalli-
zation and the melting directions) contained natural crushed materi-
al, and, typically, two glasses previously run at conditions above and
below the feldspar liquidus, each placed in a separate 2.5 mm OD
AgPd capsule, and later introduced within the 5 mm capsule assem-
blage. After being welded shut, the larger capsule was inserted into
either a titanium-zirconium-molybdenum (TZM) or molybdenum-
hafnium-carbide (MHC) cold-seal pressure vessel, which was partly
pressurized (typically at 80-85% of the total pressure) using a mix-
ture of CH4 + Ar. Pressure was monitored by a Heise gauge and is
estimated to be accurate to <1 MPa, and the temperature, measured
by a B-type thermocouple, lies within ~5 °C of the set-point temper-
ature (as determined during independent runs in which a thermo-
couple was inserted in place of the experimental capsule). After a
dwell time of 24-36 h, the vessel was extracted and forced-air cooled
for 5-10 s and then plunged into water. The time to reach the glass
transition is estimated to be <15 s, precluding quench crystallization
in all runs but those performed at the highest dwell pressures and
temperatures (AT*fSp =52 °Q).

Five 1-atm experiments (1160-1200 °C) were run in a gas-mixing
furnace, in a flowing mixture of CO, and H, that maintained fO, con-
ditions within ~1 log unit of the Ni— NiO buffer (Table 2). Each exper-
iment was prepared by mounting an aliquot (50-100 mg) of crushed
Mas22 basaltic-andesite with polyvinyl alcohol on a Pt wire loop that
is supported by a thinner Pt wire. The sample, solid zirconia electro-
lyte oxygen sensor, and monitoring thermocouple were lowered
into the furnace, bathed in the flowing gas mixture, and run for
24 h. Runs were quenched by melting the support wire and releasing
the charge into a water bath below the furnace. Quench times are
estimated at <2 s.

3.2. Dynamic crystallization experiments

Initial conditions for decompression and cooling experiments were
chosen to produce a phase assemblage that includes liquid, feldspar,
clinopyroxene and olivine (+ Fe—Ti oxides). We opted for starting P
and T conditions (150 MPa and 1025 °C respectively) close to the
feldspar-in curve to ensure feldspar stability during the initial dwell pe-
riod and yet maximize the potential for crystallization in response to
pressure or temperature perturbation. A set of five final pressures (100,
65, 42, 21, 10 MPa) and temperatures (892, 915, 935, 965, 995 °C)
were defined to correspond to equal values of AT*fsp (AT*fSp = 52, 82,

112,137 and 155 °C; Fig. 1). The time-variance of crystallization was ex-
amined at 12 h (at AT", = 52, 82, 112 °C), 24 h (at ATy, = 52, 82,
112 °C), and 48 h (at all AT*fsp), for a total of 22 experiments (Table 3).

The starting materials were prepared in two steps. About 100 mg
of lightly crushed lava was held at the initial conditions (150 MPa,
1025 °C; Fig. 1) for 25-36 h to generate hydrated glassy material.
The glassy chips were broken into mm-sized pieces sufficient for
~5-6 dynamic experiments. In addition, one fragment was set aside
and mounted on a thin section for microprobe analyses, and to check
that the initial glassy material did not contain plagioclase other than
the pre-existing phenocrysts. Each glassy aliquot was placed into an
Ag70Pd3o capsule with a small amount of additional H,O along with an
unsealed Ni oxygen getter AgPd capsule. Once the capsules were placed
into the vessel assembly, pressurized and inserted into the furnace, ex-
periments dwelt at the initial conditions for 2-4 h before cooling or de-
compression. Cooling was performed by changing the furnace set-point
to the desired dwell temperature, a technique that induced cooling to
the target temperature within 2-4 min with minimal thermal under-
shoot. Although pressure can be released nearly instantaneously using
gas bleed valves, we chose to decrease P over 2-4 min to match insofar
as possible the AT*/At path experienced by the cooling runs. In both
cases, the decompression or cooling times are a very small proportion
(~0.1-0.4%) of the total run times.

3.3. Textural measurements

The run products (glass, feldspar, olivine, pyroxene, and amphi-
bole) of dynamic crystallization experiments are characterized in
terms of phase abundances, crystal sizes and crystal number densi-
ties. Phases in BSE images are manually outlined in image processing
software (Photoshop®). Phase abundances (¢) are determined using a
simple pixel counting algorithm implemented in the FOAMS software
(Shea et al,, 2010). Crystal sizes are measured for the 5 largest indi-
viduals within each experiment (L;,qx, mm), and used subsequently
to derive growth rates (Y, mm s~ ') using the dwell time (t, s) at
the final P or T conditions. Crystal number densities per unit area
(N4, mm™2) are determined by dividing the number of individuals
measured by the area of glass plus newly formed phases (Hammer
and Rutherford, 2002). Vesicles/pores and pre-existing phenocrysts
are omitted from both area and number calculations. In turn, number
densities per unit volume (Ny, mm~3) are derived by using Ny via the

05

characteristic size defined asSy = (Ni> ,sothatNy = % (Hammer
A N

et al.,, 1999). The growth and nucleation rates derived from these pa-

rameters are thus:

7Lmax
y—=m 1)
_Ny
=7 @

Note that these calculations yield time-integrated values representing
periods of 12-48 h.

Notes to Table 3:
2 Experiments are labeled in the form “type_undercooling_runtime”.
Final dwell temperature.
Final dwell pressure.
Dwell time at the final conditions.
Undercooling with respect to the feldspar-in curve ATfS: (AT or ATeg).
Sample area measured (after bubbles/pores are removed).
¢ Phase abundance (only new growth is accounted for in the calculations).
N Crystal number density per unit area.
I Crystal number density per unit volume.

b
c
d
e
f

" Average maximum crystal size calculated from the average of the maximum and minimum 2D dimensions of the 5 largest crystals.

K Integrated crystal nucleation rate calculated from I using the final dwell time.
! Integrated crystal growth rate calculated from L. using the final dwell time.
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Two instances requiring special methodology during image analy-
sis are brought about by our experiment design. First, the use of a
phenocryst-bearing starting material results in growth around
pre-existing crystals. Generally, newly grown rims are discriminated
from the pre-existing ones using a scanning electron microscope in
backscattered electron mode (BSE). The pre-existing cores are fairly
easy to distinguish from the overgrowths, particularly in the case of
feldspar (Fig. 2a). New olivine and clinopyroxene growth are more
difficult to identify due to the complex pre-existing zoning in pyroxene
(Fig. 2b), and olivine (Fig. 2c). Textural quantitation is therefore slightly
less robust for these two phases than for feldspar or amphibole
(straightforward because it is not present in the starting material). An
additional complication arises from the fact that feldspar displayed two
different types of growth rims around pre-existing crystals: (1) rims
grown during the initial anneal period of ~25-36 h, and (2) rims grown
during dynamic cooling or decompression. The two types of rims were
generally not distinguishable, but BSE images of a sample quenched
after the initial dwell period revealed that type 1 rims are only 1-2 pm
wide around pre-existing feldspar phenocrysts. As a result, for textural
analysis, a thickness of 2 um was systematically removed from feldspar
rims grown during single-step crystallization experiments, so as to re-
move the influence of growth during the anneal time spent at the initial
conditions. In contrast, other phases (olivine and clinopyroxene) do not
display evidence of growth during the initial anneal period.

n crystals = 1 nucleus

Homogeneous nucleation

The second situation requiring a modified approach to feature seg-
mentation occurs in experiments with AT*, > 137 °C. In these SSD
and SSC runs, feldspar crystals are arranged dominantly in clusters
that emanate radially from clinopyroxene crystals (Fig. 2). These crystals
could be counted either (a) as aggregates of radiating crystal clusters
(Fig. 2d), or (b) as individuals (Fig. 2e). Because these values differ by
factors of up to 10, the distinction has important implications for all
nuclei density-derived data.

Prior studies of radiating crystals provide guidance for establishing
appropriate counting criteria. The polycrystalline bow-fan and radial ar-
rangements produced in our experiments are typical of early spherulitic
textures (Lofgren, 1974; Fenn, 1977; Corrigan, 1982). Spherulites grow
quickly as a result of the high undercooling, probably under conditions
of diffusion-limited growth (Keith and Padden, 1964; Lofgren, 1971;
Fenn, 1977; Clay et al., 2013), which encourage protrusions to advance
more rapidly than faces. Importantly, Granasy et al. (2005) distinguish
two spherulite formation mechanisms. Category 1 spherulites form
via multidirectional growth from a central point or substrate, lacking
crystallographic continuity between individual crystals (Fig. 2e).
Category 2 spherulites grow from single nuclei, with progressive disper-
sion of protrusions accommodated by subgrain lattice misorientations
(Fig. 2d). Thus, the nucleation mechanism differs in a fundamental
sense: either the crystals within a cluster form at higher rate, heteroge-
neously (category 1), or at a low rate, homogeneously (category 2).

n crystal = n nucleus

Heterogeneous nucleation

Fig. 2. Backscattered-electron (BSE) images illustrating some non-trivial textural features that need to be accounted for when kinetic information (phase abundance, crystal sizes
and numbers) is retrieved. Images of pre-existing (a) feldspar or (b) clinopyroxene cores surrounded by newer rims that grew during dynamic decompression or cooling. (¢) Similar
relationships between pre-existing olivine cores and newly formed rims are sometimes diffuse and difficult to constrain precisely. (d) Illustration of the interpretative step required
for textural analyses of crystallization runs performed at very high undercooling, that show radial or fan-shaped feldspar distributions. To account for this, crystal nuclei are only counted
on the basis of the focus points of each set of radial/fan crystal cluster. For instance, 13 nuclei are counted within this image as opposed to 297 if crystals are measured directly using image

analysis software.
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In their experiments at high AT*fsp in silicic melt, Hammer and
Rutherford (2002) report clusters of high aspect ratio plagioclase
crystals in plane-parallel orientation (their Fig. 3). They interpret
the apparent multitude of these crystals in each cluster as an artifact
of slicing through a single “radiator” shaped dendrite crystal. In the
present SSD and SSC experiments, each radiating plagioclase cluster
shows neither plane-parallel orientations between individual crystals
nor low-angle branching within individual crystals. Rather, the recti-
linear individual crystals and conspicuous incidence of cpx at the cores
of the radiating clusters (Fig. 2d) suggests these feldspar spherulites nu-
cleated individually and heterogeneously. The preferred strategy is to
regard each crystal in the cluster as a separate nucleation event; data
values carried forward in subsequent plots and calculations reflect our
assessment that these are category 1 spherulites, where each branch
is considered a separate crystal.

3.4. Analytical techniques

Wavelength-dispersive spectrometry (WDS) analyses of glasses and
mineral phases were performed with a JEOL Hyperprobe JXA-8500F at
the University of Hawaii. A 15 keV acceleration voltage, 10 nA sample
current and a defocused 10 pm beam diameter were used for glass anal-
yses, while minerals were measured using a 2 to 6 pm beam diameter
depending on their size. Counting times were: 10 s (Na in glasses),
26 s (S), 30 s (Na in minerals, Ca, P, Cl, Ti), 38 s (Mg), 44 s (Mn), 46 s
(Si), 60 s (Al), 64 s (Fe), and 76 s (K). Basaltic glass standards VG-2
and A99 (Jarosewich et al,, 1980) were repeatedly measured to monitor
analytic drift. To test for phase homogeneity, X-ray element maps
(Ti, Al, Fe, Mg, Ca, Na, P) were also acquired using the same microprobe,
at spatial resolutions between 0.5 and 2 um, using a 80 nA current and
dwell times between 25 and 240 ms.

4. Results
4.1. Phase equilibria

The location of the feldspar-in curve determined from our IBIT exper-
iments is in excellent agreement with that of Moore and Carmichael
(1998). Our experiments differ only in producing a small shift in the po-
sition of the olivine liquidus at low pressure (Fig. 1).

4.2. Textural characteristics of single-step crystallization experiments

All results pertaining to the textural characteristics of SSD and SSC
are expressed both as a function of time at the final conditions, as well
as in terms of undercooling with respect to the feldspar liquidus AT*fsp
(qualitatively in Figs. 3 and 4, and quantitatively in Figs. 5 and 6). In addi-
tion, the degree of undercooling for each phase is shown with respect to
the stability curve for that phase (i.e., AT, # ATy # AT iy #
ATgmp). The values of AT*phase are obtained from the phase diagram
(Fig. 1) as the difference between the run temperature and the
mineral-in temperature at the run pressure. For example, the decom-
pression experiment performed at 1025 °C and 42 MPa imposed AT*fsp
of 112 °C, A5 of 61 °C, and AT"5, of 155 °C.

4.2.1. Phases crystallized

Crystallization of new (as opposed to pre-existing) feldspar,
olivine, and clinopyroxene occurred in all experiments (Figs. 3 and
4). The phases that formed during our single-step crystallization
experiments are largely consistent with the equilibrium phase as-
semblage (Fig. 1, and Moore and Carmichael, 1998) — the exception
being orthopyroxene, which does not appear in any run. Amphibole
(hornblende) crystallized in SSC runs, but only after at least 24 h of

COOLING EXPERIMENTS TIME-SERIES at T,=935°C, AT =112°C
t@T =24 h
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Fig. 3. Selected BSE images acquired within cooling (top row) and decompression (bottom row) crystallization experiments. All charges underwent an initial ‘anneal’ phase at 1025 °C
and 150 MPa. The runs shown on this figure were performed at final conditions corresponding to values of undercooling AT*fsp = 112 °C. For better visibility, feldspars were highlighted
inred. SSCruns show an increase in feldspar abundance from (a) 12 h to (c) 48 h,and amphibole appears after 24 h (b) at the expense of clinopyroxene. Also note the presence of skeletal/
hopper olivine. SSD experiments also display similar increases in crystallinity but do not contain any amphibole. Scale bars all represent 200 pm.
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Fig. 4. Set of BSE images representing the evolution of crystal textures with increasing undercooling AT for experiments quenched at t = 48 h. (a) Cooling experiments show a
substantial increase in feldspar abundance and number density up to undercooling of AT = 137 °C, after which radially distributed crystals become dominant. A similar evolution
is observed in (b) decompression experiments, except for the decrease in feldspar number density at high undercoolings. Scale bars all represent 200 um.

dwell time at the final temperature, and for T < 1000 °C. Minor apa- 4.2.2. Crystal abundances

tite (<1 vol.%) crystallized in SSC runs that experienced the highest

undercoolings (at T <935 °C). Small titanomagnetites as well as 4.2.2.1. Feldspar. Both SSD and SSC runs display strikingly similar feld-
Cr-spinels were observed in all experiments. spar modes up to undercoolings AT*fsp < 125 °C, particularly after 48 h
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Fig. 5. Textural data from decompression and cooling experiments in basaltic-andesite. Phase abundance, nucleation rates and growth rates vs. undercooling for varying dwell times
at the final conditions for (a) feldspar, (b) clinopyroxene, (c) olivine and amphibole. The undercooling is displayed with respect to the phase shown in each plot. Note the different
y-scales in abundance data. The different lines/curves are meant to guide the eye only and do not account for uncertainty. For all plots, average uncertainty bars are represented as
the difference in calculated values for a 5% error in measured plagioclase abundance, a 2% error in clinopyroxene abundance and a 3% error in amphibole abundance. These uncer-
tainties were estimated by measuring crystal abundances in different images of a given sample. Olivine abundances are subject to greater errors (see Methods).

of dwell time at the final conditions (Figs. 4 and 5a). Their abundance
varies in a non-linear fashion, with a strong increase from <10% to
~25 vol% for a AT* change of 30 °C (AT*fSp = 52 to 82 °C), followed by
a moderate rise from 25 to 30% vol. in the next ~60-70 °C of
undercooling increase. The SSD and SSC feldspar trends depart at about
AT*fSp ~130 °C, increasing once again rapidly in SSD runs while slightly
decreasing in SSC experiments. Apparently, feldspar crystallization is
not complete by t = 24 h, since peak modes are observed in the 48 h
runs.

4.2.2.2. Clinopyroxene. Clinopyroxene shows very different modes in
experiments from the two types of crystallization mechanism in the
48 h runs. In SSD runs, clinopyroxene increases from ~1% to
10 vol.% for a small change in AT™ (from AT".,, = 40 to 60 °C),

while SSC shows a complex behavior, first increasing with undercooling
(AT*Cpx = 52 to 82 °C), then decreasing at higher degrees of under-
cooling (Fig. 5b). A noteworthy feature of clinopyroxene formation is
that, particularly in SSC runs, abundances decrease between 12 and
48 h. Displayed as a function of feldspar undercooling (Fig. 6), pyroxene
modes track in parallel with feldspar abundances. Globally, pyroxene
modes are <10% vol. in nearly all runs, and is thus much less abundant
than feldspar.

4.2.2.3. Olivine. In comparison with feldspar and clinopyroxene, oliv-
ine occurrence is much less systematic, both as a function of time
and undercooling (AT, Fig. 5¢). Crystal modes are generally <8%
vol., and, in most runs, comparable to those of clinopyroxene. Instead,
when examined as a function of undercooling with respect to feldspar
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(AT*fsp), olivine modes follow trends similar to pyroxene, first in-
creasing than decreasing in SSC runs, and monotonically increasing
within SSD experiments (Fig. 6).

4.2.2.4. Amphibole. Since hornblende appears only after 24 h, only in

the SSC experiments, and only after a certain degree of undercooling
is reached, less can be said about the time evolution of crystallization.
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Fig. 6. Textural data for SSD and SSC runs against undercooling with respect to feldspar
for all phases for experimental durations t = 48 h. For all plots, uncertainty bars are
represented as the difference in calculated values for a 25% error in measured number
densities. Note the similarities in nucleation rate curves between the different phases,
as well as the narrow range in growth rates, which only vary ~2-3-fold.

In 48 h runs, hornblende increases from <1 to 20 vol.% for a rise of
roughly 70 °C in AT* (from AT,mp = 30 to 100 °C; Figs. 4a and 5c).
A similar trend is observed when hornblende modes are expressed
with respect to AT*fSp (Fig. 6).

4.2.3. Crystal number densities and nucleation rates

4.2.3.1. Feldspar. Since crystal number densities (per unit area Ny or
volume Ny) and integrated nucleation rates (I) are coupled, only the
latter is displayed, with the number density data appearing in
Table 3. Nucleation rates vary by 4 orders of magnitude as a function
of AT"y, from roughly ~107> to 10~ mm?> s~ ' (Fig. 5a). At relatively
low undercoolings AT*fsp = 52 °C, large variations in I occur between
12 and 48 h, both for SSD and for SSC. In comparison, the time-variance
of I is somewhat reduced in runs performed at higher AT*fSp — i.e. by
t = 12 h most crystals have already nucleated. Even more importantly,
at AT*fsp < 130 °C, nucleation rates are typically indistinguishable with
respect to undercooling mechanism. Nucleation rates remain similar
between both types of undercooling, and monotonically increase
throughout the range of undercooling investigated.

4.2.3.2. Clinopyroxene. SSD and SSC clinopyroxene nucleation rates
strongly deviate from each other, even at small values of AT*cpx
(Fig. 5b). From 12 to 48 h, values of I decrease with time in SSC runs,
while SSD experiments show no systematic time-variance. Nucleation
rates in SSD runs also vary by four orders of magnitude, reaching the
highest values measured for all phases (I = 1 mm?> s~ ') at the highest
AT*CPX (~60 °C). Instead, rates measured in SSC runs peak at values of
AT*CPX ~100-125 °C, and drop at higher undercoolings. When examined
in terms of AT*fSP, values of I are very similar up for AT*fsp <120 °C, after
which they diverge in a manner similar to feldspar nucleation rate curves
(Fig. 6). Irrespective of whether clinopyroxene nucleation is considered
with respect to AT*CPX or AT*fSp, like feldspar, SSC-driven clinopyroxene
nucleation rate declines at high AT*CPX, resulting in a bell-shaped rate
ct;‘}kve whereas those crystallized in SSD monotonically increase with
AT e

4.2.3.3. Olivine. Nucleation rates of olivine are slightly lower than rates
determined for other phases (Figs. 5¢ and 6). In SSD runs, I values
rarely reach a maximum before 48 h, while they appear to peak much
earlier in SSC experiments. Whether considered in terms of AT*,, or
AT*fsp, nucleation rate curves mimic those of feldspar or clinopyroxene,
with a bell-shaped curve in the case of SSC runs, and a complex
monotonically-increasing curve in SSD experiments.

4.2.3.4. Amphibole. The nucleation rates of hornblende in SSC are within
the same range as feldspar, attaining close to 10~ mm? s~ (Fig. 5¢).
Values increase with increasing undercooling, and plateau at the
highest degrees of AT*’}Sp or AT,m, attained in the experiments.

4.2.4. Crystal sizes and growth rates

4.2.4.1. Feldspar. Crystal sizes (parameterized as L;,q) are reported in
Table 3, and the calculated growth rates are displayed in Fig. 5. Inte-
grated feldspar growth rates exceed 10~® mm? s~ ! in shorter exper-
iments (12 and 24 h), and are three to four times lower in 48 h runs.
Growth rates vary systematically with ATfSl;k , showing a similar con-
cave down curve for both SSC and SSD, with rates typically lower in
SSD. Peak values occur at ATfSP* = 112 °C (Figs. 5a, and 6) in both
series.

4.2.4.2. Clinopyroxene. Like feldspar, clinopyroxenes grow quickly
(Yimax > 1075 mm s~ 1) during the first 12 h of dwell time (Fig. 5b).
After 48 h, integrated growth rates are lower (< 10~ mm s~ ') and
display fairly constant values (except at the highest undercoolings)
in both SSD and SSC runs, whether expressed as a function of AT*cpx
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or AT*fsp (Fig. 6). Peak growth rates occur at AT*CPX ~50 °Cin SSD, while
maxima occur over a broad range of undercoolings in SSC experiments.

4.2.4.3. Olivine. Growth rates derived for olivines are also the lowest in
the longer runs (Fig. 5¢), and mostly decrease with AT*, With respect to
AT, peak growth rates are difficult to constrain perhaps because
none of the experiments were performed at low enough undercoolings.
When considered against AT*fSp, olivine growth is slightly slower than
other phases (Fig. 6).

4.2.4.4. Amphibole. With only one 24 h experiment forming horn-
blende, it is difficult to evaluate how growth rates vary with time;
this run shows nevertheless the highest rates calculated for this
phase (>10"°mm s~!), the 48 h runs displaying slightly lower
growth (Fig. 5c). Contrary to olivine, data for hornblende are available
only for low undercoolings. The portion of the growth rate curve that
is constrained mostly increases with either AT, or AT*fsp.

4.2.5. Crystal shapes

The habits and 3D aspect ratios (e.g. blocky, elongate, tabular, acic-
ular), morphologies (e.g. euhedral, hopper, swallowtail, skeletal), and
arrangements (e.g. individuals, clusters, spherulites) of different min-

erals were qualitatively assessed for all experimental charges (Fig. 7).

4.2.5.1. Feldspar. Feldspar morphologies are similar in both cooling
and decompression runs, changing progressively from euhedral to
hopper, swallowtail and skeletal (or ‘box-work’, Lofgren, 1974) with
increasing ATfsp*(Fig. 7a). Meanwhile, habits transition from blocky
to prismatic, tabular, and acicular. Crystals are arranged as individuals
up to high undercoolings (ATfsp* > 112 °C), over which they progres-
sively cluster into ‘bow-fans’ and radial (or ‘stellate’) arrangements.
With increasing dwell time at the final conditions, the opposite trend
is observed; feldspar morphology gradually changes from skeletal/
swallowtail to euhedral. Crystal elongation and arrangement (i.e. isolated
vs. clustered) do not appear to evolve with time.

4.2.5.2. Other phases. Olivine and clinopyroxene shapes are essentially
invariant in SSD charges and since amphibole is only present in SSC
experiments, the descriptions of crystal shapes for phases other than
feldspar pertain only to the SSC series. As for feldspar, these phases dis-
play the same propensity to fill in crystallographic spaces or swallowtail
extensions with increasing time. Hence, shape is described as a function
of undercooling only.

4.2.5.3. Clinopyroxene. Pyroxenes are dominantly euhedral with a
few occurrences of swallowtail morphologies at moderate to high
undercoolings (AT*Cpx < 112 °C). Mirroring feldspar, clinopyroxene
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habits progressively change from blocky to acicular with increasing
undercooling, and they are mostly distributed as isolated crystals. At the
highest values of AT*CPX, some skeletal crystals occur, and clinopyroxene
tends to fill in spaces between feldspar crystals (intrafasciculate distribu-
tion; Fig. 7b).

4.2.5.4. Olivine. Olivines have fairly complex morphologies which are
rarely perfectly faceted/euhedral, and become hopper to skeletal as
undercooling increases. Skeletal olivines show intricate ‘H-shaped’
or trident morphologies which can be more or less filled-in to form
hopper/skeletal hybrids (Fig. 7c). The habit is generally blocky up to
high values of undercooling, after which crystals become elongate.
They are always observed in isolation rather than clusters.

4.2.5.5. Amphibole. Crystal morphologies are dominantly hopper with
well-formed outer faces, except at the highest values of undercooling
where they are swallowtail to skeletal (Fig. 7d). Amphiboles also be-
come increasingly elongate with increasing undercooling. Crystals
occur as isolated individuals except at the highest values of ATgpp,
where they are bladed and clustered (e.g. Lofgren, 1974).

4.3. Phase compositions

4.3.1. Glasses

The chemical composition of liquids produced in runs having
undergone different degrees and mechanisms of undercooling differ
significantly (Fig. 8). Due to the variety of phases that crystallize dur-
ing decompression or cooling, most major elements are moderately
compatible within at least one crystalline phase. The most compatible
oxides are Al,0s, FeO, MgO and CaO, removed from the melt by feld-
spar, clinopyroxene and amphibole, and, to a lesser extent, olivine
(Fig. 8). Phosphorus is removed from the melt once apatite forms at
high undercooling in SSC runs, and only K;O behaves incompatibly
throughout the crystallization sequence, being only incorporated to
a limited extent in feldspar (up to ~0.5 wt.%, Table 2). In contrast,
quantitative spot analyses (Table A.1) and X-ray element maps
(Figs. 9, A.1 and A.2) demonstrate that within a given run product, the
glass phase is compositionally homogeneous, except for some tiny
clinopyroxene quench crystals.

MELTS simulations (Ghiorso and Sack, 1995) provide a compari-
son between the experimental glasses and a calculated equilibrium
liquid line of descent produced during perfect fractional crystalliza-
tion. The starting composition matched the andesitic melt present be-
fore decompression or cooling and final P-T conditions corresponding
to the SSD and SSC runs were used as inputs. The compositional trends
defined by MELTS simulations are fairly well matched by experiments
for SiO,, Al,0s3, Na,0, and K,0, and to a lesser extent by TiO,, MgO,
and Cao0. Significant departures from MELTS compositions are observed
in FeO and P,0s.

4.3.2. Other phases

Feldspar crystals are generally homogeneous in Ca, Na and Al, except
in experiments performed at high degrees of undercooling, where they
are sector-zoned (Figs. 9, A.1 and A.2). Feldspar crystallized during
SSD and SSC runs span a range of compositions, from An;s at low
undercoolings, to Ansg at high undercoolings (Fig. A.3). Overall, feld-
spars from cooling and decompression runs are largely indistinguish-
able with respect to endmember components, and follow the same
evolution of increasing Ab and Or with increasing undercooling, and
small differences in Or between SSD and SSC at high undercoolings.
Feldspar compositions retrieved from MELTS modeling are in fairly
good agreement with experimental compositions.

Although single clinopyroxene crystals display sector zoning in Al
(Figs. 9 and A.1), the quadrilateral components of crystals formed
during SSD and SSC experiments are restricted to a small domain of
the pyroxene ternary (Fig. A.4). With increasing undercooling, SSD

clinopyroxenes become richer in the Fs and Wo components, whereas
SSC runs initially become more En-rich (AT*CPX < 137 °C), and then tran-
sition to compositions with lower En and Fs (AT*CPX > 137 °C). Pyroxene
compositions vary little with time, with a slight En- and Fs-enrichment in
SSD from 12 to 48 h, and an increase in Wo within SSC runs.

Within the SSD and SSC series, olivines are highly forsteritic at low
undercoolings and progressively become richer in the fayalite compo-
nent with increasing undercooling. The Fo content of olivines in SSD
and SSC diverge with respect to AT*fsp, but are highly correlated with
AT, (Fig. A5).

Amphiboles were analyzed in four experiments at three under-
coolings (ATymp = 60, 85 and 103 °C) and two dwell times at the
final conditions (24 and 48 h). The Mg# [Mg/(Mg + Fe)] of these
crystals decreases with increasing undercooling (Fig. A.5), and run du-
rations. Within element maps, amphiboles show Fe enrichment from
core to rim, with concurrent decreases in Al and Mg (Figs. 9 and A.2).

5. Interpretations

This section presents inferences about the data reported in the re-
sults section and the trends they represent, while the discussion sec-
tion further below uses these inferences to consider the larger issues
addressed by this study.

5.1. Liquid evolution and undercooling mechanism

Because each series (SSD and SSC) is composed of single-step ex-
periments and not snapshots along a single decompression or cooling
path, they cannot be considered points along a single liquid line of
descent. However, the glass compositions with AT*fSp (Fig. 8) do trace
evolutionary trends that are consistent with evolving proportions and
compositions of the crystallizing phase assemblages from the same ini-
tial liquid. While cooling produces feldspar and amphibole in similar
abundances, decompression produces dominantly feldspar with subor-
dinate clinopyroxene and olivine. Despite these differences, the glass
compositions produced cooling and decompression are indistinguish-
able with respect to SiO, and CaO. FeO is slightly lower in SSC runs com-
pared to SSD glasses due to the relative influences of clinopyroxene and
amphibole in those experiments (i.e. clinopyroxene abundances are
greater in SSD while amphibole only forms in SSC). Greater feldspar
production in the decompression experiments is evident mainly in the
lower glass AlLO3 and Na,O. Interestingly, marked depletion of P,05
in the highly undercooled SSC melt indicates that apatite formed only
in cooling experiments.

The fairly good agreement between MELTS-derived and experi-
mental glass compositions for some of the oxides (e.g. SiO,, Al;0s,
Na,0, and K,0; Fig. 8), despite differences in crystallizing phase as-
semblage (e.g., with MELTS failing to predict amphibole or apatite
and the experiments not producing orthopyroxene), may reflect the
extensive compositional flexibility afforded by solid solutions facilitat-
ing peraluminous liquids to evolve along similar differentiation paths
regardless of specific phase assemblage.

5.2. Crystal morphologies

The evolution of crystal shapes with increasing undercooling and run
duration is entirely consistent with observations of cooling-induced crys-
tal textures in mafic and intermediate melts (e.g. Lofgren, 1974; Walker
et al, 1978; Lofgren, 1980; Corrigan, 1982), although truly dendritic
morphologies are not produced in any of our experiments (Fig. 7). This
absence may be related to the presence of dissolved H,O within SSD/
SSC runs, enhancing component diffusivity and thus interface-limited
crystal growth. Alternatively, longer minimum dwell times at our final
conditions (12 h) compared to 1-atm experiments may fail to capture
dendritic textures that form initially, and disappear through progressive
maturation into skeletal morphologies.
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Fig. 8. Major element glass compositions for the investigated cooling and decompression series at different values of undercooling. The upper left plot shows how the compositions
should be read: the starting glass is positioned at AT" = 0 °Cand each experiment follows a horizontal trajectory during the instantaneous decompression or cooling step, and then
evolves vertically with increasing duration. The gray areas represent the compositional variability of a given oxide. For each oxide, arrowheads with varying sizes illustrate the
typical compositional variation expected for crystallization of 10% feldspar, 4% clinopyroxene/olivine/amphibole, 2% Fe —Ti oxide and 1% apatite. Note that those values were not
selected based on any particular sample, but represent typical relative abundances for most phases. Also shown are the average standard deviations for each oxide. The dotted
red and blue curves show the glass compositions predicted for varying degrees of undercooling by MELTS.

5.3. Time-variance of textures and compositions

A general observation from all SSC and SSD experiments is that
while feldspar crystallizes continuously from 12 to 48 h, integrated
nucleation rates stay fairly steady and growth rates decrease (Figs. 5a
and 6). However, the combined effect of these time-variations is fairly
subtle after 24 h at the final conditions, with textures remaining fairly
constant between 24 and 48 h. This observation is corroborated by
glass compositions, which do not show large variations with time
(Fig. 8). In SSD runs, clinopyroxene and olivine form quickly but induce
only small changes to the melt composition after ~24 h. In contrast,
clinopyroxene in SSC charges typically dissolves with time due to the
formation of amphibole between 12 and 24 h. Olivine in SSC forms con-
tinuously, with no evidence for dissolution of newly formed crystals
(Figs. 5¢ and 6). Interestingly, feldspar compositions do not exhibit
any significant time-variance (Fig. A.3), contrasting somewhat with
clinopyroxene and olivine compositions which slightly vary with time

(Figs. A4 and A.5). Apparently, feldspars adopt a steady-state stoichi-
ometry very rapidly, while clinopyroxenes and olivines require longer
dwell times to reach steady-state compositions.

6. Discussion

In this section, we successively discuss (1) the textural and/or chem-
ical characteristics that may allow telling cooling from decompression-
induced crystallization, (2) the mechanisms of crystal nucleation and
(3) growth, and, finally, (4) the difference in crystallization behavior
between mafic-intermediate and rhyolitic magmas.

6.1. Deciphering cooling vs. decompression crystallization
A plausible explanation for the dramatic difference in clinopyroxene

abundance and nucleation rate upon cooling as opposed to decompres-
sion (Fig. 5b) is suggested by the absence of amphibole in decompression
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Element maps in SSC runs @ 48 h

AT =82°C

Fig. 9. X-ray element maps of Ca, Na, Al, and Fe from two SSC experiments at t = 48 h, for two different values of undercooling with respect to feldspar. At moderate undercooling
(AT*fs,, = 82 °C), plagioclase is compositionally homogeneous, with interstitial glasses containing tiny pyroxene quench crystals. Note the sector zoning in clinopyroxenes. At
higher undercooling (AT*fSp = 137 °C), plagioclase also displays sector zoning, while the glass is homogeneous. Amphibole also shows decreases in Al and Mg (shown in Fig. A.2) com-

bined with Fe increases from core to rim.

runs and its prevalence in cooling runs. In fact, clinopyroxene abun-
dance starts to drop precisely at conditions where amphibole appears
(Fig. 6). Because clinopyroxene and amphibole compete for Mg, Fe, Ca,
and to a lesser extent Al and Na, the appearance of amphibole at high
Py20 not only suppresses overall abundance of clinopyroxene, but also
apparently decreases the rates of clinopyroxene nucleation and growth.

This ‘amphibole effect’ on clinopyroxene abundance is consistent with
the chemical and structural similarities of these phases (e.g. Kennedy,
1935; Wones and Gilbert, 1982), and their inverse relationship in the
phase equilibria of many magmas of intermediate compositions (Gilbert
et al,, 1982). Olivine abundances, nucleation, and growth rates parallel
those of clinopyroxene (e.g. Figs. 5¢c and 6), hinting at the same inhibition
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mechanism related to the crystallization of amphibole and the up-
take of olivine-forming elements Mg and Fe. These inferences are
also consistent with the negative correlation between clinopyroxene
and olivine abundance with amphibole abundance noted by Helz
(1973), Grove et al. (1997) and Barclay and Carmichael (2004) in ba-
saltic, rhyolitic and trachybasaltic phase equilibrium experiments
respectively.

Does the presence of amphibole have a corresponding effect on
feldspar? The tendency for feldspar to crystallize in similar abundances
and numbers (or nucleation rates) at low-to-moderate undercoolings
regardless of undercooling mechanism, and presence of amphibole, is
striking (Figs. 5 and 6). This mechanism-independence implies that
the parameters controlling nucleation at a given AT, including the diffu-
sivity of crystal-forming components, the enthalpy of crystallization,
and the surface free energy (Kirkpatrick, 1981; James, 1985; Hammer,
2008) are either similar or in perfect oppositional balance. However,
at higher undercoolings (AT*fSp > 112 °C) this similarity ends. In
amphibole-absent SSD runs, feldspar abundance progressively in-
creases, while in SSC runs in which amphibole reaches nearly 20 vol.%
it plateaus (Figs. 5a and 6). The absence of another Al-rich phase in
the crystallizing assemblage during decompression may increase the
plagioclase activity in the melt, enhancing not only its abundance, but
also the rate of nucleation and growth over cooling-only crystallization.

Clearly, mineralogy preserves key information regarding P-T mag-
matic history; at temperature and pressure conditions relevant to
basaltic-andesites or andesites, the presence or absence of amphibole
phenocrysts (i.e. that crystallized at depth) is used to infer storage
conditions because of the strong temperature- and Py,o-dependence
of its stability (Moore and Carmichael, 1998; Blatter and Carmichael,
2001; Browne and Gardner, 2006; Simakin et al., 2009). Similarly,
according to our experiments, the presence of amphibole as a ground-
mass phase in a natural pyroclast supports interpreting cooling during
slow initial ascent, prior to fast ascent and decompression. Note that
such an interpretation would be contingent on the initial magma condi-
tions being outside of the amphibole stability field (T > 980 °C). The
most robust indicator of whether a basaltic-andesitic magma underwent
cooling prior to or during ascent will still be the presence/absence
of amphibole as a phenocryst and/or groundmass microlite phase
(e.g. Carmichael et al., 1996; Moore and Carmichael, 1998).

Crystal textures and compositions provide constraints on the mech-
anism of undercooling, but correct interpretation requires consider-
ation of all of the phases and many of the differences are subtle. The
morphology, abundance, number density, size and composition of feld-
spar crystals are, by themselves, too similar in cooling vs. decompres-
sion runs to decipher the undercooling mechanism (Figs. 5a, 6 and
A.3). In a P-T diagram, isopleths of An content are remarkably parallel
to the phase-in curve (Fig. 10a) making it difficult to infer the crystalli-
zation path (i.e. cooling vs. decompression) from feldspar composition
alone. Instead, experiments reveal that clinopyroxene abundance and
number density are much higher in decompressed samples than in
cooled runs (Figs. 5b and 6), and that their compositional paths should
display contrasting evolutions (Fig. A.4). Olivine crystals also crystallize
in higher numbers (Fig. 5¢), but their abundance is fairly similar in both
types of experiments (Fig. 5¢). Isopleths of Fo content on a P-T diagram
are subparallel to An isopleths for feldspar (Fig. 10b), which obviates
unequivocally resolving cooling from decompression using olivine
compositions. Overall, retrieving the crystallization mechanism from
mineral compositions is surprisingly difficult.

The effective undercooling concept, which equates the thermody-
namic driving force regardless of undercooling mechanism (Hammer
and Rutherford, 2002) is apparently robust insofar as phase composi-
tion and feldspar texture are concerned. Up to very high degrees of
undercooling (AT*fSp ~137 °C), plagioclase abundances, nucleation
and growth rates are barely distinguishable and result in comparable
textures and mineral chemistries. Perhaps this similarity is a conse-
quence of the relative lack of competition between feldspar and the

other phases for chemical components. In other words, had we cho-
sen experimental conditions to match AT*minem for clinopyroxene,
olivine, or amphibole instead of feldspar, we would not have observed
mechanism-invariance of crystal abundance or texture. The finding
that AT* = AT = ATy, at least for feldspar, has considerable conse-
quences for numerical or thermodynamical models of crystallization
in magmas. It implies that the crystallization path need no longer be
specified along a single cooling or a decompression trajectory, but
could be computed anywhere within the pressure-temperature space.

6.2. Crystal nucleation mechanism(s) and kinetics

Crystal growth occurred both on pre-existing crystals as well as on
nuclei formed during the experiments, with the former mechanism
dominating at low undercoolings and the latter at high undercoolings.
In fact, most phases fail to nucleate in significant numbers at effective de-
grees of undercooling <50 °C (Fig. 5). This is interpreted to result from
the dominance of crystal growth, rather than a nucleation lag or incuba-
tion period as classically defined (e.g. Gibb, 1974; Sato et al., 1981; Fokin
et al., 2006). Because crystal growth is rapid at low undercoolings, pro-
gressive solidification reduces the driving force that would otherwise
stimulate crystal nucleation from the melt (Hammer and Rutherford,
2002; Pichavant et al., 2007; Martel, 2012). When new crystals do
form, they nucleate internally within charges, with little evidence for
enhanced (heterogeneous) nucleation at capsule walls or on vesicles.
Although it is not possible to assess the role of cryptic substrates, at
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Fig. 10. Phase diagram illustrations of the similarities between cooling and decompression
induced crystallization for the investigated basaltic-andesite. (a) Anorthite content isopleths
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relatively low to intermediate undercoolings (AT* tsp < 137 °C) the lack
of clustering or preferential distribution evident in BSE images suggests
that nucleation of all phases occurred homogeneously throughout the
melt. At higher undercoolings, the high incidence of feldspar crystals
clustered radially around clinopyroxene crystals suggests the ascenden-
cy of cpx-mediated (heterogeneous, but not epitaxial) nucleation.

We suggest two nucleation mechanisms are potentially operating
during cooling or decompression, and likely dominate at different
ranges of undercooling. At relatively low to intermediate undercoolings,
nucleation appears to be dominantly homogeneous, whereas at higher
degrees of undercooling, clustered plagioclase radiating from cpx
marks the transition into cpx-mediated nucleation (Fig. 11a). The ener-
getic benefit of cpx-mediated plagioclase nucleation is supported by
two lines of evidence. First, plagioclase and clinopyroxene are the only
two phases showing intrafasciculate textures, suggesting that their con-
tiguity is energetically favorable at these conditions (e.g. Walker et al.,
1978). Second, there is a positive correlation between the number of
clinopyroxene crystals and the number of plagioclase (Fig. 11c). Thus,
the dominance of radially distributed plagioclase and of heterogeneous
nucleation in SSC runs (where amphibole dominates the mafic
phase assemblage) may stem from the comparative unavailability
of clinopyroxene crystals to provide surface nucleation sites. The
correlative observation that SSD runs are never dominated by spherulit-
ic feldspar textures is similarly explained by the relative abundance of
clinopyroxene crystals, which provide nucleation sites in sufficient
number to obviate the need for a radiating distribution around sparse
substrates.

For the first time, the crystal nucleation and growth rate curves
have been obtained for all major phases forming during decompression
and cooling of a hydrous magma of intermediate composition (Figs. 5
and 6), and these kinetic data are largely consistent with expectation.
In most investigations of decompression-induced crystallization of feld-
spar in rhyolitic to rhyodacitic melts, the positions of the growth curves
are displaced towards lower values of effective undercooling compared
to nucleation rate curves, which peak at high AT,y (Hammer and
Rutherford, 2002; Couch et al, 2003; Martel and Schmidt, 2003;
Brugger and Hammer, 2010: Mollard et al., 2012). Our textural data cor-
roborate the latter studies, with the highest (heterogeneous) nucleation
rates being observed at the lowest final pressures, and thus at the
highest degree of effective undercooling. However, an important caveat
is that our experiments do not show the turnover in nucleation rate is
observed elsewhere at very high undercoolings. It is not known wheth-
er the drop in nucleation rates that has been observed in other studies
(e.g. Hammer and Rutherford, 2002) and predicted by classical theory
(Turnbull and Cohen, 1960) would be produced in andesite magma at
even higher undercoolings than those imposed during our experiments.

6.3. Crystal growth mechanism(s)

Several studies have shown that the mechanisms by which crys-
tals grow is highly dependent on the relationship between the diffu-
sivity of mineral-forming components and the rate at which atoms
attach to the existing crystal structure (e.g. Turnbull and Cohen,
1960; Kirkpatrick, 1975). If the rate at which crystal-forming compo-
nents attach is lower than the diffusion rate of these components,
crystal growth is said to be interface-limited. Crystals that form
under this regime are typically faceted with planar interfaces, and
are either compositionally homogeneous or sector-zoned if incompat-
ible elements are slow to diffuse away from the interface (Watson and
Liang, 1995). Alternatively, if the rate at which component diffusion
occurs is slower than the rate of attachment, growth is said to be
diffusion-limited. Crystals forming under this regime exhibit skeletal
to dendritic morphologies (e.g. Sunagawa, 1981), and striking
chemical heterogeneities within the crystal and at the melt inter-
face (e.g. Watson, 1996). EMPA element maps produced for several
SSC experiments show little evidence for chemical variations in and
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Fig. 11. (a) Nucleation and (b) growth regime diagrams for the crystallization of
basaltic-andesite. The blue and red curves are our interpretation of the kinetic data.
(a) Nucleation is usually predicted to occur heterogeneously at low undercoolings
(gray dashed curve) due to the high energy barrier required by homogeneous nucle-
ation. However, this regime is absent from our experiments due to the presence of
phenocrysts in the starting melt, favoring growth over nucleation. For a wide range
in undercooling, nucleation is homogeneous (bell-shaped curve in center). At higher
undercoolings, nucleation is mediated by cpx and thus heterogeneous. (b) Growth of
plagioclase occurs in an interface-limited regime from low to fairly high undercoolings,
and transitions towards diffusion-limited growth at the highest AT™ (c) Plot of plagio-
clase number density vs. clinopyroxene number density in 48 hour experiments. The
positive correlation between the two phases argues for a clinopyroxene control on
plagioclase nucleation rates, particularly at high undercooling as heterogeneous nucle-
ation becomes dominant. The dotted gray area includes the two cooling experiments
performed at the highest AT that contain few clinopyroxenes, but numerous plagio-
clase crystals radially distributed around each clinopyroxene crystal. For all plots, un-
certainty bars are represented as the difference in calculated values for a 25% error in
measured number densities (a and c), and maximum crystal size (b). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

around feldspars (Fig. A.1). At modest to high degrees of undercooling
in our experiments, most feldspar, clinopyroxene, amphibole, olivine
and Fe-Ti oxide crystals are faceted, indicating the rate-limiting step
in crystal growth was interface reaction (Fig. 11b). At very high
undercoolings, the shift from faceted to swallowtail or skeletal mor-
phologies suggests a transition toward diffusion-controlled growth
(Kirkpatrick, 1975). However, the dearth of truly bifurcating, highly
dendritic crystals and absence of extreme compositional gradients in
matrix glass are consistent with the lack of nucleation rate overturn in
our most-undercooled experiments: the diffusivities of key compo-
nents did not become rate-limiting under the conditions examined.
The dominance of interface-limited growth inferred for the majority
of P-T conditions explored and the absence of dendritic textures raises
an essential question: which circumstances allow for the formation of
plagioclase and clinopyroxene dendrites in mafic-intermediate volcanic
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rocks? Such textures are often observed in rapidly cooled submarine
(e.g. Schiffman and Lofgren, 1982; Ohnenstetter and Brown, 1992) or
subaerial (e.g. Oze and Winter, 2005) lavas, as well as in martian mete-
orites (e.g. Hammer, 2009). They are also easily produced in 1-atm
cooling experiments (Lofgren, 1974; Walker et al., 1976). All those
examples have in common a lack of significant H,0 as a dissolved vola-
tile component. Perhaps the conditions required to form dendrites are
not only related to fast cooling-rates or undercooling, but also to the
lower diffusivities of crystal-forming components in dry melts. Thus,
in mafic-intermediate volcanic rocks erupted from hydrous melts
(tephra), it is possible that the high water concentration prevents den-
dritic growth.

6.4. Comparisons with feldspar crystallization in hydrous silicic magmas

The main textural characteristics of feldspar crystallized within
our hydrous andesitic experiments can be compared with those
produced in experimental investigations employing wet evolved
(rhyodacite-rhyolite) magmas. Although several other studies have
involved mafic-intermediate magma compositions (e.g. Nicholis and
Rutherford, 2004; Szramek et al., 2006), we only consider those that
derived kinetic data (i.e., crystal abundance, nucleation and growth
rates), and, in addition, only those that imposed undercooling in a
near instantaneous fashion (i.e. single-step or very fast decompression).
These comparison criteria eliminate all but the rhyodacite to rhyolite
experiments (Hammer and Rutherford, 2002; Couch et al., 2003; Suzuki
et al,, 2007; Brugger and Hammer, 2010; Mollard et al., 2012, cf. Fig. 1).
From these investigations, we distinguish those that utilized crushed
natural starting materials (Hammer and Rutherford, 2002; Suzuki et al.,
2007; Brugger and Hammer, 2010) from those that employed synthetic
compositions from reagent mixes (Couch et al, 2003; Mollard et al.,
2012). Except for our SSC runs, all other experimental series involved
decompression-induced crystallization. The textural characteristics re-
trieved from all the other studies are thus compared in terms of effective
undercooling with respect to feldspar (Fig. 12).

We detect no obvious differences between the abundance of feld-
spar forming in highly silicic and andesitic magmas (Fig. 12a) for a
given undercooling. A very scattered general trend of increasing
crystallinity with undercooling is observed, and feldspar forming in
andesite is typically more crystal-rich overall for a given degree of
feldspar undercooling.

Notably, feldspar growth rates are two orders of magnitude higher
in andesitic experiments than in most rhyolitic series (Y ~10~° and
10~ mm s~ ! respectively, Fig. 12c). It is important to note that
within any given series, growth rates do not vary by more than ~0.5
orders of magnitude as a function of undercooling.

Among the silicic magmas, no difference is detected in feldspar
crystallinity with respect starting material type (synthetic vs. natural).
However, feldspar nucleation rates in silicic magmas are quite different,
with natural starting materials producing rates typically 1.5-2 orders of
magnitude higher (Hammer and Rutherford, 2002; Suzuki et al., 2007;
Brugger and Hammer, 2010; Fig. 12b) than in experiments utilizing
synthetic starting melts. In fact, the nucleation rate data measured in
the rhyolitic runs of Mollard et al. (2012) are so low as to be indistin-
guishable from those of andesitic melts. As a general rule, experiments
carried out using synthetic starting materials display higher growth
rates than those that employed natural materials. Another important
feature stemming from the kinetic comparison between crystallization
in mafic-intermediate and silicic magmas is that most experiments in-
volving synthetic starting materials show lower nucleation rates and
higher growth rates for an equal amount of crystallization (Fig. 12).
This difference in solidification behavior likely derives from the struc-
tural state of the melt prior to crystallization; several studies have
shown that superliquidus treatments prior to decompression or cooling
have a considerable effect on crystal nucleation, and thereby on growth
(Donaldson, 1976; Walker et al., 1978; Lofgren, 1980; Davis and

Thinger, 2002). The lower nucleation rates measured in experiments
employing synthetic materials may therefore be related to the steps
of superliquidus high-T fusion involved in homogenizing the starting
melt before crystallization.

For similar amounts of crystallization, the propensity of andesitic
melts to produce feldspars in fewer numbers but much larger sizes
is primarily a function of nucleation rate. Essentially, low nucleation
rates promote high growth rates and vice-versa, a trade-off which is
incorporated within the classical Avrami equations used to calculate
the fraction of phase transformed (Kirkpatrick, 1981; Cashman, 1991).
Therefore, to keep up with the fraction of feldspar that has to be crystal-
lized for a given amount of undercooling, growth rates are higher in an-
desites to compensate for low initial crystal number densities. The
reasons for the higher nucleation rates observed in silicic magmas are
still unclear. On one hand, according to the classical nucleation theory,
higher melt viscosity suppresses nucleation (cf. Hammer, 2008 and
references therein). On the other hand, the decrease in the phase
liquidus temperature from an andesite to a rhyolite melt is predicted
by nucleation theory to strongly enhance nucleation (Kirkpatrick,
1981). It is also possible that the nucleation barrier (e.g. the surface
free energy) is slightly greater in the more mafic melts because of the
greater compositional dissimilarity between the crystallizing phase
(feldspar) and the melt in the case of andesites. A numerical analysis
of compositional effects on surface free energy is underway to deter-
mine whether this is a viable hypothesis.

7. Conclusions

The investigation of crystallization in a basaltic-andesite subject to
either cooling or decompression via laboratory experiments delivers
several important results. At final P and T conditions yielding equal
values of undercooling, feldspar nucleates and grows in a very similar
fashion up to very high AT*fSp. In contrast, clinopyroxene, amphibole,
and olivine appear to mutually influence their respective nucleation
and growth behavior, because they compete for the same elements
(particularly Fe and Mg). This implies that while the undercooling is
indeed the controlling force behind the types of crystal textures ob-
served in natural and experimental samples, one needs to account
for possible chemical competition between crystallizing phases. In
the case of feldspars, there are few competitors with respect to chem-
ical components, and the striking similarities in terms of textural and
chemical traits independently of solidification mechanism can poten-
tially serve to model a variety of crystallization paths.

On the other hand, the experiments also illustrated a strong relation-
ship between plagioclase and clinopyroxene, and the resulting depen-
dence of nucleation mechanism (homogeneous vs. heterogeneous) on
this association. The canonical bell-shaped nucleation curve inferred for
simpler types of melts may therefore be quite different in natural
magmas where interacting components and phases control the occur-
rence of homogeneous and/or heterogeneous nucleation.

Finally, we have yet to elucidate the exact reasons for differing
nucleation and growth rates between mafic and silicic melts. The dif-
fusivity of melt components may partly explain this observation, but
this question is far from being resolved. An ongoing numerical investi-
gation of nucleation and growth coupled with the existing experimental
datasets will be useful in determining the origins of these differences.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jvolgeores.2013.04.018.
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Fig. 12. Comparison plots of kinetic data for feldspar (phase abundance, nucleation and
growth rates) collected from the available literature as a function of undercooling, melt
composition (andesitic or rhyodacitic-rhyolitic) and starting material type (natural or
synthetic). (a) Phase abundances are scattered but globally increase with increasing
undercooling, and no systematic differences between andesitic and rhyodacitic-rhyolitic
melts are observed, except perhaps that andesites plot on the higher end of the scattered
trend. (b) Nucleation rates are typically lower in the more mafic melt, while (c) growth
rates are much higher. Note that experimental studies performed using synthetic starting
materials typically display lower nucleation rates and higher growth rates than their equiv-
alents using natural starting melts. HR2002: Hammer and Rutherford, 2002; C2003: Couch
et al., 2003; S2007: Suzuki et al, 2007; BH2010: Brugger and Hammer, 2010; M2012:
Mollard et al., 2012.
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