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aBstract

We carried out three series of amphibole crystallization experiments from hydrous basaltic melt 
to calibrate the dependence of crystal growth rate on temperature and pressure in amphibole-bearing 
igneous rocks. One series of 100 h duration multi-anvil experiments were carried out at a constant 
pressure of 0.6 GPa and variable temperatures from 860 to 970 °C. The second series was conducted 
at a constant temperature of 970 °C and variable pressures from 0.6 to 2.6 GPa. The third series 
examined the time dependence at 970 °C and 0.6 GPa, with durations from 1 to 100 h. A verification 
experiment showing both reproducibility and the ability of these three series to predict behavior at 
novel conditions was performed in a piston cylinder at 1.0 GPa and 900 °C for 63 h. All experiments 
yielded mostly amphibole in a quenched glass of granitic to granodioritic composition. We used the 
two-dimensional thin section method to measure the crystal size distribution (CSD) of amphibole in 
the experimental products. Concave-down CSD curves at small sizes indicate a textural coarsening 
process during the crystallization. The CSD data were inverted using canonical CSD theory for CSD 
growth rate; maximum and average growth rates of amphibole were also inferred directly from the 
maximum and average grain size and crystallization time. The maximum growth rate is, of course, 
always larger than the average growth rate, which is in turn slightly larger than the CSD growth rate, 
suggesting that CSD growth rate is an adequate measure of the average growth rate of a mineral in 
magmatic rocks. The CSD growth rate increases with increasing temperature in the isobaric series and 
with increasing pressure at constant temperature. However, the growth rate is negatively correlated 
with crystallization time at constant temperature and pressure. Based on the experimental results, a 
functional form for evaluating growth rate at known pressure and temperature from an observed am-
phibole CSD was developed and applied to a diorite collected from the eastern Tianshan Mountains, 
Xinjiang Uygur autonomous region, NW China. The estimated growth rate of amphibole is between 
1.6 × 10–9 mm/s and 5.6 × 10–7 mm/s, and combined with petrological constraints on pressure and 
temperature, the corresponding crystallization time was between 0.1 and 4.3 yr in the natural diorite.
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introDuction

The habits, textures, and sizes of crystalline phases in mag-
matic rocks preserve essential information about the conditions 
and processes accompanying their crystallization. In particular, 
the statistical distribution of grain sizes, the crystal size distribu-
tion (CSD), can provide insight into magma crystallization kinet-
ics and may give information on the growth rates of minerals and 
on magma residence times. Numerous studies have pursued this 
idea and its applications in igneous and metamorphic petrology 
since its initial development by Marsh (1988) (e.g., Cashman 
and Marsh 1988; Cashman and Ferry 1988; Zieg and Marsh 
2002; Azpiroz and Ferández 2003; Higgins 2006a; Mujin et al. 
2017; Silva et al. 2017). These studies generally use one of two 

approaches, whereby crystal growth rate is either directly derived 
from measured 2D grain intersection size and an estimate of 
crystallization time (the so-called 2D measurement approach) 
or estimated from CSD theory (e.g., Marsh 1988; Hammer and 
Rutherford 2002; Cabane et al. 2005; Brugger and Hammer 2010; 
Arzilli et al. 2015; Zellmer et al. 2016).

Past CSD studies have focused on the minerals plagioclase 
(e.g., Kirkpatrick 1977; Cashman and Marsh 1988; Cashman 
1993; Pupier et al. 2008; Vona and Romano 2013; Fornaciai et 
al. 2015), olivine (e.g., Mangan 1990; Armienti et al. 1991; Ni 
et al. 2014), and pyroxene (e.g., O’Driscoll et al. 2008; Ni et al. 
2014). The most common application of CSD investigations of 
these minerals in magmatic rocks has been to estimate crystal 
nucleation and growth mechanisms and hence to constrain 
magma residence time or solidification and cooling rate in 
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