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Abstract
Drilled cores of Macusani green obsidian pebbles from Peru were hydrated and melted above 

their liquidus temperatures at 200 MPa to a single column ~4 cm in length and then undercooled in 
a thermal gradient >150 °C along the length of the cores. Despite thousands of hours at subliquidus 
temperatures, the crystallinity of the products ranged from ~30 to ~5 vol%. Mineral assemblages varied 
along the length of the cores but not in relation to the thermal gradients in all cases. Oscillations in the 
abundances of plagioclase, K-feldspar, and quartz were observed across the crystallization fronts and 
along the lengths of the cores. The originally homogeneous melts became heterogeneous in response 
to crystallization and to thermal gradients. Chemical gradients in the glasses included sharp boundary 
layer pile-up of F and B adjacent to the crystallization fronts, as well as linear gradients among several of 
the elements spanning the entire lengths of the melt columns. Values of molar K/(K+Na) in the glasses, 
plotted as K*, varied positively with Si, inversely with Al and F, and positively with the domains of 
K-feldspar that formed at maximum distance from the plagioclase-rich regions. Overall, the results are 
marked by sharply bounded textural domains, by the spatial segregation of mineral assemblages, by 
oscillations in mineral assemblages at multiple scales, and by monomineralic crystal aggregates that 
are hallmarks of pegmatite bodies. Temperatures recorded by feldspars closely approached the actual 
temperature gradient down to ~500 °C, and the solvus on the alkali feldspar join has been delineated 
for the first time by the simultaneous crystallization of feldspars from an undercooled melt.
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Introduction
Over the history of experimentation in igneous systems, only a 

handful of studies have attempted to document the crystallization 
of melts in response to cooling, despite the fact that cooling is the 
principal driver of crystallization in natural melts. Thermal models 
of thin granitic dikes that form pegmatites predict that they would 
experience sharp thermal gradients from their margin to center. The 
few experimental programs that have been meant to simulate the 
pegmatite-forming environment, however, have been conducted 
at an isothermal state throughout the charges. This study reports 
on the crystallization response of the Macusani obsidian (U.S. 
National Museum specimens cataloged as no. 2143), a close analog 
to the compositions of lithium-rich pegmatites (Table 1), in thermal 
gradients that were meant to mimic those across half of a pegmatite 
dike from margin to center. The principal contributions of these 
experiments include a validation of the feldspar solvus algorithms 
to low, subsolidus temperatures, an experimentally determined 
solvus for the alkali feldspars attained through the crystallization of 
undercooled melt at low temperature, records of chemical gradients 
along and across the melt volumes, and documentation of the spatial 
zonation of crystalline assemblages and their textures.

Geological context
These experiments arise from the following observations, 

which served as the premise for the approach.
(1) Pegmatites solidify by the fractional crystallization of 

granitic melts from the margins of bodies to center (e.g., Cameron 

et al. 1949; Jahns 1953a). Additional components of lithium, 
boron, fluorine, and phosphorus that act as fluxes in the melt 
constitute less than a couple of wt% in total, even in the most 
fractionated of igneous bodies (e.g., Jahns and Ewing 1977; Still-
ing et al. 2006). The rare-element pegmatites comprise far less 
than 1% of all pegmatites of a given pegmatite group or district 
(Norton and Redden 1990; Černý 1991). The vast majority are 
mineralogically ordinary granites close to their thermal minimum 
composition (Norton 1966).

(2) The outer zones of pegmatites possess surface nucleation 
textures including skeletal intergrowths of quartz with tourma-
line, beryl, albite, and K-feldspar (graphic granite), prominently 
oriented unidirectional crystal growth inward, and radial ag-
gregates. These textures are indicative of crystal growth from a 
melt of high viscosity that is highly supersaturated with respect 
to mineral-forming components as a result of a large magnitude 
of liquidus undercooling prior to the onset of crystallization (e.g., 
London 2008, 2009). The immediate contacts of pegmatites, thick 
and thin, are marked by granophyric intergrowths, an igneous 
quench texture, of quartz with plagioclase (London et al. 2020a).

(3) Assemblages that can be reasonably construed as the 
products of hydrothermal recrystallization of earlier-formed 
minerals constitute <5 vol% of pegmatites, even those that are 
rare-element rich (e.g., Heinrich 1953; Jahns 1953b). Miarolitic 
cavities, which represent incontrovertible evidence for the 
evolution of an aqueous solution at the end of consolidation 
of pegmatites, represent only a minute fraction (far <1%) 
of all granitic pegmatites (e.g., Černý 2000). In contrast, 
the crystallization of a haplogranite melt that is saturated in 
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