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INTRODUCTION

Three decades have passed since Holdaway’s (1971) refine-
ment of the aluminum-silicate phase diagram. Petrologists still
rely routinely on thin-section observations to estimate thermal
and baric conditions based on co-existing aluminum-silicate
polymorphs (andalusite, kyanite, sillimanite) for applications
of phase equilibria, construction of P-T-t paths, and interpreta-
tion of the metamorphic history of a region (e.g., Grambling
1981; Hodges and Spear 1982; Grambling and Williams 1985).
To date, however, no method has been proposed to determine
equilibrium (or disequilibrium) conditions quantitatively for
co-existing aluminum-silicate polymorphs using geochemical
methods. This study presents a new approach for determining
equilibrium between co-existing aluminum-silicate polymor-
phs using oxygen-isotope geochemistry.

We present the oxygen-isotope compositions of co-existing
andalusite and sillimanite pairs from quartz veins where the
two polymorphs are in apparent textural equilibrium, and from
veins where textural disequilibrium is evident. In this study,
textural equilibrium is defined by sharp, clean grain bound-
aries and the absence of any reaction textures between the alumi-
num-silicate polymorphs. These samples, some with intergrown
crystals of sillimanite and andalusite greater than 20 cm long,
were used to evaluate whether there is measurable oxygen-iso-
tope fractionation associated with aluminum-silicate polymor-
phism, and to determine the temperatures of vein formation.

The veins are essentially trimineralic (quartz–andalusite-

sillimanite) and contain coarse andalusite and sillimanite crys-
tals that are particularly well suited for determining tempera-
tures of vein formation using isotope thermometry. Several of
the veins used in this study also contain the assemblage an-
dalusite + sillimanite + quartz + muscovite + K-feldspar. The
aluminum-silicate polymorphs are refractory minerals that have
a high oxygen-isotope closure temperature (Sharp 1995), so
that quartz should preserve peak d18O values due to an absence
of minerals with which quartz can exchange during cooling
(Ghent and Valley 1998). As such, we have an ideal situation
for the utilization of a stable-isotope thermometer.

GEOLOGIC SETTING

The veins sampled in this study are located in the Pingree
Park and Crystal Mountain districts of the northern Colorado
Front Range, and are hosted in ca. 1.75 Ga supracrustal rocks
of the Paleoproterozoic Colorado province (Fig. 1). Two epi-
sodes of pervasive plutonism have been documented in the study
area: emplacement of the calc-alkaline Boulder Creek batholith
at 1714 ± 5 Ma (Premo and Fanning 2000), and emplacement
of the granitic Silver Plume batholith at ca. 1.4 Ga (Tweto 1987).
Reports exist on abundant pegmatites in the Crystal Mountain
area (Thurston 1955; Norton 1966), but aluminum-silicate-bear-
ing veins have not been described previously. The vein host
rocks are dominantly andalusite-bearing metapelites that grade
into migmatitic rocks within <1 km of the study area (Braddock
and LaFountain 1988; Nesse and Braddock 1989).

The metamorphic history of the study area is complicated,
as evidenced by the closely spaced, complex isograd pattern in
Figure 1. The earliest isograds developed during regional meta-
morphism (M2) at ca. 1.7 Ga, and were subsequently modified
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ABSTRACT

Massive quartz veins with large andalusite and sillimanite crystals in textural equilibrium were
found in a Proterozoic province in the northern Colorado Front Range. The d18O values of the an-
dalusite and sillimanite are identical, supporting the idea that these aluminum-silicate (AS) polymor-
phs crystallized at the same time. These data are consistent with the findings of Sharp (1995), who
reported no fractionation associated with polymorphism of the aluminum silicates. Quartz–alumi-
num-silicate fractionations from veins in textural equilibrium and disequilibrium are 2.63–2.93 and
2.20–2.25‰, respectively. Temperature estimates from quartz–aluminum-silicate oxygen isotope frac-
tionations range from 603–652 ∞C for equilibrium veins, and geologically unreasonable tempera-
tures of 728–788 ∞C from veins in textural disequilibrium. Formation temperatures determined from
isotope thermometry constrain the location of the veins on the andalusite = sillimanite univariant
curve, thus defining a pressure range of 1.2–2.6 kbar for vein formation. The vein P-T estimates from
this study agree well with previous host rock P-T estimates from nearby localities and, in conjunc-
tion with available Ar thermochronology, indicate that the veins likely formed during a
Mesoproterozoic magmatic event in the Colorado Front Range.


