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abStract

The effects of progressive metamorphism (Grampian orogeny) and later tectonic activity on de-
trital zircon in the Barrovian zones of Scotland were studied using secondary ion mass spectrometry 
(SIMS) and backscattered electron imaging (BSE). Fifteen samples recording progressive metamor-
phism from the chlorite through the sillimanite–K-feldspar zones were investigated by: (1) SIMS 
U-Pb depth profiling into rims of unpolished zircon grains to analyze sub-micrometer-scale features, 
and (2) conventional spot analysis on sectioned and polished grains. Spot analyses of zircon interiors 
yield pre-metamorphic detrital ages for all metamorphic grades. Most are in the range ca. 600 to ca. 
2000 Ma, but some stretch back to the Archean. Younger ages are recorded in zircon rims, but zircon 
rim alteration at lower metamorphic grades occurs over much shorter length scales (the outer ∼80 nm 
to ∼1 µm of the grain) than in the upper amphibolite to granulite facies (rims of 10 to 30 µm). For 
example, Grampian (∼470 Ma) metamorphism from the garnet and kyanite zones affected only the 
outermost rims (<1 µm) of detrital zircon grains. Thicker, 10 to 30 µm rims that could be dated by 
conventional spot analysis developed only at high grades in the sillimanite and sillimanite–K-feldspar 
zones, probably in the presence of partial melt. The mean Grampian zircon age from spot and depth 
profile analyses is 472 ± 4 Ma (n = 19). In addition to Grampian ages, the zircon depth profiles reveal 
ages related to five main events that postdate the Grampian Orogeny: decompression melting at ca. 450 
Ma; subduction and I-type granite intrusion at ca. 420 Ma; granite intrusion at ca. 384 Ma; extension-
related volcanism and vein mineralization at ca. 335 Ma, and further rifting and basaltic magmatism 
at ca. 250 Ma. These events are recorded only in the very narrow rims (<1 µm) of zircons, and are 
thus undetectable with conventional spot analysis. We conclude that: (1) zircon interiors were able to 
retain detrital ages up to and including the highest grade of Barrovian metamorphism (sillimanite–K-
feldspar zone), and (2) the <1 µm thick zircon rims may preserve a rich history of metamorphic and 
post-metamorphic events that can be dated using SIMS U-Pb depth profiling techniques.
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introduction

The ability to accurately date both peak and post-peak 
metamorphic and fluid infiltration events is critical to under-
standing the geologic history of a metamorphic region. Zircon 
is an excellent U-Pb geochronometer due to its ability to sub-
stitute U and Th, but generally not Pb, into its structure when 
it crystallizes (e.g., Watson et al. 1997). Zircons are ubiquitous 
and extremely durable, allowing for their use in dating very old 
geologic material (e.g., Nemchin et al. 2006; Trail et al. 2007) 
and in studying the provenance of zircon-containing sediments 
(e.g., Cawood et al. 2003; Fedo et al. 2003; Rahl et al. 2003; 
Nelson and Gehrels 2007; Gehrels 2012). Zircons have been 
used to date metamorphism in myriad ways. Discordant ages 
from detrital zircons can be used to date Pb-loss events (e.g., 
Gastil et al. 1967; Gebauer and Grünenfelder 1976), which was 
especially useful before the advent of techniques that allow for 
focused analysis of single domains within a zircon (Davis et 
al. 2003). Recently, much work has been done to understand 

the effect of metamorphism on zircons and to use zircons to 
better understand the evolution of mountain belts (e.g., Vavra 
et al. 1999; Rubatto et al. 2001; Breeding et al. 2004; Hay and 
Dempster 2009). Age determination and geochemical analysis 
of detrital zircons found in metamorphic rocks have been used 
to constrain the timing and extent of peak metamorphism and 
fluid infiltration even when preserved as small-scale features at 
the rim or in zircon interiors (Carson et al. 2002; Mojzsis and 
Harrison 2002; Breeding et al. 2004).

Despite these advances, much remains to be learned regarding 
which metamorphic grades and conditions will result in recrys-
tallized or newly grown zircon, particularly during progressive, 
Barrovian-style metamorphism. Our focus is on the classic Gram-
pian metamorphic rocks in the Scottish Highlands, including the 
Barrovian type locality of Glen Clova. These rocks underwent 
peak metamorphism at 470–465 Ma (Oliver et al. 2000; Baxter 
et al. 2002). Tectonic activity in the region, including extensive 
volcanism and hydrothermal vein formation, continued for ap-
proximately another 150 m.y. Due to the continued elevated heat 
flow in the region (Oliver et al. 2008) and the close proximity * E-mail: sarah.vorhies@yale.edu


