Assembling a pluton…one increment at a time
Jonathan S. Miller
Department of Geology, San Jose State University, San Jose, California 95192-0102, USA
How long does it take to form a large granitic pluton, and how are
plutons related in time and space to magma chambers and their erupted
products? These questions are at the heart of a spirited and ongoing debate
in the crustal igneous petrology community over how to reconcile field
observations of plutons with increasingly precise geochronology coming
out of felsic plutonic and volcanic rocks. An excellent example that will
help inform this debate is provided by the Miocene Torres del Paine pluton
(Patagonia), examined and dated with the U-Pb zircon method (isotope
dilution–thermal ionization mass spectrometry [ID-TIMS]) in the study
by Michel et al. (2008) on p. 459 of this issue of Geology.
Michel and others’ data show that the Torres del Paine pluton comprises several granitic sills that were injected sequentially into the shallow
crust to form a laccolith intrusion over a time period of 90 ± 40 ka, and
that the oldest sill was at or below the solidus when the youngest sill was
intruded. The age resolution achieved by the authors is in the range of
20 k.y., which fills an important gap between the ca. 100 ka time scales
thus far resolved in plutons (Coleman et al., 2004; Matzel et al., 2006) and
volcanic time scales that extend down to the 1000–100 yr time frame (e.g.,
Reid, 2003; Bacon et al., 2007; Morgan et al., 2006)
Continual improvements in analytical techniques, and especially
the development of chemical abrasion and thermal annealing techniques
(chemical abrasion TIMS [CA-TIMS]; Mattinson, 2005) for mitigating
lead loss in zircon (long the scourge of U-Pb geochronology), have
resulted in clear improvements in U-Pb concordancy, and dramatically
decreased the uncertainties associated with radiometric zircon dates.
Achieving 2σ uncertainties of ~0.1% or less on error-weighted means
of a set of single zircon analyses is now routine in laboratories doing
high-precision ID-TIMS, meaning that age differences between adjacent
sills in a shallow and rapidly cooled intrusion, like the Torres del Paine
laccolith, can now be resolved. The largest remaining sources of uncertainty in U-Pb geochronology are tracer calibration uncertainties, decayconstant uncertainties (e.g., Mattinson, 2005; Schoene et al., 2006), and
the inability to assess the accuracy of the disequilibrium correction,
which must be applied to young zircon dates1.
These dramatic improvements in concordancy and reduced uncertainties in U-Pb dates have also called into question the extent to which a
pluton may have existed as a magma chamber at any one instant in time,
and have led to a reassessment of where and how compositional and isotopic variation in plutons arises. The times scales of pluton growth and
solidification also have implications for magma transport and emplacement mechanisms.
Two notable high-precision U-Pb zircon studies that preceded
Michel et al.’s work on Torres del Paine are those of Coleman et al. (2004)
on the Cretaceous Tuolumne batholith (Sierra Nevada, California),
1
Application of the U-Pb method assumes that the activities of short-lived
intermediate daughters in the 238U-206Pb decay series are equal (the condition
of secular equilibrium). However, the preferential incorporation of U relative
to Th in zircon results in a 206Pb deficit (owing to an initial 230Th deficit) that
must be accounted for to obtain an accurate age. The deficit can be corrected
for by comparing the fractionation of Th and U between zircon and the magma
(f = Th/Uzircon / Th/Umagma; Schärer, 1984). For plutonic rocks, the Th/U of the
magma is usually estimated from the bulk rock Th/U. At the levels of uncertainty
now achievable by ID-TIMS, for young rocks, the disequilibrium correction potentially becomes the dominant source of uncertainty (e.g., Crowley
et al., 2007).

and Matzel et al. (2006) on the Cretaceous Mount Stuart batholith (North
Cascades, Washington), both in the U.S. Cordillera. These authors
dated the intrusions at a spatial resolution that had not been attempted
previously, and showed that the individual mapped units of these large
intrusions (as defined by mapped internal contacts) contain zircons that
give concordant crystallization ages spanning several million years—
time frames that are considerably longer than solidification times predicted by single-pulse, conductive cooling models for the depths of
emplacement typical of Tuolumne and Mount Stuart (Glazner et al.,
2004; Matzel et al., 2006). They concluded that the plutons must have
grown by emplacement of distinct pulses or increments of magma over a
period of time that exceeded the solidification times of magma chambers
with the same dimensions as the plutons. Neither of the intrusions could
have been one large, internally differentiating magma chamber (e.g.,
Bateman and Chappell, 1979), although in the case of the Mount Stuart
batholith, flux estimates based on conservative volume assumptions and
the U-Pb dates allow for a contiguous magma reservoir on the order of
several hundred cubic kilometers in volume during emplacement of the
largest mapped unit (Maztel et al., 2006).
Complicating the Mount Stuart and Tuolumne studies is the observation that several samples from both intrusions yielded concordant
zircon dates that failed to give statistically meaningful weighted-mean
U-Pb ages because the individual ages obtained on the zircons were statistically different, as measured by the standard MSWD metric. Miller
et al. (2007) attributed this dispersion primarily to recycling of zircon
‘antecrysts,’ but neither study utilized the CA-TIMS method; hence,
some of the dispersion of zircon dates could be caused by minor lead
loss, which, because of the relatively young ages, would move zircons
essentially parallel to or along Concordia.
Michel et al. used the CA-TIMS method on the Torres del Paine
pluton; thus lead loss is not a factor in their age interpretations. The dates
reported by the Michel et al. are very “clean,” in that individual single
zircon analyses from each sample yield statistically indistinguishable
ages, but the weighted means of zircon analyses from two samples from
the structurally highest sill and two samples from the structurally lowest
sill are separated by 90 ± 40 ka. Zircons from the sills show no evidence
of source inheritance, and thus the magmas were likely undersaturated
in zircon during anatexis. The zircon dates obtained by Michel et al.
also appear to reflect ‘autocrystic’ zircon growth (Miller et al., 2007) in
that they clearly grew only within the discreet magmatic increments that
gave rise to each sill, and incorporation of zircon antecrysts from earlier
magmatic inputs at the intrusion level did not occur. This is probably
because, as the authors point out, zircon did not saturate in the magma
until near-solidus temperatures, and the sills had very short solidification
times at their shallow emplacement depths. The ages reported by Michel
et al. also allow them to infer construction from the top down because
the structurally highest sill is demonstrably older than the structurally
lowest sill. The rapid cooling times of the sills also means that the intrusion was never one large magma chamber that underwent internal differentiation, as had been previously thought (Michael, 1984; 1991).
Ultimately, incremental growth of plutons must also accommodate occasional outpourings of large volumes of silica-rich magma in
caldera-forming eruptions. Such eruptions provide unequivocal evidence for the existence of very large magma chambers (many hundreds

© 2008 The Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.
GEOLOGY,
Month
Geology,
June
2008;2007
v. 36; no. 6; p. 511–512; doi: 10.1130/focus062008.1.
Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/36/6/511/3535570/i0091-7613-36-6-511.pdf
by guest

511

to thousands of cubic kilometers), even if their chemical and physical
links to large plutons are not always straightforward (e.g., Lipman, 2007;
Glazner et al., 2008). Supersized eruptions of silica-rich magma require
minimally 1 m.y. of preconditioning of the crust via input of heat and
mass from magmatic intrusion (de Silva and Gosnold, 2007; Lipman,
2007; Reid, 2008). Such long volcanic precursor time scales are entirely
compatible with the long intrusion times measured for large plutons like
Tuolumne and Mount Stuart, and suggest that large volcanic eruptions
have even larger complementary plutonic underpinnings. Large volumes
of silica-rich magma are more easily stored in high-crystallinity mushes
(Bachmann and Bergantz, 2004), which can be maintained at temperatures above their solidii for long times given measured magmatic heat
fluxes (e.g., Jellinek and DePaolo, 2003). Rejuvenation of the mush by
sufficient input of heat and volatiles (from magma injection) and/or
melt extraction via a variety of processes (e.g., Sisson and Bacon, 1999;
Bachmann and Bergantz, 2004, 2006) may then lead to large, eruptible
volumes of magma relatively quickly.
The work by Michel et al. will no doubt further stoke the debate
over how to interpret magmatic processes inferred from field relationships and geochemical and isotopic data in plutons and their host rocks.
Incremental growth of plutons is becoming more widely recognized
across a range of scales and in different tectonic environments. If there
is to be a ‘paradigm shift’ in our understanding of how plutons grow
and how they relate physically, chemically, and temporally to magma
chambers, it will depend on continuing to decipher the age systematics
of zircon in plutons at small spatial scales, and on finding more convincing examples like the Torres del Paine laccolith (e.g., Walker et al.,
2007). Michel et al.’s work will be cited frequently in the coming years
as an excellent and very clear-cut case of incremental, top-down growth
of a pluton—perhaps the best example yet documented.
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