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Abstract

Complex and protracted crystallization histories over geologic timescales are
recorded in accessory minerals (e.g., zircon, allanite). Although magmatic
crystallization was traditionally assumed to occur essentially instantaneously
for the purposes of interpreting mineral geochronometers with low absolute
time resolution for ancient samples, it emerged relatively recently that mag-
matic crystallization can occur over extended durations. This discovery arose
from applying high-spatial-resolution accessory mineral dating techniques
for uranium series isotopes to young volcanic and cognate plutonic rocks.
The emerging pattern from these studies is that individual crystals and crys-
tal populations record crystallization episodes lasting from <1,000 to many
hundreds of thousands of years. Accessory mineral dating of volcanic rocks
and cognate plutonic xenoliths opens new research avenues for crystal age
fingerprinting that correlates pyroclastic deposits, lavas, and plutonic rocks
by using characteristic age distributions. It also provides direct observations
on magmatic accumulation and residence times, and the preeruptive config-
uration of subterraneous magma bodies and intrusive complexes with im-
plications for the forecasting of volcanic eruptions. Awareness of potentially
protracted crystallization in igneous rocks should guide the interpretation
of accessory mineral ages.
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Accessory mineral: a
mineral, present in
minor amounts, that is
nonessential for rock
classification

TIMS: thermal
ionization mass
spectrometry

SIMS: secondary
ionization mass
spectrometry

LA ICPMS: laser
ablation inductively
coupled plasma mass
spectrometry

INTRODUCTION

Magma accumulation, storage, and cooling within the subterranean staging grounds for volcanic
eruptions occur over timescales that are commensurate with eruptive recurrence (typically <100

to ∼105 years; White et al. 2006) and the overall longevity of many volcanic complexes (∼106 to
107 years; Grunder et al. 2006). Only the lower ranges of these timescales are accessible through
observation within a human life span or through historical records. Beyond this, geochronologic
tools are required to reconstruct the timing of past eruptive events and to constrain rates at which
magma reservoirs evolve prior to eruption. Among such tools, Uranium decay series (U-series)
chronometry stands out because of its intrinsic high temporal resolution over most of the relevant
timescales.

Establishing absolute geologic time of crustal rocks depends on accessory mineral dating (e.g.,
Davis et al. 2003). Datable accessory minerals include silicates (e.g., zircon, titanite, allanite,
chevkinite), phosphates (e.g., monazite, apatite, xenotime), and oxides (e.g., baddeleyite, rutile,
perovskite). These minerals can incorporate significant amounts of radioactive U and Th isotopes
(typically tens of parts per million to several weight percent; Hoskin & Schaltegger 2003). Over
time, radioactive decay leads to measurable quantities of stable Pb isotopes that make these min-
erals ideal for dating ancient samples. By the same token, these minerals are also well suited for
U-series disequilibrium dating (see Table 1). For example, even at magmatic temperatures, the
diffusive length scales for U, Th, and Pb transport are extremely short (∼10 nm at 900◦C for
1 Ma; Cherniak & Watson 2001, 2003). Moreover, the low solubility of zircon in crustal magmas
(Watson & Harrison 1983, Watson 1996) leads preexisting crystals to act as nucleation sites for
renewed crystal growth. This permits individual accessory minerals to preserve a high-resolution
chronochemical record of their magmatic environment at nanometer to micrometer spatial scales.

U-Pb and U-series analytical methods have traditionally included bulk dissolution techniques
[e.g., thermal ionization mass spectrometry (TIMS)], but the complexity of age zonation de-
mands spatially selective analysis [e.g., secondary ionization mass spectrometry (SIMS) (Ireland
& Williams 2003) and laser ablation inductively coupled plasma mass spectrometry (LA ICPMS)
(Košler & Sylvester 2003)]. By 1970, absolute age precision of TIMS U-Pb ages for young zircon

Table 1 Overview of accessory minerals dated by high-spatial-resolution U-series analysis

Accessory
mineral

Major component
oxidesa

U-series
elemental

fractionation Occurrence Saturation model Reference(s)
Zircon Zr, Hf, Si DPa ∼ 3.8 × DU

DTh ∼ 0.16 × DU

Igneous: intermediate
to silicic, interstitial in
gabbros, carbonatites,
and kimberlites

Watson & Harrison
(1983)

U-Th: Reid et al.
(1997); U-Pa:
Schmitt (2007)

Allanite Ca, Fe, REE, Al, Si DTh > DU Igneous: silicic;
Metamorphic: pelitic
rocks

Klimm et al. (2008) Vazquez & Reid
(2004)

Chevkinite Ca, Fe, REE, Ti, Si DTh > DU Igneous: metaluminous
to peralkaline granites
and rhyolites

– Velasco (2010)

Pyrochlore Ca, Na, REE, Nb,
Ti, Ta, Zr

DU > DTh Igneous: peralkaline
granites and rhyolites,
carbonatites

– Wetzel et al. (2010)

aAbbreviations: D, zircon-melt partition coefficient; REE, rare earth elements.

322 Schmitt

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
11

.3
9:

32
1-

34
9.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

L
os

 A
ng

el
es

 (
Y

ou
ng

 R
es

ea
rc

h 
L

ib
ra

ry
) 

on
 0

1/
05

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EA39CH12-Schmitt ARI 23 March 2011 23:19

(in bulk) approached ∼1,000 years (Davis et al. 2003), and by the same time the potential of inter-
mediate daughter isotopes in the U-series for dating Quaternary zircon was discovered (Fukuoka
1974, Fukuoka & Kigoshi 1974). Zircon in Quaternary volcanic rocks was the first accessory min-
eral in which protracted crystallization and preeruptive storage could be resolved by bulk analysis
U-series methods (Fukuoka 1974, Fukuoka & Kigoshi 1974). Starting in the late 1990s with the
publication of Reid et al. (1997), accessory mineral dating by high-spatial-resolution methods was
soon widely applied (e.g., Bacon et al. 2000, Brown & Fletcher 1999, Lowenstern et al. 2000). The
implications of U-series accessory mineral dating for high-precision U-Pb ages and uncertain-
ties from conventional TIMS analyses, however, have only recently become a focus of attention
(Simon et al. 2008) and are discussed in detail below.

In this review, active volcanic systems are loosely defined as those amenable to 238U-230Th
dating, approximately <380 ka (five half-lives of 230Th; Cheng et al. 2000). The emphasis is on
high-spatial-resolution dating, either grain by grain or by subgrain domains, because these studies
have revealed complexities that cannot be resolved by bulk analysis methods. Because the sensitivity
of existing high-spatial-resolution analysis techniques precludes precise measurements of low-
actinide major crystal phases, such studies are necessarily restricted to accessory mineral phases.

Accessory mineral dating can be combined with trace-element or isotopic analysis, and it
shares common goals with studies that analyze crystal domains in major mineral components
such as plagioclase (e.g., Davidson et al. 2007) to track the thermal and compositional evolution
of magmas through processes such as magma mixing, contamination, and recharge. Accessory
mineral chronometry, however, is unique in that it can provide absolute time markers for when
these processes operated. Unlike element zonation in major phases that can be used to study
timescales of young magmatic processes (e.g., Costa & Dungan 2005), the temporal record of
accessory minerals is not easily reset. Bulk-separate U-series analysis of major phases with U-series
isotope abundances below the detection limits of microbeam techniques (e.g., plagioclase) is an
important method that complements accessory mineral dating, but it is not specifically reviewed
here (see Cooper & Reid 2008).

PRINCIPLES OF URANIUM
DECAY SERIES DATING
238U and 235U decay to stable 206Pb and 207Pb, respectively, via a chain of several long-lived
intermediate daughter isotopes that allow accessory mineral dating over timescales equivalent to
several multiples of their half-lives (t1/2) of tens to hundreds of thousands of years (Figure 1). By
contrast, the 232Th decay chain includes only short-lived intermediate daughters (maximum t1/2

of 5.75 years; Holden 1990) and is not further considered here. A decay chain with intermediate
daughters whose half-lives are short relative to the parent over time approaches a steady-state
condition (termed secular equilibrium), whereby the activities (number of decays per unit time
or N × λ, where N is the number of atoms and λ is the decay constant) for daughter and parent
become unity (Bateman 1910). The activity ratio of the short-lived daughter (D) relates to the
activity of the long-lived parent (P) and time as follows (Ivanovich & Harmon 1992):

N DλD = N PλP

(
λD

λD − λP

)
(1 − e−(λD−λP )t) + N 0

DλDe−λDt . (1)

The last term in Equation 1 accounts for the number of daughter atoms initially present (at t = 0).
Equation 1 can be solved for t under the assumption that changes in isotopic abundance result
from radioactive decay and ingrowth only (closed system). If λP � λD, Equation 1 simplifies to

N DλD = N PλP (1 − e−λDt) + N 0
DλDe−λDt . (2)

www.annualreviews.org • Uranium Series Crystal Dating 323

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
11

.3
9:

32
1-

34
9.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

L
os

 A
ng

el
es

 (
Y

ou
ng

 R
es

ea
rc

h 
L

ib
ra

ry
) 

on
 0

1/
05

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EA39CH12-Schmitt ARI 23 March 2011 23:19

238U

234Th

234Pa

234U

230Th

226Ra

206Pb

4,470,000245,000

1,599

75,690

Half-life

<1,000 years

>1,000 years

Stable

αα

α

5 α

P
ro

to
n

s

Neutrons

a

0

1

2

3

4

5

6

7

8

9

10

102 103 104 105 106

Time since fractionation (years)

N
2
λ 2

/N
1
λ 1

(226Ra)/
(230Th)

(231Pa)/
(235U)

(234U)/
(238U)

(230Th)/
(234U)

Secular equilibrium

b

Deficit

Daughter
excess

Figure 1
(a) Abbreviated 238U decay chain showing the long-lived nuclei, their respective half-lives, and the number
of 4He particles (α) produced. (b) Activity ratios (in parentheses) for intermediate daughter and parent pairs
from the 238U (234U, 230Th, 226Ra) and 235U (231Pa) decay chains as a function of time after a fractionation
event (e.g., differential partitioning causing enrichment or depletion of the intermediate daughter at
crystallization of an accessory mineral). Curves are drawn for an initial activity 10 times in excess of the
secular equilibrium value and complete exclusion of the initial intermediate daughter (0 initial activity);
circles represent activities after 1–5 half-lives. After ∼5 half-lives, the activities are typically within analytical
uncertainties of secular equilibrium.

Because some daughter isotopes partition into the accessory mineral at the time of crystallization,
the last term in Equation 2 that represents the initial daughter isotope activity cannot be neglected.
The isochron method (Figure 2) effectively circumvents uncertainties about the initial abundance
of ND, which is constrained by the intercept of the isochron with the equiline (i.e., the rotation
point of all isochrons). For the parent-daughter system 238U and 230Th, Equation 2 is normalized
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Figure 2
(a) Example of (230Th)/(232Th) versus (238U)/(232Th) isochron diagram for zircon and whole rock (Heumann 1999) for China Hat
rhyolite (Blackfoot Volcanic Field, Idaho). Zircon regression overlaps within uncertainty with the whole-rock composition, suggesting
that zircon and melt are cogenetic. The zircon isochron age also is within uncertainty of the 40Ar/39Ar sandine eruption age (Heumann
1999). MSWD, mean square of weighted deviates. (b) Sphenochron for zircon from Belfond Dome (Soufrière Volcanic Complex, Saint
Lucia) and whole rock (Turner et al. 1996). Lower bound corresponds to ∼20 ka, older than the eruption dated by (U-Th)/He to
13.6 ± 0.4 ka, whereas the equiline defines the upper bound (crystallization ages ∼380 ka indicated by U-Pb dating). Zircon interiors
are on average older than rims, but significant overlap exists.

to the activity of long-lived (over the timescales of 230Th disequilibrium) 232Th ( = N232 × λ232):

N 230λ230

N 232λ232
= N 238λ238

N 232λ232
(1 − e−λ230t) + N 0

230λ230

N 232λ232
e−λ230t . (3)

Conventionally, the activities (all Nxλx terms in Equation 3) are denoted in parentheses. In plots
of (230Th)/(232Th) versus (238U)/(232Th), coeval samples fall on a straight line whose slope m is a
function of time (Figure 2), whereby the age t is obtained as

t = − ln(1 − m)
λ230

. (4)

Isochron diagrams have been used for other intermediate parent-daughter decay systems (e.g.,
226Ra/230Th), but these are complicated by the need to substitute a nonexistent “stable” Ra iso-
tope with a proxy that shows similar partitioning behavior for normalization (e.g., Ba; Blundy &
Wood 2003). In this approach, however, constant initial 226Ra/Ba cannot be assumed in all phases
(Condomines et al. 2003, Cooper 2009, Rubin & Zellmer 2009).

Once a parent-daughter system reaches statistical secular equilibrium, no information on the
amount of time passed since then can be obtained. In this case, either U-series pairs with longer
t1/2 or the accumulation of the stable daughter isotopes (206Pb, 207Pb, or 4He) can be used for
dating. In addition, initial disequilibrium in the U-series decay chain either accelerates or delays
the accumulation of stable daughter isotopes relative to equilibrium conditions. These effects are
negligible for short-lived intermediate isotopes, but in the case of 230Th and 231Pa, disequilibrium
can result in significant deviations in U-Pb and (U-Th)/He ages (see below).
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LA MC ICPMS:
laser ablation
multicollector
inductively coupled
plasma mass
spectrometry

Useful yield: figure
of merit for destructive
microanalysis, defined
for an element as the
ratio of the total
number of ions
detected over the total
number of atoms in
the removed sample
volume

METHODS FOR ACCESSORY MINERAL URANIUM DECAY
SERIES DATING

U-series dating is frequently performed close to analytical detection limits owing to the low
abundances of short-lived U-series intermediate daughter atoms in sample or standard materials.
Aside from Stirling et al. (2000), who explored laser ablation multicollector inductively cou-
pled plasma mass spectrometry (LA MC ICPMS) analysis of 238U-230Th dating of zircon, routine
high-spatial-resolution U-series analysis of accessory crystals is the domain of large-magnet-radius
SIMS instrumentation (ion microprobe; e.g., Figure 3). This is because SIMS has higher use-
ful yields (number of atoms detected/number of atoms removed) for U-series species (∼1%)
by approximately one order of magnitude (Goldstein & Stirling 2003). Thus, analyses can be
preformed at higher spatial resolution using ∼10 times less material (Bernal et al. 2005). More-
over, SIMS has abundance sensitivities that are ∼3 times lower than those of LA MC ICPMS

Ga-ion
source

Airlock

O-ion source

Cs-ion source Electrostatic
analyzer

Magnet

Secondary
ion detection

~1 m

0

+

++

+

–

–

–

e–e– e–

+

Sample
matrix

Surface
(with contaminants)

Molecular

Atomic (singly/multiply charged)

Implantation
depth (~5 nm)

Escape depth
~1 nm

Primary ion beam (16O–)

Secondary species

Vacuum

Sample
Secondary 
ion path

Primary 
ion paths

Neutral

a

b

Figure 3
(a) Schematic of the CAMECA ims 1270 ion microprobe at the University of California, Los Angeles.
(b) Sketch of the collision cascade generated by energetic ion impact (e.g., 16O−) onto a solid target (e.g.,
zircon) in secondary ionization mass spectrometry (SIMS) analysis. Relative abundances of secondary ion
species and neutrals are drawn arbitrarily, whereas in reality neutrals dominate (after Stern 2009).
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Relative sensitivity
factor (RSF): the
measured ratio of ion
species of two
elements divided by
the true ratio in the
sample

Mass resolving
power (MRP):
atomic mass M divided
by mass difference
�M; i.e., the width of
a peak in the mass
spectrum at 10% of
the peak maximum
intensity

REE: rare earth
elements

Abundance
sensitivity: the ratio
of the ion current at
mass M over the ion
current related to that
peak at M ± 1

(Eggins et al. 2005), providing a cleaner mass spectrum for the minor 230Th isotope, and charac-
teristically lower backgrounds compared with those of LA MC ICPMS.

Typically, a duoplasmatron primary ion source is used to generate 16O2
− or 16O− ions that are

focused into a ∼20–40-μm diameter spot (Figure 3). For the CAMECA ims 1270 ion microprobe
at the University of California, Los Angeles (UCLA), primary ions are accelerated at a total
impact energy of 22.5 kV, which yields excavation (“sputter”) rates of ∼0.05 μm3 nA−1 s−1 or
0.2 pg nA−1 s−1 for zircon (Schmitt 2007). For a typical U-Th analysis duration of ∼20 min at beam
intensities of 40–60 nA, the depth of the analysis crater is thus a few micrometers, approximately
one order of magnitude smaller than the lateral resolution of the primary beam spot. Under oxygen
bombardment, silicates, phosphates, and oxides yield higher intensities for oxide relative to atomic
ion species (e.g., ThO+, PaO+, and UO+; Reid et al. 1997, Vazquez & Reid 2004, Schmitt 2007).
For the calibration of the U-Th relative sensitivity factor (RSF; see below), a reduced U-Th-Pb
zircon geochronology protocol is used. At UCLA, this protocol contains the following species:
94Zr2O+, 204Pb+, 206Pb+, 208Pb+, 90Zr2O4

+, 232ThO+, and 238UO+. Zirconium oxide ion species
(e.g., 90Zr2O4

+ and/or 90Zr92ZrO4
+) are included as reference peaks to center the magnetic field

for adjacent low-intensity peaks and to normalize sputter yields for estimation of U abundance.
The mass spectrum of other accessory minerals contains molecular ion species that can be used
in a similar manner (Figure 4).

By the same token, these nearby interferences need to be resolved for U-series isotope analysis,
which requires a mass resolving power (MRP) of ∼4,000–5,000, similar to that for U-Pb analysis
(Compston et al. 1984). Most interferences result from molecular ions that are oxides of heavy
rare earth elements (REE) or other heavy elements such as Hf or Ta, depending on the matrix
composition (Figure 4). In addition to matrix elements, molecular ionic isobars can be produced
from components present in the conductive coating applied to insulating minerals or from the
mounting material. A detrimental interference on the 230Th16O+ peak is 232Th2

12C16O2+, which
cannot be resolved at MRP <40,000. For accessory minerals with abundant Th (such as zircon),
avoiding beam overlap with epoxy or carbon coating (e.g., such as that applied for electron-beam
analysis) is therefore critical for 230Th16O+ analysis. A related interference can also be monitored
at a mass-to-charge ratio of 244 (232Th12C+).

Secondary ion intensities need to be corrected for gain (if different detectors are used, for
example in multicollection analysis), electron multiplier dead time, or—in case high-U and/or
high-Th minerals are analyzed—Faraday cup backgrounds. To correct for backgrounds on low-
intensity peaks (e.g., 230ThO+), a mass position is typically added at the high mass side. This is to
monitor tailing of adjacent intense peaks in the mass region of interest. For the CAMECA ims
1270 axial secondary electron multiplier, the abundance sensitivity of 232Th16O+ at mass 247 is
∼250 ppb (Schmitt 2007).

Detection limits and precision of SIMS accessory mineral U-series analysis can be inferred from
count rates for the U-series isotopes that have the lowest abundances and therefore limit analytical
precision (234U16O+, 230Th16O+, 231Pa16O+, and 226Ra+, with 138Ba+ as a proxy; Hervig et al. 2006)
using estimates for useful ion yields (the ratio of ions detected to atoms sputtered). Expected count
rates in cps per nA 16O− primary beam per 100 ppm U in the sample are approximately 3 × 10−2

(234U16O+), 1 × 10−2 (230Th16O+), and 2 × 10−4 (231Pa16O+ and 226Ra+). These estimates are
accurate to within an order of magnitude, depending on sputter and ionization yields for different
matrices and on the degree of disequilibrium. For comparison, background intensities average
8 × 10−4 cps nA−1 for zircon at a mass-to-charge ratio of 246.3. On the basis of these consider-
ations, long-lived (t1/2 > 104 years) intermediate daughter isotopes in U-rich accessory minerals
with at least a few tens to hundreds parts per million are presently the principal targets for high-
spatial-resolution analysis.
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Figure 4
High-resolution mass scans at a mass-to-charge ratio of ∼246 (corresponding to 230Th16O+; red band ) for
accessory minerals and synthetic silicate glass. Scans a and b have mass resolving power of ∼4,000; scans c–e,
∼6,000. Scan d is an Arondu (Pakistan) chevkinite scan from Velasco (2010). Potential molecular
interferences are indicated.

For isotopic ratios, SIMS analysis does not significantly fractionate between Pb, Th, or U
species, and measured intensities (after subtracting backgrounds and correcting for secondary ion
intensity drift, e.g., owing to sample charging) are directly ratioed. Secondary ion yields differ
between elements and require RSF calibrations. RSF can vary with experimental setup such as the
primary ion beam species used, the depth of the analysis crater, or the secondary ion energy sampled
(which can vary owing to charging of insulating samples). Moreover, RSF calibrations need to
be matrix-matched because they are affected by the chemical composition of the target minerals.
Consequently, appropriate RSFs need to be determined on compositionally well-matched standard
materials for each analysis session, preferentially on the same mounts as those of the unknowns.
RSF for SIMS U-Pb zircon analysis is empirically calibrated using correlations between UO+/U+

or UO2
+/U+ and U-Pb (Compston et al. 1984, Stern & Amelin 2003). For SIMS 238U-230Th

dating, the RSF calibration involves analysis of 208Pb/206Pb, which is not measurably fractionated.
The RSF is then determined from 232ThO+/238UO+ divided by the calculated 232Th/238U (from
208Pb/206Pb) of a standard that is concordant with regard to its U-Pb and Th-Pb ages (Reid et al.
1997). This method is independent of assumptions for U-series equilibrium for the standard, and
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Figure 5
(a) Average of 130 spot analyses of standard zircon AS3 with a 207Pb/206Pb age of 1099.1 Ma (Paces & Miller
1993) over a ∼3-year period at the University of California, Los Angeles. Equilibrium in (230Th)/(238U) was
determined using a 208Pb/206Pb-based U-Th relative sensitivity factor (RSF) calibration (Reid et al. 1997).
(b) Depth profiling results for secular equilibrium standard AS3. Th-U fractionation remains constant to a
depth equivalent to a crater aspect ratio of 1 (at ∼29 μm depth, indicated by dashed line), after which it
decreases. The average of 22 analysis blocks (solid symbols) is indistinguishable from unity (open symbols:
rejected blocks). Inset shows crater mapped with a MicroXAM interferometric surface profilometer
(horizontal:vertical axes scale, 2:1). MSWD, mean square of weighted deviates.

Mean square of
weighted deviates
(MSWD): a
goodness-of-fit
parameter based on
the reduced χ2

distribution

it yields secular equilibrium (230Th)/(238U) = 1.0004 ± 0.0028 [mean square of weighted deviates
(MSWD) = 0.85, n = 130] for replicate analyses of standard zircon AS3 that were performed
between February 2007 and July 2010 at UCLA (Figure 5a). However, in minerals with high
amounts of common Pb, such as pyrochlore, this method is impractical because common Pb
compromises precise analysis of radiogenic 208Pb/206Pb. For such minerals, RSF can be calculated
from the measured parent-daughter ratio (e.g., 230ThO+/238UO+) in a standard (e.g., Paces et al.
2004, Schmitt 2007, Vazquez & Reid 2004). Alternatively, less sensitive microanalytical methods
can be applied for RSF calibrations if U and Th abundances are sufficiently high and if analysis
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spots of different methods can be matched (e.g., using electron microprobe analysis for pyrochlore;
Wetzel et al. 2010).

APPLICABILITY AND TIMESCALES

230Th-238U Geochronology

Because 230Th is relatively long-lived (t1/2 = 75,690 years; Cheng et al. 2000) and strongly frac-
tionated from 238U owing to contrasting accessory mineral–melt (or –fluid) partition coefficients,
this decay system offers a wide range of applications over timescales up to ∼380 ka (∼5 times t1/2).
Isochrons (Figure 2a) are obtained from analyses of individual or multiple crystals, assuming that
crystallization occurred over brief timescales relative to the half-life of 230Th (e.g., Lowenstern
et al. 2000, Wetzel et al. 2010). If this assumption is violated, accessory mineral data plot into a
wedge-shaped field (also termed sphenochron; Chen et al. 1996; Figure 2b). Such sphenochrons
have been deconvolved and interpreted as mixed populations (Zou et al. 2010) using algorithms
such as those by Sambridge & Compston (1994).

An alternative isochron approach is to pair whole rocks or glass data (determined by bulk
analysis) with accessory mineral compositions (determined by bulk analysis or SIMS; e.g., Reid
et al. 1997, Vazquez & Reid 2004) to calculate two-point model isochron slopes and ages. In
Figure 2a, the glass composition plots within the 1σ uncertainty band of the zircon regression,
suggesting that zircon and melt were in isotopic equilibrium at the time of fractionation and
that they remained a closed system. This is not always the case because magma compositions may
significantly change after crystallization (e.g., by mixing, fractional crystallization, or assimilation),
especially for evolved melts where Th and U can be strongly fractionated by crystallization of
accessory minerals such as allanite (Heumann et al. 2002). U-Th fractionation by the accessory
minerals, however, vastly exceeds the variability of natural melts so that uncertainties with regard
to melt composition are in most cases only a minor contribution to the overall uncertainty of the
two-point isochron age.

231Pa-235U Geochronology and Partitioning
231Pa is the longest-lived intermediate isotope in the 235U decay chain (t1/2 = 32,760 ka;
Robert et al. 1969), with a range of applicability approximately half that of 230Th-238U dating
(Figure 1). Because the 231Pa equilibrium abundance is ∼70 times lower than that of 230Th, SIMS
determination of (231Pa)/(235U) is challenging. In the absence of experimental calibrations for 231Pa
zircon-melt partitioning, lattice-strain partitioning models have been invoked to predict strong
compatibility of Pa5+ in zircon (Blundy & Wood 2003). SIMS analyses of zircon crystals from Late
Pleistocene China Hat rhyolite (Figure 6) indeed reveal excesses in (231Pa)/(235U). (For more in-
formation, see Supplemental Table 1 on the Annual Reviews Web site; follow the Supplemental
Materials link from the Annual Reviews home page at http://www.annualreviews.org.) Because
the age of crystallization is known from the zircon isochron (Figure 2a), the initial (231Pa)/(235U)
can be calculated from the present-day ratio. This is illustrated by model concordia curves for
initial (231Pa)/(235U) = 2.2 and (230Th)/(238U) = 0.1, which are plotted in Figure 6. The mea-
sured zircon values match the crystallization age of ∼66 ka determined from the U-Th isochron
(Figure 2a). Because the melt was in disequilibrium and had an initial (231Pa)/(235U) = 0.6 (from
glass analyses of Heumann 2004), the calculated initial (231Pa)/(235U) = 2.2 translates into DPa/
DU = 3.8 to within ∼20% uncertainty. (DPa/DU is the ratio of the zircon-melt partition coeffi-
cients D of Pa and U, respectively.)
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Figure 6
(a) (230Th)/(238U) versus (231Pa)/(235U) isochron diagram for zircon from China Hat rhyolite. Initial values were estimated from the
present-day weighted average activities and back-calculated to the crystallization age corresponding to the (230Th)/(232Th) versus
(238U)/(232Th) zircon isochron age of ∼66 ka. (b) Diagram of lattice-strain partitioning model that corresponds to model isochron from
panel a. By dividing the initial zircon compositions with the initial melt compositions for (230Th)/(238U) = 0.6 and (231Pa)/(235U) =
0.6 (Heumann 1999, 2004), zircon-melt partitioning ratios for DTh/DU = 0.16 and DPa/DU = 3.8 are obtained. These are plotted
relative to DU = 100 (Blundy & Wood 2003). Th is tetravalent (4+), whereas the magmatic valence state of Pa is uncertain (4+ or 5+).
For comparison, published D values and fits to tetravalent and trivalent (rare earth element) cations are plotted (Blundy & Wood 2003).

Other Disequilibrium Chronometers (226Ra and 234U)
226Ra abundances in most accessory minerals are likely extremely low. In contrast to 231Pa, which is
strongly compatible in zircon (even more so than U; see above), Ra2+ is expected to be incompatible
using Ba2+ as a proxy (Blundy & Wood 2003). This largely precludes SIMS dating, but the potential
exists for SIMS 226Ra analysis of doped experimental samples (Fabbrizio et al. 2008, 2009, 2010;
S.A. Miller et al. 2007). Disequilibrium of 234U (t1/2 = 245,250 years) is reasonably neglected as a
magmatic chronometer because accessory mineral crystallization does not significantly fractionate
234U from 238U, and unaltered igneous rocks and minerals are typically found to be in secular
equilibrium (Edwards et al. 2003).

Uranium Decay Series Disequilibrium Impacts on Quaternary U-Pb
and (U-Th)/He Geochronology

There is a continuum for the applicability of U-series and U-Pb accessory mineral dating, and
concordant SIMS 238U-206Pb and 238U-230Th zircon ages have been obtained in several studies
(Reid 2008, Simon et al. 2009, Vazquez et al. 2007). The lower age limit for U-Pb dating is prac-
tically defined as the age at which 238U-230Th ages become more precise than 238U-206Pb ages,
typically at <200–300 ka. For SIMS dating of Quaternary samples, only 238U-206Pb ages are mean-
ingful because of the low abundance of 235U (present-day 238U/235U = 137.88) and concomitantly
low radiogenic 207Pb that results in poor-precision 235U-207Pb ages. Moreover, SIMS analytical
uncertainties for U-Pb of 1–2% (relative) largely prevent a meaningful check for concordance
between young 235U-207Pb and 238U-206Pb ages as a criterion for Pb loss, but metamictization and
concomitant Pb loss are reasonably disregarded as complications for young zircons (Cherniak &
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Watson 2001). Initial disequilibrium caused by differential partitioning between long-lived parent
and intermediate daughters, however, requires significant corrections for young 238U-206Pb ages
(Schärer 1984, Wendt & Carl 1985). Zircon commonly discriminates against 230Th relative to
238U because of the larger zircon-melt partition coefficient for U relative to Th (Figure 6; Blundy
& Wood 2003). Notable exceptions are high U-Th zircons that exist as late-stage or subsolidus
crystals in miarolitic cavities that have been explained by preceding fractionation of high-U phases
and an increase in oxidation forming U5+ and U6+ at the expense of the more compatible U4+

(Bacon et al. 2007, Schmitt et al. 2010c).
For the common case of DTh/DU ∼ 0.16 (Figure 6), the resulting deficit in 206Pb requires

subtraction of approximately 92 ka from the equilibrium 238U-206Pb age (cf. figure 3 in Simon
et al. 2008). This correction assumes secular equilibrium of the melt, which, however, is impossible
to prove for older rocks. D values can be estimated from model partitioning data or from analysis
of U-Th in the accessory minerals and in whole rocks, matrix glass (Reid & Coath 2000, Schärer
1984), or melt inclusions (Schmitt et al. 2003) as representative for the melt. Initial 231Pa excess
would lead to a 130-ka age increase based on unsupported 207Pb if initial disequilibrium arose from
zircon-melt fractionation (using DPa/DU = 3.8; Figure 6). This suggests that minor excesses of
207Pb in zircon are possible owing to 231Pa disequilibrium as detected by high-precision TIMS
zircon analysis (Crowley et al. 2007, Schmitz & Bowring 2001), but zircon-melt partitioning alone
appears insufficient to explain the extreme 207Pb excesses reported in the literature (Anczkiewicz
et al. 2001).

Wetzel et al. (2010) also report strong 230Th deficits for pyrochlore. In contrast, allanite and
chevkinite preferentially incorporate Th relative to U, requiring corrections for excess 206Pb
(Catlos et al. 2000, Velasco 2010). Because of the same condition, high-Th minerals (including
monazite) are preferentially dated by 232Th-208Pb because of high abundances of Th and the
absence of long-lived intermediate daughters in the 232Th decay chain, which obviates disequilib-
rium corrections (Catlos et al. 2000, Harrison et al. 1995). These considerations also hold for the
production of 4He through α decay in the U and Th decay chains, where the majority of 4He is
produced by decays in the 238U chain downstream of 230Th (see below).

ANALYTICAL STRATEGIES FOR ACCESSORY CRYSTAL DATING

Comparison Between Bulk and High-Spatial-Resolution Analysis

Zircon age populations in volcanic rocks can be homogeneous, consistent with rapid crystallization
in the magma. This is the case for zircon crystals from the 12.6-ka Puy de Dôme trachyte for
which bulk (TIMS and α spectrometry on 150 mg separate) and SIMS spot analyses (cumulative
mass 600 ng) agree within analytical uncertainties ( ± 1.2 ka 1σ) over ∼5 orders of magnitude in
sampled mass (Condomines 1997, Schmitt et al. 2010c). Such homogeneous zircon populations
make suitable standards for U-series analysis and are more likely to be associated with differentiated
magmas that originated from high-temperature basaltic parents in which zircon never preexisted
or became completely resorbed because of strong undersaturation.

In other cases, SIMS analysis of zircon from silicic volcanic rocks revealed complex age patterns
that are averaged by TIMS analysis. Reid et al. (1997) demonstrated that zircon crystals in South
Deadman Dome and Deer Mountain, two young rhyolite domes inside Long Valley caldera
(California), range from near-eruption ages (0.6 and 115 ka, respectively) to ∼230 ka. When
averaged, Deer Mountain SIMS zircon spot ages agree with TIMS data (Heumann et al. 2002),
indicating that the TIMS age represents an average resulting from mixing of zircon crystallized
at different times; this average is difficult to interpret in a geologic context.
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Xenocryst: crystal
extraneous to the
magma system

This effect of crystal mixing in bulk analysis was also demonstrated by Charlier & Zellmer
(2000) in zircon from the 26.5-ka Oruanui eruption in the Taupo Volcanic Zone (New Zealand).
TIMS analysis was performed on separates of three size fractions (between <63 and 125–250 μm)
using ∼1 mg of zircon concentrate, with zircon-melt model ages increasing with crystal size
(Charlier & Zellmer 2000). In a subsequent SIMS study of the same samples, Charlier et al.
(2005) demonstrated that the bulk age is equivalent to the concentration-weighted SIMS average
(approximately 32–40 ka). Although SIMS ages have lower precision compared with those deter-
mined by bulk analysis, they typically permit more accurate interpretations. In this case, ages are
clearly polymodal, ranging from near the eruption age of 26.5 ka to ∼200 ka; this range could not
be detected by TIMS bulk analysis (Charlier et al. 2005).

Combining Secondary Ionization Mass Spectrometry Spot Analyses
and Bulk (U-Th)/He Geochronology

A special case where high-spatial-resolution analysis and bulk analysis of individual or multiple
crystals are complementary is combined U-series and (U-Th)/He dating. 4He is mainly produced
in the U and Th decay series (α decay of Sm reasonably can be neglected for young accessory
crystals). Because of the potentially severe U-series disequilibria in young crystals, however, sig-
nificant deviations in 4He production occur relative to the amount generated if the crystal was in
secular equilibrium (Farley et al. 2002). Radioactive decay during preeruptive residence at high
temperature diminishes these deviations (e.g., owing to 230Th deficit or 231Pa excess in zircon)
until 4He accumulation starts after eruptive quenching (Reiners et al. 2004). Therefore, accurate
(U-Th)/He dating requires corrections based on the timing and degree of initial parent-daughter
fractionation (Farley et al. 2002). Combined U-Th and (U-Th)/He dating and correction schemes
(e.g., using the MCHeCalc software; Schmitt et al. 2010b) yield crystallization and eruption ages
for the same crystals. This process prevents ambiguities that result from the use of different mineral
chronometers (e.g., 40Ar/39Ar), especially for pyroclastic rocks where, in some cases, incomplete
Ar degassing has yielded erroneously old eruption ages (Spell et al. 2001).

Complete degassing during eruption is demonstrated by (U-Th)/He zircon ages of La
Virgen tephra (Baja California); these ages average ∼31 ka (at ∼5% uncertainty), regardless of
their crystallization ages, which range from near eruption to secular equilibrium. U-Pb dating
identified these secular equilibrium crystals as basement-derived xenocrysts (Schmitt et al. 2006).
The (U-Th)/He zircon eruption age is stratigraphically consistent with 3He- and Ne-isotope sur-
face exposure ages of ∼26 ka for an overlying basaltic lava flow (Schmitt et al. 2010b). A published
14C charcoal date from a more distal La Virgen tephra location suggested a much younger eruption
at ∼6.5 ka (Capra et al. 1998). Zircon crystals from the Capra et al. (1998) outcrop also yielded
mostly ∼31-ka (U-Th)/He ages, but the population (n = 10) also included four secular equilib-
rium crystals with much older (U-Th)/He ages of ∼1 Ma and ∼20 Ma. These crystals apparently
were not thermally reset during the eruption. They therefore likely represent detrital crystals en-
trained into the deposit after the eruption, implicating a reworking and presumably an extraneous
origin of the previously dated charcoal. In other cases, excellent agreement was found between
disequilibrium-corrected (U-Th)/He zircon and 14C charcoal ages: Disequilibrium-corrected
(U-Th)/He zircon results for Belfond Tuff (Saint Lucia, Lesser Antilles) are indistinguishable
from published 14C ages of ∼20 ka (Lindsay 2002, Schmitt et al. 2010a).

Secondary Ionization Mass Spectrometry Depth Profiling

SIMS analysis is conventionally performed on separated crystals that are embedded within a
mounting medium (epoxy, indium metal), which is then polished to expose the crystals’ interiors.
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(a, b) Spot analyses on unpolished zircon crystal g15 from the Terre Blanche Dome (Soufrière Volcanic Complex, Saint Lucia) followed
by (c, d ) sectioning and interior analysis. Cathodoluminescence images show a uniformly bright crystal layer formed on the unpolished
crystal surface, whereas after polishing, the crystal layers are obliquely sectioned, causing the characteristic oscillatory zoning of
cathodoluminescence-dark and cathodoluminescence-bright domains. (e) Depth profiling indicates crystallization over ∼200 ka. The
age hiatus at ∼5-μm depth is projected onto the sectioned crystal surface (panel d, yellow line) and is uncorrelated with brightness
contrasts in the cathodoluminescence image. Analysis on a sectioned crystal interior (d ) underestimates the interior age owing to beam
overlap onto different age domains.

Depth profiling:
analysis that
sequentially records a
secondary ion signal
during gradual
removal of material
from the sample
surface during primary
ion sputtering

Thin sections can be used to analyze crystals in situ in a process that has the advantage of preserving
the petrographic context (e.g., Schmitt et al. 2010c). Spot analysis on sectioned crystals, however,
can produce mixed ages that are difficult to interpret if the lateral dimensions of the spot exceed
those of different age domains (Figure 7). An alternative for complexly zoned crystals is SIMS
depth profiling (Claiborne et al. 2009; Reid 2008; Reid & Coath 2000; Schmitt et al. 2003,
2010a; Zou et al. 2010). In the case of euhedral zircon, crystal prism faces can be readily aligned
perpendicular to the sputter direction—for example, by pressing well-formed crystals into a soft
metal such as indium (Figure 7). Crystal layers that progressively and uniformly precipitated on
existing crystallographic faces result in isochronous crystal domains that are oriented parallel to
the lateral dimensions of the spot. Progressively older domains are then encountered during ion
beam excavation inward from the rim to the crystal interior. The depth resolution in SIMS is
nominally limited by ion implantation or “knock-on” effects in a several-nanometer-thick zone
of dislocations caused by the energetic primary ion beam (Figure 2), but in practice, sufficient
counts of the minor isotope 230Th need to be integrated to determine a meaningful 238U-230Th
age. This limits depth resolution to ∼1–5 μm, depending on the counting error for 230Th. The
spatial resolution in the vertical dimensions is approximately one order of magnitude better than
that in the lateral dimensions of the ion microprobe spot (typically a few tens of micrometers).
A potential limitation of depth profiling is that instrumental mass fractionation and relative ion
sensitivities may change with depth (e.g., due to charging). Tests on secular equilibrium standard
AS3 showed that to a depth of ∼25-30 μm (corresponding to an aspect ratio of the analysis pit of
∼1), the U-Th RSF remained constant (Figure 5b). Deeper profiles require reestablishing a flat
surface by grinding and polishing for continued analysis.
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The potential of depth profiling compared with conventional SIMS spot analyses on sectioned
zircon interiors (Figure 7) was illustrated by Zou et al. (2010) in their study of zircon from
Maanshan volcano (Tengchong Volcanic Field, Yunnan Province). Spot analyses yielded ages
between 55 and 90 ka. Binary mixing can explain this age distribution if spots randomly overlapped
with younger rims and older interiors. The younger age component was confirmed through depth
profiling analysis of crystal rims that yielded a well-defined isochron age of ∼55 ka. This is
significantly older than the Holocene eruption age of Maanshan volcano and implies that zircon
crystallization stalled long before the eruption (Zou et al. 2010).

Depth profiling is not restricted to U-Th dating; it has been applied to U-Th-Pb dating, trace-
element analysis, and oxygen isotopic analysis (e.g., Gordon et al. 2009a,b; Grove & Harrison
1999; Mojzsis & Harrison 2002; Reid et al. 2011). Through the use of this approach, concordant
U-Th and U-Pb ages have been obtained for zircon from the youngest Toba Tuff (Sumatra),
which shows continuously increasing ages from rim to core that range between ∼75 ka (the age
of the eruption) and >300 ka (Reid 2008). Long analysis durations, however, are a disadvantage
of depth profiling. This problem can be circumvented by the performance of brief rim analyses of
unpolished zircons at a few micrometers’ depth resolution, followed by spot analyses of exposed
interiors after grinding and polishing (Figure 7) (Mojzsis & Harrison 2002, Reid et al. 2011,
Schmitt et al. 2010a, Simon et al. 2007). This approach can rapidly reveal intracrystal variations
in age or chemical composition at length scales that are smaller than those of typical lateral beam
dimensions.

THE DURATION OF MAGMATIC ACCESSORY MINERAL
CRYSTALLIZATION FROM 238U-230Th DATING

Accessory mineral crystallization rates have been modeled as a function of the absolute solubility
and diffusivity of the rate-determining component (e.g., Zr for zircon) and the cooling rate that
controls the deviation from the saturation equilibrium (Watson 1996). The duration of crystal-
lization can also be measured directly by high-spatial-resolution U-Th methods to the extent
that the duration of crystallization must be short relative to the half-life of 230Th to preserve an
isochron. A precise SIMS U-Th isochron at submillennial precision ( ±0.7 ka) was obtained for
∼250–500-μm diameter pyrochlore (a complex Ca-Nb-Ta oxide) crystals with up to 15 wt% U
and 8 wt% Th in Laacher See plutonic carbonatite ejecta clasts that erupted 12.9 ka ago (Wetzel
et al. 2010). These data indicate that pyrochlore crystallized rapidly ∼10 ka prior to eruption and
subsequently remained closed for isotopic exchange despite protracted crystal residence in the in-
trusive carapace surrounding the Laacher See magma chamber. Corresponding zircon isochrons
are generally less precise compared with those of the pyrochlore, yet consistent with brief intervals
of crystallization within analytical uncertainties of a few thousand years (Schmitt et al. 2010c).

By contrast, long (∼200–300-ka) crystallization intervals characterize zircon from the Soufrière
Volcanic Complex (Saint Lucia, Lesser Antilles), where age heterogeneity of individual crystals
was shown to be the rule rather than the exception (Figure 8; Schmitt et al. 2010a). Moreover,
continuous depth profile analysis demonstrates that cathodoluminescence patterns do not relate to
age discontinuities in zircon in a predictable way (Figure 7). Even more protracted age zonation
exists for accessory minerals of the rhyolitic Younger Toba Tuff (Sumatra). Individual zircon
crystals show rim-core age increases from near eruption (75 ka) to ∼550 ka (the latter by U-Pb
analysis) over ∼20-μm lateral spatial resolution (Reid 2008). Spot analyses of allanite crystals from
Younger Toba Tuff also decrease systematically in age from core to rim, with an overall age range
of approximately 100 ka (Vazquez & Reid 2004). The placement of the ion beam for spot analysis
in this study was guided by backscatter electron beam imaging. Because the crystals analyzed were
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Figure 8
Probability-density curves for 238U-230Th zircon-melt model ages for (a, b) China Hat and (c, d ) Belfond Dome. China Hat shows a
simple unimodal age distribution, whereas Belfond Dome’s zircon crystallization ages are polymodal, with an overall range from
∼20 ka to secular equilibrium. Crystal interiors in secular equilibrium analyzed by U-Pb zircon methods yielded ages of ∼400 ka
(Schmitt et al. 2010a). Comparison of the cumulative probability-density curves (b, d ) using Kolmogorov-Smirnov statistics (Fletcher
et al. 2007) indicates that the likelihood of crystal interior and rim samples representing the same age population is <10−4.

sectioned, the lateral dimensions of the beam may have overlapped onto different crystal domains,
and it is conceivable that some spots represent mixed ages, which would allow for even longer
crystallization durations.

LINKING ACCESSORY CRYSTAL DATING
TO MAGMATIC EVOLUTION

Fluctuations in magmatic temperature and composition are frequently recorded in the stability and
chemical variability of accessory minerals. Saturation conditions are calibrated for some accessory
minerals, such as zircon, allanite, apatite, and monazite (Green & Watson 1982; Harrison & Wat-
son 1983, 1984; Klimm et al. 2008; Montel 1993; Watson & Harrison 1983), whereby decreasing
temperature, increasing polymerization of the melt, and enrichment of trace elements (e.g., Zr
for zircon and light REE for allanite and monazite) trigger crystallization. Pressure and volatile
abundance can indirectly affect accessory mineral crystallization: Decompression and volatile ex-
solution can cause major phases to crystallize, with the effect that incompatible elements relevant
for accessory mineral saturation become enriched in the melt. Unless counteracted by heating
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(e.g., due to release of latent heat), these enrichments promote accessory mineral crystalliza-
tion. In addition to saturation thermometry, the temperature dependency of titanium partitioning
in zircon (Ti-in-zircon) has been calibrated as a thermometer (Watson & Harrison 2005), and
similar parameterizations exist for a few other accessory minerals (rutile and sphene; Ferry &
Watson 2007, Hayden et al. 2008).

Accessory minerals are the dominant host for some trace components in the melt. Their
fractionation can produce systematic chemical variations in the melt that are mirrored in the
composition of the accessory minerals. Claiborne et al. (2006) have demonstrated this for de-
creasing Hf/Zr in zircon, and their results correlate with decreasing temperature (indicated by
Ti-in-zircon thermometry). Vazquez & Reid (2004) have analyzed La/Nd in allanite, and their
results correlate with major-element compositional variability in the melt (indicated by increas-
ing Mn/Mg in allanite due to fractionation of mafic minerals). In addition, zircon can record
changes in melt chemistry involving fractionation of plagioclase by variations in Eu/Eu∗ (∗ denot-
ing the calculated abundance extrapolated from the chondrite-normalized neighboring elements)
(Claiborne et al. 2006, Reid et al. 2011). Other parameters related to accessory mineral trace and
minor-element chemistry, such as steepness of normalized REE patterns or Ce/Ce∗ in zircon, are
ambiguous because they can be affected by kinetics (Luo & Ayers 2009) or controlled by multiple
parameters such as melt oxygen fugacity and alumina saturation (Ballard et al. 2002, Trail et al.
2010). Th and U partitioning is poorly described by lattice-strain models for tetravalent cations
(Figure 6), and the parameters that cause natural variability in the abundances of these elements
in zircon have not been quantified.

Despite the strong promise of linking accessory mineral chemical variations to absolute ages
to constrain rates of magmatic processes, complications are possible through diffusive disturbance
of the chronochemical record during protracted crystal residence at elevated temperature. For
zircon, however, diffusion of relevant trace elements (including U-series parents and daughters) is
extremely sluggish, as is obvious from the preservation of intricate cathodoluminescence oscillatory
zonation at submicrometer scales in magmatic zircon (Cherniak & Watson 2003). Experimental
calibrations of diffusion for allanite are absent, but model diffusion calculations indicate insignif-
icant migration of Th during protracted (∼100 ka) crystal residence at magmatic temperatures
(∼780◦C; Vazquez & Reid 2004).

Trace-element distributions in accessory minerals can also deviate from equilibrium parti-
tioning due to crystal chemical effects (lattice distortions) or due to growth entrapment resulting
from surface enrichments. Laboratory experiments for zircon-melt REE partitioning reveal dis-
crepancies between natural and experimental values that indicate disequilibrium during short
experimental timescales (Luo & Ayers 2009). Secondary ion mapping using a ∼300-nm diameter
oxygen ion beam in a NanoSIMS ion probe showed correlations between Ti and REE-enriched
oscillatory zones in zircon (Hofmann et al. 2009). Variations of temperature and/or Ti activity
were dismissed because of postulated short crystallization durations (Hofmann et al. 2009). In
some cases, however, oscillatory zonation without visible discontinuities can represent timescales
of hundreds of thousands of years, over which melt compositions and temperature likely fluctuated
(Figure 7). Moreover, no correlation between Ti and REE + Y was found by Reid et al. (2011)
in depth profiling analyses of zircon from Bishop Tuff at equivalent spatial resolution. Ti con-
tents, however, vary systematically with chemical indicators for differentiation such as Zr/Hf
and Eu/Eu∗. The effects of disequilibrium partitioning of Ti thus remain inconclusive, but they
are likely of secondary importance to the accuracy of Ti-in-zircon thermometry. If present,
disequilibrium abundances of Ti will result in an overestimation of the temperatures of zircon
growth.
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CASE STUDIES: ACCESSORY MINERAL INSIGHTS
INTO ACTIVE MAGMATIC PROCESSES

Age Spectral Analysis and Crystal Fingerprinting

Accessory mineral age heterogeneity and protracted preeruptive crystallization are characteristic
for evolved rhyolites associated with large-volume caldera systems (Long Valley: Heumann
et al. 2002, Reid & Coath 2000, Reid et al. 1997, Simon & Reid 2005, Simon et al. 2007;
Yellowstone and its pre-Quaternary precursors: Bindeman et al. 2006, Bindeman et al. 2007,
Vazquez & Reid 2002; Taupo Volcanic Zone: Brown & Fletcher 1999, Charlier & Wilson
2010, Charlier & Zellmer 2000, Charlier et al. 2003, Charlier et al. 2005, Wilson & Charlier
2009, Wilson et al. 2006; Kos: Bachmann et al. 2007; Toba: Vazquez & Reid 2004, Reid 2008).
Grain-by-grain accessory crystal analysis has revealed complex origins that resemble those of detri-
tal crystals in sediments and sedimentary rocks with heterogeneous provenance (e.g., Fletcher et al.
2007). A useful representation of the age variability in crystal populations is the probability-density
diagram (Figure 8). Compared with a histogram, it has the advantage of accounting for analytical
uncertainties associated with each datum. This is necessary for a meaningful representation of
U-series (and U-Pb) ages because variations in the U content of accessory minerals strongly affect
counting-related uncertainties of minor species such as 230ThO+ or 206Pb+. Lowenstern et al.
(2000) introduced the probability-density zircon model age diagram in their study of Medicine
Lake Volcano (California), and it has become a common tool for visualizing zircon age distribu-
tions (e.g., Bachmann et al. 2007, Charlier et al. 2005). Age spectra comparison between different
samples typically involves qualitative peak matching, but for large data sets, quantitative compar-
ison is imperative because it prevents the overinterpretation of age probability distributions. A
more robust method is Kolmogorov-Smirnov statistical analysis, first applied to geochronology
in detrital zircon studies (Fletcher et al. 2007), which determines the maximum deviation of two
cumulative probability curves within their respective confidence bands and assigns a probability
to the hypothesis that this deviation is purely random (Figure 8). At a probability threshold of
<0.05, the hypothesis that two samples share the same accessory crystal age population is rejected.
The prerequisite for a meaningful comparison is to have analyzed a sufficiently large number of
crystals. The requirements are similar to those in detrital zircon studies of sedimentary rocks,
whereby the probability P of missing an age component is a function of the number of grains
analyzed n and the frequency f at which a component is present in the population (Dodson et al.
1988):

P = (1 − f )n. (5)

For example, at least ∼30 individual crystals per sample need to be analyzed to determine with
95% confidence that a population present at the 10% abundance level is not missed.

The usefulness of zircon age spectral analysis to study magmatic processes is only now being
recognized. Whole-rock or crystal chemical compositions are frequently too similar, preventing
their use in discriminating different magma sources, especially for silicic magmas that evolve at
near-eutectic conditions. Zircon age populations in volcanic rocks are therefore useful in distin-
guishing between magmatic sources that are large integrated magma chambers and those that
evolved as segregated bodies over the lifetime of the magma system. Case studies for the Late
Pleistocene to Holocene Taupo Volcanic Zone (New Zealand) demonstrated contrasting zircon
age spectra for two adjacent silicic systems (Charlier & Wilson 2010, Wilson & Charlier 2009).
The Taupo volcanic center shows comparatively simple zircon age modes that indicate crystalliza-
tion in a common reservoir, whereas silicic eruptions from the Okataina volcanic center tapped
magma sources in which zircon crystallized over longer and variable intervals (Charlier & Wilson
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Cognate plutonic
xenolith: mostly
crystalline intrusive
rock derived from a
crystal-dominated part
of a magma reservoir
(mush) or from its
solidified precursors

2010, Wilson & Charlier 2009). This implies that the magmatic system underlying Taupo had a
high degree of interconnected melt present, whereas no contiguous magma zone developed un-
derneath Okataina, which instead was fed by distinct magma reservoirs that evolved independently
from one another (Charlier & Wilson 2010, Wilson & Charlier 2009).

Zircon ages can also detect changes in the nature of the magma system over time. For the Coso
(California) rhyolite field, the abundance of older zircon crystals that are recycled by subsequent
volcanic episodes decreases throughout the life span of the system. Older rhyolites from Coso
(Devil’s Kitchen; Miller & Wooden 2004) show evidence for protracted zircon residence, whereas
younger (<230 ka) rhyolites contain zircon and allanite that crystallized in a brief interval prior
to eruption (Simon et al. 2009). This implies increased mantle-derived magmatic influx into the
silicic magma system, erasing a preexisting zircon memory. Such a scenario is consistent with
an inverse relationship between the average preeruptive zircon residence and eruptive volume
(Simon et al. 2009). On first sight, this relation seems paradoxical because large-volume silicic
caldera systems show protracted eruptive histories with long recurrence intervals (White et al.
2006), and the accumulation and cooling duration of a large magma body are expected to extend
over a longer period of time. However, the generation of voluminous silicic magma bodies requires
large volumes of mantle-derived mafic melts, whereby the thermal and compositional effects of
mafic recharge onto resident silicic magma counteract crystallization and preservation of zircon
(Watson & Harrison 1983).

The andesitic-dacitic Soufrière Volcanic Complex (Saint Lucia) in the Lesser Antilles arc
produced eruptions between ∼270 and ∼14 ka (Schmitt et al. 2010a). Zircon age spectra show
systematic relationships between individual pumice and lava samples that indicate a common
source (Schmitt et al. 2010a). Only a small population of rim ages is within uncertainty of
the eruption age, and most rims lack near-eruption crystallization ages, instead indicating
crystallization up to ∼200–300 ka prior to eruption (Figures 7 and 8). This is surprising as
zircon textures lack evidence for resorption, and the thermochemical conditions of the magmas
are consistent with zircon saturation. One explanation for a lack of young zircon crystal rims is
shielding of the crystals as inclusions in major crystal phases, but this seems unlikely because of
the ubiquitous presence of adhering glass on zircon. Late-stage entrainment of zircon crystals
during remelting and remobilization of shallow intrusions following a thermal rejuvenation of the
system is an alternative explanation (Schmitt et al. 2010a). This interpretation calls for protracted
zircon residence under subsolidus conditions—as supported by the presence of young plutonic
xenoliths—instead of a persistent, partially molten crystal mush.

Tephrochronological correlation is another potential application for zircon age spectral analy-
sis. Because of zircon’s small size, crystals can be widely dispersed with ash-sized particles. Zircon
crystals have been extracted from distal ash deposits such as the Bishop Tuff at locations more
than 500 km away from the vent region (Schmitt & Hulen 2008). Zircon is also resistant to al-
teration, so the method is particularly attractive for analysis of altered samples for which other
dating approaches and chemical correlation of glass shards are precluded.

Cognate Plutonic Rocks and the Volcanic-Plutonic Connection

Cognate plutonic xenoliths likely represent crystal mush or solidified intrusions from beneath
volcanoes. Such xenoliths frequently contain interstitial glass or finely crystalline groundmass
representing trapped melt, but in some cases young holocrystalline plutonic rocks exist. They
are complementary to lava or pumice, which sample the melt-dominated domains of preeruptive
magma reservoirs.

Zircon in plutonic rocks can reveal episodes of magmatic differentiation for which the erup-
tive stratigraphy lacks any record. Plutonic xenoliths from Hawaiian volcanoes Mauna Kea and
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Hualalai contain polymodal zircon populations (Vazquez et al. 2007). A range of ages exists for zir-
con in individual xenoliths from Mauna Kea, suggesting zircon scavenging from earlier magmatic
episodes and multiple crystallization and reheating events. The zircon age record for Hualalai
dates back to ∼250 ka, significantly predating the shield-to-postshield transition from the erup-
tive stratigraphy dated at ∼130–100 ka (Vazquez et al. 2007).

Similarly, magma accumulation and differentiation at 5–6-km depth occurred over at least
∼20 ka underneath Laacher See volcano (East Eifel Volcanic Field, Germany) without eruptive
leakage to the surface prior to the 12.9-ka eruption (van den Bogaard 1995). Extreme differen-
tiation of a phonolitic magma led to segregation of carbonatitic intrusions that were scavenged
during the eruption (Schmitt et al. 2010c). Individual carbonatitic ejecta clasts in Laacher See py-
roclastic deposits yielded homogeneous zircon and pyrochlore ages that collectively span a range
of ages between near eruption and ∼33 ka (Schmitt 2006, Schmitt et al. 2010c, Wetzel et al. 2010).
Zircon in evolved Laacher See pumice, by contrast, crystallized ∼4 ka before the eruption, barring
abundant xenocrysts derived from the Devonian shale country rock. The young zircon crystal-
lization age is concordant with isochron ages for major phases and glass from pumice (Bourdon
et al. 1994) and concordant with a peak in the carbonatite differentiation and crystallization ages,
suggesting that establishment of the zoned Laacher See magma chamber occurred within several
thousands of years prior to eruption.

Another example of dating zircon in plutonic rocks with mafic bulk compositions is the basaltic
xenolith population from the Salton Buttes (California), a cluster of small-volume rhyolite domes
that extruded above a sediment-filled, incipient oceanic spreading center. Basaltic xenoliths have
geochemical signatures like those of mid-ocean ridge basalt but are intensely overprinted by fluids
based on low δ18O compositions and the abundance of hornblende. They also contain rhyolitic
melt pockets in which zircon crystallized. Two individual basaltic xenoliths yielded zircon
isochron ages of ∼9 and 30 ka, which overlap with those in their host rhyolite lavas and coerupted
granophyre xenoliths (∼10–21 ka; Schmitt & Vazquez 2006). This is evidence that rhyolitic melts
can be generated by shallow remelting of hydrothermally altered mafic intrusions (Schmitt &
Vazquez 2006). In a similar tectonic setting of continental breakup and embryonic divergent mar-
gin formation, zircon with crystallization ages ranging over tens of thousands of years was found
in granophyric xenoliths from the Alid (Eritrea) rhyolite volcanic center (Lowenstern et al. 2006).

Plutonic xenoliths from convergent margin volcanoes commonly display complex accessory
mineral age distributions with multiple peaks over periods of hundreds of thousands of years.
Granitoid xenoliths from Medicine Lake Volcano (California) yielded isochrons from multiple
SIMS spot analyses on individual crystals that indicate crystallization pulses at ∼25 ka and 90 ka
(Lowenstern et al. 2000). Granodiorite xenoliths from Crater Lake (California) revealed an even
more protracted assembly of a subvolcanic intrusive complex, with 238U-230Th zircon crystalliza-
tion ages between ∼20 ka and >300 ka (Bacon & Lowenstern 2005, Bacon et al. 2000). The
authors of the latter studies also noted that zircon survival in arc volcanoes with frequent recharge
of hydrous mafic magma is precarious: In some cases, zircon crystals recycled from plutonic rocks
survived in zircon-undersaturated magma only because of a brief entrainment period, whereas in
the youngest phases of andesitic magmatism, preexisting zircon inherited from the intrusive com-
plex underneath Crater Lake became completely resorbed prior to eruption (Bacon & Lowenstern
2005). In volcanic systems dominated by eruption of mafic magmas, coeval differentiated melts can
segregate and solidify in subvolcanic intrusions. This was demonstrated for Mount Veniaminof
(Aleutian Arc), where dioritic xenoliths in recent lavas host very young (5 ± 10 ka) zircon crystals
in miarolitic cavities (Bacon et al. 2007). This suggests the presence of evolved melts capable of
explosive eruptions at shallow levels, contemporaneous with periodic effusive or weakly explosive
leakage at the surface of fresh basaltic magma recharge (Bacon et al. 2007).
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Phenocryst: textural
term for crystals that
are macroscopically
distinctive from a
fine-grained matrix (in
a genetic context, a
crystal originated
directly from its host
magma); an
alternative, preferred
term would be
autocryst

Antecryst: crystal
that originated in the
same magma system as
the igneous host rock
but that significantly
predates its eruption

Phoenicryst and
dormicryst:
antecrysts
characterized by
episodic crystallization
over protracted time
spans with intermittent
periods of resorption
or crystal hibernation,
respectively

By contrast, granodiorite xenoliths from the Soufrière Volcanic Complex in Saint Lucia (Lesser
Antilles) contain zircon crystals that are much older than the eruption of their host lava. Zircon rims
show a dominant peak at ∼40 ka (predating the eruption by ∼28 ka) and older ages approaching
secular equilibrium (Schmitt et al. 2010a). The zircon rim age spectra of the xenoliths are indis-
tinguishable from those of their host lavas, implying that mixing of variably old zircon crystals in
the volcanic rock was not caused by the eruption itself. Instead, crystal mixing must have predated
the solidification of the granodiorite. Moreover, the similarities between the zircon age spectra for
the plutonic xenoliths and for the compositionally equivalent lavas argue for zircon recycling in
the lavas through remelting and assimilation of intrusive rocks during a short preeruption interval
that did not permit crystallization of young zircon rims (Schmitt et al. 2010a). Another exam-
ple for indistinguishable volcanic-plutonic zircon populations is from Kos (Aegean Sea, Greece),
where rhyolitic pumice and granitic xenoliths contain zircon with a >200-ka age (Bachmann et al.
2007). It remains controversial whether protracted accessory mineral crystallization indicates the
longevity of a crystal mush containing partial melt (Bachmann & Bergantz 2004) or whether this
results from crystal recycling from solidified intrusions (Bacon & Lowenstern 2005, Schmitt et al.
2010a).

ACCESSORY MINERAL CRYSTALLIZATION TIMESCALES
FROM URANIUM DECAY SERIES ANALYSIS AND
IMPLICATIONS FOR GEOCHRONOLOGY

Sophisticated geochemical analysis and dating have revealed complex crystal origins in magmatic
rocks, and on the basis of these findings, new terminology is emerging to distinguish between
crystals of different origins. Researchers (e.g., J.S. Miller et al. 2007, Miller 2008) have proposed
a genetic terminology based on the relationship of the crystals to the magma in which they
have resided just prior to eruption. For crystals that formed shortly before the eruption, the term
autocryst is preferred over phenocryst because of the textural (grain-size) connotations of the term
phenocryst and accessory crystals such as zircon are typically microscopic ( J.S. Miller et al. 2007).
By contrast, xenocrysts represent crystals that are foreign to the magma and much older. They
could be inherited from the magma source during crustal melting or entrained during the eruption.
In some cases, these crystal types could be optically distinguished easily to achieve contamination-
free bulk analysis of the crystal population thought to represent near-eruption growth (Lanphere
& Baadsgaard 2001). It is more problematic to identify crystals formed during the same magmatic
episode that led to the eruption but significantly predate it (e.g., Davidson et al. 2007, J.S. Miller
et al. 2007, Miller 2008). Such preexisting crystals have been termed antecrysts (after W. Hildreth;
see J.S. Miller et al. 2007). This terminology, however, lacks clear temporal boundaries between
crystal categories, and natural complexity defies simple categorization. This is illustrated by the
fact that antecrysts commonly record alternating phases of crystallization, hibernation, and/or
resorption over the lifetime of a magmatic system (e.g., Figures 7 and 8). Tongue-in-cheek
dubbing of such crystals as phoenicrysts (from phoenix, the mythological bird that rejuvenates
itself after burning to ashes, analogous to recrystallization after resorption) or dormicrysts (from
the Latin dormire for sleep; J. Vazquez, personal communication) highlights the ambiguities in
delineating boundaries for an age-based terminology when, in fact, crystallization may represent
a continuum.

The complex crystallization histories revealed by high-spatial-resolution and high-absolute-
age-precision U-series dating have important ramifications for single-crystal and crystal-fragment
analysis by TIMS and its potentially low analytical uncertainties. Stating analytical uncertainties
that are less than the duration of crystallization, however, is meaningless if ages are interpreted
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as dating an instantaneous geological event such an eruption (Simon et al. 2008). The average
preeruptive U-Pb zircon residence causes an overestimate of the eruption age by ∼90 ka; therefore,
an expanded uncertainty (−200 ka) should be included in high-precision TIMS U-Pb zircon data
for volcanic rocks interpreted as depositional ages (Simon et al. 2008). Additional complications
arise from the age heterogeneity of zircon populations in volcanic and plutonic rocks as detected
by 238U-230Th geochronology, both as grain-by-grain variation and intracrystalline variation.
The current standard of zircon pretreatment for TIMS U-Pb analysis involves chemical etching
of thermally annealed crystals to remove radiation-damaged crystal domains (Mattinson 2005,
Mundil et al. 2004). Chemical etching is thought to preferentially digest material along cracks
and crystal imperfections, but, in general, the acid attack is based on physical access and thus
progresses from rim to core (Mattinson 2005). Although chemical abrasion techniques in TIMS
can considerably simplify the interpretation of U-Pb zircon ages, the removal of zircon rims as a
consequence of chemical and physical abrasion pretreatment prior to analysis inevitably biases the
bulk crystal age if age zonation exists. Moreover, the small number of crystals typically analyzed
in TIMS studies (e.g., in studies on pluton emplacement timescales, between one and ten crystals
are analyzed per sample; Coleman et al. 2004, Matzel et al. 2006, Michel et al. 2008) is a limitation
for representative sampling of complex populations. In the light of zircon age heterogeneity in
many volcanic and plutonic samples, the possibility cannot be ignored that crystal populations are
missed through analysis of only a few crystals per sample. Furthermore, mixed ages of questionable
significance can be produced, particularly if variable amounts of marginal crystal domains are
removed during pretreatment.

SUMMARY POINTS

1. U-series dating of accessory minerals in igneous rocks reveals crystallization histories
over <1,000 to >100,000 years.

2. Accessory mineral age heterogeneity is detected by grain-to-grain and individual-crystal
analysis through high-spatial-resolution sampling.

3. SIMS by depth profiling reveals intragrain age zonation at micrometer-scale spatial res-
olution with robust elemental fractionation between Th and U to a crater depth that
approaches an aspect ratio of unity.

4. Age zonation may or may not correlate with chemical variations visible under cathodo-
luminescence imaging.

5. Accessory mineral crystallization can significantly precede an eruption, for crystals in
both volcanic and cognate plutonic rocks, by hundreds of thousands of years. Protracted
crystallization and residence bias high-precision U-Pb dates determined by bulk analysis
methods.

6. Accessory mineral age spectra allow fingerprinting and correlation of eruptive units, trace
concealed magmatic sources, and constrain timing and conditions of melt presence in
preeruptive magma reservoirs.

7. Discontinuous accessory mineral crystallization ages can indicate intermittent solidifi-
cation of the magma reservoir, the shielding of accessory minerals from the melt via
inclusion into other crystals, or intermittent resorption if the magma attains conditions
that are outside the stability field of the accessory mineral phase.
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8. The combination of accessory mineral ages with geochemical indicators for magmatic
temperatures (e.g., Ti-in-zircon geochemistry) and compositions (e.g., Zr/Hf, Eu/Eu∗

in zircon; La/Nd, Mg/Mn in allanite) can provide insights into the dynamics of evolving
magmatic systems.

FUTURE ISSUES

1. Despite the importance of accessory minerals for geochronology from the Holocene
to the Hadean, the controls on partitioning of most trace elements (including Th and
U) are incompletely understood and are only crudely described by lattice-strain model
parameterizations (Figure 6). The comparatively slow crystallization rates of many ac-
cessory phases pose challenges for the experimental design of laboratory synthesis and
microanalysis.

2. Similarly, the stability conditions for accessory minerals in magmatic and hydrothermal
environments, including diffusion behavior of major and trace components, are incom-
pletely explored. Better constraints on the pressure-temperature-composition stability
fields of accessory minerals with complex solid solutions (e.g., allanite, chevkinite) will
help link time information to the physicochemical conditions prevailing at the time of
crystallization.

3. Improving analytical sensitivity for U-series elements would ease limitations regarding
sampling size and analysis duration.

4. U-series accessory crystal analysis is rarely performed in situ (e.g., in petrographic thin
section) or after mapping crystal origins within an igneous rock (e.g., through 3D X-ray
tomography; Gualda & Rivers 2006). This could link accessory minerals to the textures
of major crystal or melt phases and open new avenues of using the age record of acces-
sory minerals to extract information about the physical state of magma systems prior to
volcanic eruptions.

5. The application of high-spatial-resolution accessory mineral geochronology can poten-
tially resolve outstanding problems with regard to subvolcanic magma accumulation and
storage.
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