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Abstract

A long-standing goal in high-precision and high-accuracy U-Pb zircon geochronology is the total elimination of discordance
caused by Pb loss. In theory, this is fairly straightforward, but in reality it has proven extremely difficult to attain (or even
demonstrate attainment of) this goal. However, a new method, “CA (Chemical Abrasion)-TIMS”, is capable of completely
removing zircon domains that have lost Pb, and then analyzing residual, perfectly closed-system zircon. CA-TIMS uses high-
temperature treatment (in the range of 800—1100 °C for 48 h) to anneal zircon lattice radiation damage from natural alpha, alpha
recoil, and spontaneous fission processes; this annealing eliminates elemental and isotopic leaching effects that have limited
earlier efforts at chemical “leaching” or multi-step “step-wise dissolution” or “partial dissolution analysis (PDA)”. The annealed
zircons are then subjected to a series of partial dissolution steps at progressively higher temperatures. These steps initially
remove (usually outer) zircon zones with high U+Th concentrations. These earliest partial dissolution steps are invariably
slightly to strongly discordant, due to Pb loss. Later steps sample progressively lower U+ Th zircon domains. In zircon samples
that lack inheritance, these later steps sample zircon domains that are completely free from Pb loss, defining *°°Pb*/***U plateau
ages with precisions (and accuracies, subject to decay constant and tracer calibration accuracies) better than 0.1%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tions. Over the years, various methods have been

developed to deal with Pb loss. These range from

Since the inception of U-Pb isotopic dating of
zircons (Tilton et al., 1955), partially open system
behavior (Pb loss) has been recognized as a major
factor limiting the accuracy of zircon age determina-
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the famous graphical concordia diagram (Wetherill,
1956), to various chemical and physical “pre-
treatments” and grain selection techniques aimed at
reducing the degree of discordance. As detailed
below, chemical (“strong” acid washing, “leaching”,
and partial dissolution), as well as mechanical (air
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abrasion) methods have been applied with varying
degrees of success. This paper describes a new zircon
analysis method that combines high-temperature
annealing of pre-existing radiation damage, with
multi-step partial dissolution analysis (PDA). It
demonstrates for a variety of zircon samples that
this new “chemical abrasion”, or “CA-TIMS” method
can completely remove those domains of zircon grains
that have lost Pb, and thus yield highly precise and
accurate ages for zircon crystallization.

For many years, methods using chemical leaching
or partial dissolution of zircon to remove radiation-
damaged domains associated with Pb loss have shown
considerable promise for more accurate and precise
U-Pb dating, but have fallen short of fulfilling this
promise. A few early studies extend back to the ear-
liest applications of U-Pb isotopic dating in the 1950s
and 1960s. For example, Tilton (1956) investigated
“the interpretations of lead—age discrepancies by acid
washing experiments”, and Silver and Deutsch (1963)
experimented with “stripping” zircons by partial dis-
solution using the borax fusion method (then the
standard method for digesting zircons). A major revo-
lution in zircon geochronology, the development of
methods of digesting zircon with HF in Teflon cap-
sules at high temperatures and pressures (Krogh,
1973), led to a great increase in the number of labora-
tories around the world performing zircon geochro-
nology. Krogh and Davis (1974, 1975) followed that
breakthrough in analytical methods by demonstrating
that discordant zircons commonly contain altered
domains that can be strongly etched by HF vapor,
that HF leaching can remove these altered domains,
and that much of the Pb loss is associated with these
domains; such leaching leaves a residue much more
concordant than the original bulk zircon. Todt and
Biisch (1981) took an important next step in partial
dissolution analysis by analyzing zircons in as many
as seven sequential steps, with full isotopic analysis of
each step. However, the results were complex, with a
strong variation in isotopic systematics from step to
step, including alternately strongly reversely discor-
dant (*°°Pb*/>**U age > 2""Pb*/**°Pb* age) and nor-
mally discordant steps. This suggested serious
problems with the specific analytical techniques used.

The rather discouraging multi-step dissolution
results of Todt and Biisch (1981) were shortly fol-
lowed by yet another breakthrough by Krogh (1982)

who demonstrated that major improvements in con-
cordance could be achieved by removing the outer
zones of zircon grains via air abrasion. The simple
mechanical removal of the outer (usually higher
U+Th) zircon zones was effective and simple to
understand. As a result, air abrasion was almost uni-
versally accepted and applied as a routine treatment
for zircons prior to dissolution for isotopic analysis;
few workers continued to pursue leaching or partial
dissolution studies. However, Mattinson (1994) was
able to show that most of the enigmatic isotopic
systematics reported for multi-step zircon dissolutions
by Todt and Biisch (1981) were related to the specific
dissolution and spiking methods used in that study.
These results were promising, and this and subsequent
studies suggested that detailed multi-step partial dis-
solution analysis (PDA) was useful in zircons with Pb
loss, with Pb loss plus inheritance, and even with
reverse discordance (e.g. Mattinson, 1994; McClel-
land and Mattinson, 1996; Mattinson et al., 1996).
Subsequent studies, especially on zircons with high
levels of radiation damage, revealed previously unrec-
ognized complexities in some PDA analyses, with
early partial dissolution steps leaching Pb* from the
remaining, undigested zircon. Effects of this leaching
included not only fractionation of U/Pb* ratios, but
also of 2°’Pb*/?%°Pb* ratios. These effects were first
described by Mattinson (1997), who noted:

Some zircon samples show much more complex beha-
vior for the early stages of dissolution. In these cases,
an initial step, even with dilute acids and at relatively
low temperatures, may contain not only the U and Pb
associated with the small volume of zircon actually
dissolved, but also excess Pb* and 2**U leached from
the residual zircon. Pb*, >*U, and other intermediate
daughter products occupy alpha-recoil-damaged sites,
and have been displaced by alpha recoil to surfaces,
microcracks, fission tracks, etc., that provide access to
corrosive solutions either in the laboratory or in nat-
ure. Significant isotopic fractionation (preferential
leaching of 2°°Pb* relative to *°’Pb*) is also observed,
presumably related to the difference in overall decay
energy released in the production of *°°Pb* versus
207pp* . Subsequent partial dissolution steps are thus
depleted in Pb*, **U, and *°°Pb*, but show progres-
sive ‘recovery’ such that the final steps and residues
show no leaching or fractionation effects.
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Later, similar effects were reported by Davis and
Krogh (2000), Corfu (2000), and Chen et al. (2002).
However, especially in the Davis and Krogh (2000)
and Corfu (2000) studies of Archean zircons, the
very small final residues still showed significant
leaching effects. There is general agreement about
the elemental (U vs. Pb) leaching effects. They are
related to the fact that all radiogenic isotopes in the
U-Pb (and Th-Pb) decay chains reside in alpha-
recoil-damaged sites. This is in contrast to the lat-
tice-bound parent isotopes of U and Th. Thus Pb*
and any of the intermediate daughter products are
more readily leached from zircons than their long-
lived parent isotopes.

The isotopic fractionation of 2°’Pb* and 2°°Pb* is
more controversial however. Two end-member mod-
els are as follows. Mattinson (1997, 2000a) suggested
that the difference in the number of alpha decays and
in the energies of those decays slightly but signifi-
cantly favors the leaching of °°Pb* over *°’Pb*. In
this model, the ca. 6-8% greater aggregate length of
the 2%°pp* alpha-recoil tracks (e.g., Mattinson, 2000a;
Nasdala et al., 2001, 2002) results in a greater prob-
ability of a fission track, for example, intersecting an
alpha-recoil track of 2°°Pb* rather than an alpha-
recoil track of °’Pb*. If a network of intersecting
microcracks, fission tracks, and alpha-recoil tracks
provides access for corrosive fluids, *°°Pb* will be
leached preferentially, compared to 2°’Pb*. This
explains the artificially low 2°’Pb*/*°°Pb* age of
the first PDA step, and the artificially high
207pp*/2%Ph* ages of subsequent step(s) that have
been depleted in *°°Pb* by the earlier step(s). Romer
(2003) has also discussed the importance of alpha-
recoil track lengths in the U-Pb system. Davis and
Krogh (2000) suggested a contrasting model in which
the differences in alpha-recoil track lengths play no
role. Instead, they suggested that the isotopic fractio-
nation results from a thermal event during the geolo-
gic past. In this model, “old” (high 2*’Pb*?°°Pb*) Pb
produced between the time of original zircon crystal-
lization and the thermal event (of sufficient tempera-
ture and duration to anneal the alpha-recoil lattice
damage) is sequestered in the annealed lattice, and
is immune to leaching. “Young” (lower 2°’Pb*/
205pp*) Pb produced after the thermal event resides
in still-damaged sites and is readily leached. Accord-
ing to this model, the “too-young” 2*’Pb***°Pb* age

for the first PDA step results because this step pre-
ferentially does extract “young” radiogenic Pb, gen-
erated during the post-annealing part of the zircon’s
lifetime. The “too-old” 2°’Pb**°°Pb* ages for later
PDA steps are explained because these steps prefer-
entially extract the older Pb* generated during the
pre-annealing part of the zircon’s lifetime. These
different models will be discussed in more detail
elsewhere.

Mattinson (2000b, 2003) also noted that pre-
digestion laboratory annealing of radiation damage
greatly suppressed the U-Pb and Pb/Pb fractiona-
tion effects discussed above. A series of detailed
experiments into annealing temperatures and disso-
lution techniques (e.g., Mattinson, 2000b) revealed
that annealing at increasingly higher temperatures
progressively reduces zircon solubility as well as
the leaching/fractionation-related isotopic complex-
ities. Over a broad range of annealing temperatures
(ca. 800-1100 °C for 48 h), radiation damage and
related leaching effects are completely eliminated
for zircon domains with low to moderate original
radiation damage. Equally important, the annealing
does not introduce any detectable disturbance in the
U-Pb isotopic system. This is consistent with
experiments showing very high closure temperatures
for Pb in crystalline zircon (Lee et al., 1997; Cher-
niak and Watson, 2000). The resulting “CA (che-
mical abrasion)-TIMS” method of zircon analysis,
combining pre-analysis high-temperature annealing
followed by multi-step PDA, is remarkably effec-
tive at complete removal of zircon domains that
have been affected with Pb loss, and is the focus
of this study. In the absence of inheritance, the CA-
TIMS technique can generate high-precision, high-
accuracy multi-step plateau ages (analogous to
“OAr/°Ar plateau ages) at better than 0.1% accu-
racy levels (excluding decay constant and tracer
calibration uncertainties). More complex isotopic
systematics (e.g., inheritance of zircons with a
range of ages) are easily recognized, but not always
easily interpreted for multi-grain zircon fractions. In
these cases, application of the CA-TIMS technique
to single zircon grains completely removes the
effects of Pb loss, allowing more accurate identifi-
cation of grains with inheritance versus those com-
pletely lacking inheritance (e.g., Mundil et al.,
2004).
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2. Analytical methods

Zircon samples were prepared by the usual mineral
separation and purification methods. For the present
study, zircon samples demonstrated by previous work
to lack inheritance were used. Very large samples (in
the range of a few milligrams to tens of milligrams)
allowed ca. 10—15 steps for each sample, high-preci-
sion analyses even of steps containing <1% of the
total Pb and U in the sample, and static collection with
Faraday cups on the major Pb isotopes for the best
accuracy and precision on 2°’Pb*/??°Pb* ages. Based
on experience from earlier work (Mattinson, 2000b),
the samples were annealed in high-purity alumina
crucibles in air, except for un-annealed control sam-
ples. Samples in this study analyzed by the full CA-
TIMS method were annealed at 850 °C or 1100 °C for
48 h. All samples were then subjected to a series of
partial dissolution analysis (PDA) steps. Typically, for
each step, the samples in 3 ml screw-top PFA Savillex
vials, were spiked with a mixed **>Pb/***U tracer, and
partially digested in a mixture of 10 parts 50% HF
plus 1 part 8§ M HNO3 in PARR digestion vessels. For
some studies, the first PDA step used only 5% HF.
Early PDA steps used relatively low temperatures
(e.g., 80 to 140 °C) for 12-24 h. Subsequent steps
used progressively higher temperatures (e.g., 150 to
200 °C), also for 12-24 h. In some cases, the sample
was exhausted by repeated steps at the high end of the
temperature range. In other cases, based on visual
inspection indicating that only a very small residue
remained, the series of PDA steps was halted, and the
remaining zircon residue was totally digested at 240
°C for ca. 72 h. In all cases the 3 ml sample vials were
stacked three-deep in the 45 ml PARR digestion ves-
sels. About 1.5 ml of HF + HNO3 mixture, identical to
the mixture inside the 3 ml vials, was added to the
PARR Teflon cup to ensure equivalent vapor pressure
inside and outside the sample vials. This allowed the
sample vial caps to be tightened “firm-finger-tight”, so
that the vials are ca. closed systems.

After each HF partial digestion step, the samples
were completely evaporated to dryness. The samples
were then subjected to a thorough HCI pick-up/clean-
up procedure that has a series of crucial but different
goals. First, it is essential that the U and Pb from each
step accurately represent the volume of digested zir-
con, and is completely equilibrated with the U+Pb

tracer. Pre-spiking, use of adequate HNOj; to maintain
strongly oxidizing conditions (Krogh, 1973), evapora-
tion to dryness, and a thorough pick-up step in HCI all
contribute to achieving this goal. Second, all remnants
of sample and spike U and Pb must be removed prior
to the next step, both from the zircons themselves, and
from the walls of the Teflon digestion vials. This was
achieved by additional “clean-up steps”. No doubt a
variety of pick-up/clean-up procedures would be ade-
quate, and in fact a range of methods was experimen-
ted with during the course of the study. The most
recent procedure is as follows: after evaporation of
the HF to dryness on a hot plate, ultra-pure 3.1 N HCI
is added (in an amount appropriate for the sample size
and column chemistry as in a normal single-step
zircon analysis) for the sample pick-up step. The
vials, again capped “finger tight”, are placed back in
the PARR vessels (with 1.5 ml 3.1 N HCI in the
PARR Teflon cup to maintain equal vapor pressure
inside and outside the sample vials), and returned to
the oven for 12 h at 160 °C. After cooling, the sample
solution is pipetted out of the Teflon vial into a small
centrifuge tube, taking care not to pipette out any
zircon grains. The sample solution is centrifuged,
and is then ready for column chemistry. The zircon
residue is rinsed several times with ultra-pure H,O,
which is carefully pipetted off and discarded. A few
drops of 8 N HNOj is added to the zircon residue, and
the residue is transferred, by pouring, into a second,
freshly cleaned PFA vial. The HNO; and several H,O
rinses are pipetted off and discarded. Two milliliters
of fresh HCI is then added (obviously this is scaled
down for small samples in micro-capsules). The sam-
ples in the PARR vessels are returned to the oven for
20 h at 160 °C. After cooling, this solution is pipetted
off and discarded. Again, the residue is rinsed several
times in ultra-pure H,O, and finally in ultra-pure 8§ N
HNO;. At this stage, the sample in a small remaining
drop of HNOj is spiked, fresh HF and HNO; added,
and placed in an oven for the next PDA step. Mean-
while, the first sample vial is subjected to normal
high-temperature cleanup steps, and set aside for the
following PDA step.

Pb and U were purified using the HCI ion
exchange chemistry described by Krogh (1973). Col-
umns with a resin bed volume of 0.15 ml were used,
because some PDA steps dissolved up to a few mg of
zircon. Pb blanks were typically in the range of 4-8
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pg. For the first one or two PDA steps, some large
samples contained significant impurities. For these
steps, the Pb and U were stripped separately using 6
N HCI and H,O, respectively. For these early steps,
Pb was loaded separately on filaments for mass spec-
trometry using silica gel. U was further purified using
UTEVA resin, then loaded using silica gel on the
previously used Pb filaments from the respective Pb
runs, and run as UO,. For all the subsequent steps, the
Pb and U were stripped simultaneously using H,O,
and were loaded together using silica gel. Pb was run
first, then UOs,.

Zr was recovered from the ion exchange column
washings, and concentrations were determined by
ICP-AES. This permitted assessment of the actual
amount of zircon digested in each step, and calcula-
tion of the U concentration of the zircon digested in
each step. As discussed later, this information is quite
useful for understanding both Pb loss related to nat-
ural radiation damage, and also the partial dissolution
behavior of the zircon sample. In some cases, an
aliquot of this solution was reserved for further trace
element analysis (e.g., REE by ICP-MS).

Both Pb and U were run on the UCSB Finnigan-
MAT-261 multicollector instrument in the static multi-
collection mode. All the major Pb isotopes were
collected on Faraday cups. With the exception of
some of the early steps, the ***Pb signal was very
small and was collected simultaneously by ion count-
ing on a Spectromat ion counting system. In most
cases, later PDA steps contained virtually zero initial
Pb. Mass fractionation and any minor Faraday collec-
tor biases were corrected relative to the NBS-982
equal-atom Pb standard. The ion counter was cali-
brated by comparing the Faraday/Faraday versus
Faraday/ion counting 2°°Pb/***Pb ratios for the
NBS-983 radiogenic Pb standard.

3. Results and discussion
3.1. Experimental rationale

The following discussion focuses predominantly
on multi-step 2°°Pb*/>**U age release spectra for zir-
con samples. 2°°Pb*/>*®U ages provide the most rig-
orous test of the new method because they can be
measured with high precision and are the most sensi-

tive to any analytical fractionation effects. They also
have the potential to provide the most precise and
accurate ages, especially on small samples and young
samples, again for reasons of analytical precision and
accuracy, and lack of error magnification from decay
constant uncertainties. *°’Pb*/**°Pb* ages can pro-
duce excellent plateau results, as discussed later, but
especially for Paleozoic and younger samples, are
subject to much larger possible random and systema-
tic errors related to measurement uncertainties, com-
mon Pb corrections, intermediate daughter product
(IDP) disequilibrium effects, and decay constant
error magnification (e.g., Mattinson, 1987; Ludwig,
2000a). Within these limitations, agreement or dis-
agreement of 2°’Pb*/2°Pb* ages with *°°Pb*/***U
ages is still a primary indicator of concordance or
discordance. However, for zircons that lack inheri-
tance, the possible uncertainties in calculated
207pp*2%ph* ages further emphasize the importance
and robustness of the 2°°Pb*/***U decay system, and
of the multi-step plateau method for ages of the high-
est accuracy.

First, two un-annealed samples are discussed, illus-
trating the range of open system (leaching) to ca.
closed system behavior from early to late PDA
steps. Next, three aliquots of zircon, un-annealed,
weakly annealed, and more strongly annealed, respec-
tively, reveal the progressive suppression of solubility
and leaching effects by the annealing of radiation
damage. Finally, a series of samples analyzed by the
complete CA-TIMS method demonstrate the precision
and accuracy of the new approach to U-Pb zircon
dating.

3.2. Un-annealed samples

Results for sample 1, zircons from an Early Cre-
taceous pluton from Baja California (Busby et al., in
press) are shown in Fig. 1 and Table 1. A large zircon
fraction, un-annealed, was analyzed in 14 PDA steps.
The age versus U released pattern (Fig. 1A) is typical
of the behavior first discussed by Mattinson (1997).
This diagram is analogous to the well-known
“Ar°Ar release spectrum, following Mattinson
(1994) in its application to the U-Pb system. The
initial (A) step is a very low-intensity step using 10
parts 5% HF/1 part 8 N HNOs, 24 h at 80 °C in an
oven. Nevertheless, it removed 8.8% of the total U in
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Fig. 1. Multi-step PDA results for sample 1 un-annealed Early
Cretaceous zircons. The initial PDA step (“A” in Table 1) plots at
the left side of the diagram; the higher temperature PDA steps plot
progressively towards the right side (analogous to a “*Ar/*°Ar step
heating release diagram). (A) 2°°Pb*/>*3U age release pattern show-
ing strong leaching effects for the first four PDA steps, and good
age agreement for the remaining 10 PDA steps (see text for more
detailed discussion). Data points are fitted with a simple spline
curve for visualization of the leaching effects in the early steps.
(B) U concentration data for each step. Width of each box represents
the fraction of the total U released for each step. Height of each box
represents a 5% uncertainty in the U concentration (mostly from
ICP-AES uncertainties).

the zircon sample. As shown in Fig. 1B, the zircon
digested in the A step is high in U (ca. 7300 ppm),
and thus readily soluble due to high levels of accu-
mulated radiation damage. Moreover, in addition to
removing the Pb associated with the zircon actually
digested, the A step also evidently leached additional
radiogenic Pb from layers deeper within the zircon.
Presumably the A step etched fission tracks, micro-
cracks, etc., in the residual zircon and used them as
fluid conduits to access and leach radiogenic isotopes
from their alpha-recoil-damaged sites (e.g., Mattin-
son, 1997, 2000a). Thus, the A step yields a
206pp*/238U age that is about 20% older than the
actual crystallization age of the sample. Not surpris-
ingly, the following B step (10 parts 50% HF/1 part 8
N HNO;3, 24 h at 80 °C) reflects a strong depletion in
radiogenic Pb, yielding a low apparent “*°Pb*/***U
age. This step, despite the use of full strength HF,

removed only 6% of the total sample U, reflecting a
significantly lower (but still fairly high) U concentra-
tion of ca. 4100 ppm. The overall isotopic mass
balance of the B step evidently reflects three compo-
nents: 1) the U and Pb in the actual volume of zircon
fully digested in the B step; 2) minus the Pb leached
by the A step; 3) plus any Pb leached by the B step
from the remaining zircon. The next two (C and D)
steps show progressive recovery from the depletion
(see Table 1 for details of digestion conditions) and
progressively lower U, at ca. 1500 and 1100 ppm,
respectively. The isotopic mass balance of the C step
is likely similar to that of the B step. However, the D
step evidently was unable to leach a significant
amount of Pb from the zircon residue remaining
after that step, as indicated by the fact that the
remaining 10 steps yield ages in good agreement
with each other. Presumably the levels of natural
radiation damage in the inner parts of the zircon
were low enough that there was insufficient commu-
nication between fission tracks, alpha recoil tracks,
etc., for there to be any further major leaching effects.
Together, the first four steps represent about 26% of
the total U in the sample. These first four steps,
recombined, yield a 2*°Pb*/***U age of 107.8 Ma.
This is significantly lower than the average age of the
higher T steps (discussed next), evidently reflecting
the small degree of natural Pb loss experienced by
these zircons.

The remaining 10 PDA steps, representing about
74% of the U in the zircons, show a further strong
decrease in U concentrations (Fig. 1B), from ca. 730
ppm (E) to ca. 70 ppm (N). I interpret the U concen-
tration data as very strong evidence that the PDA
steps first attacked late-crystallized, high-U rim mate-
rial (and possibly high-U interior zones, see Mattin-
son, 1994). The later, higher intensity PDA steps
progressively digested earlier crystallized, lower-U
domains from the deep interiors of the grains. The
E through N steps have approximately equal
206pp*/238J  ages, yielding an average age of
110.16 £0.12 Ma (2-sigma error; *0.2% errors on
individual points; MSWD=2.2) using Ken Ludwig’s
Isoplot program (Ludwig, 2000b). In detail however,
the ages appear to show a slight decline in age from
ca. 110.4 to ca 109.9 Ma from the E through N steps.
This apparent decline, plus the slightly high MSWD
might simply be statistical variation, but alternatively
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Table 1
U-Pb data for zircons
Sample  Anneal Weight PDA % of U Observed  Calculated ages (Ma) Calculated

(mg) conditions total U  (ppm) ratio ratio
20°ppy 20pp%/  2°7Pb*/  Error P Th/RU
204p 28y 206pp*  (2-sigma)

Sample 1
Astep  None 0.27 5%/80 °C/24 h 8.82 7336 259 131.60 97.3 43.0 0.336
B step 0.32 50%/80 °C/24 h 5.98 4146 374 8550 1473 28.0 0.188
C step 0.73 50%/100 °C/24 h 5.70 1752 1819 9430 1483 8.0 0.151
D step 1.16 50%/120 °C/24 h 5.58 1082 3451 107.80 1353 4.0 0.152
E step 241 50%/140 °C/24 h 7.82 729 5546 11036 120.7 2.5 0.196
F step 3.72 50%/150 °C/24 h 7.19 434 7258 11032 1136 2.0 0.414
G step 3.25 50%/160 °C/24 h  16.32 308 16,926 110.40 112.9 1.2 0.614
H step 5.41 50%/160 °C/24 h 8.35 277 23,588 110.19  112.1 1.1 0.649
I step 11.01 50%/170 °C/24 h  12.37 252 42,040 110.19  112.1 0.9 0.637
J step 9.14 50%/170 °C/24 h 8.82 217 65,538 110.08  112.7 0.8 0.608
K step 9.29 50%/180 °C/24 h 7.43 180 72,784 110.03 112.7 0.8 0.580
L step 6.31 50%/190 °C/24 h 3.96 141 37,167 110.16  114.1 0.9 0.537
M step 332 50%/190 °C/24 h 1.46 99 19,991 109.96 113.0 1.2 0.487
N step 0.59 Residue digest 0.19 71 7403 109.93 1223 10.0 0.436
Sample 2
A step None 0.39 5%/80 °C/24 h 18.03 11,743 2868 101.30 73.7 5.0 0.783
B step 0.59 50%/80 °C/24 h  11.00 4771 11,636 63.56 1133 1.4 0.656
C step 0.91 50%/100 °C/24 h 8.62 2427 21,564 7726  107.7 1.0 0.627
D step 1.36 50%/120 °C/24 h 8.55 1603 28,837 86.00 95.3 0.9 0.610
E step 3.01 50%/140 °C/24 h  13.61 1155 55,748 86.70 91.1 0.9 0.602
F step 5.18 50%/150 °C/24 h  16.62 819 83,540 86.88 89.4 0.8 0.568
G step 3.63 50%/160 °C/24 h 8.63 608 90,754 86.73 90.1 0.8 0.541
H step 4.49 50%/160 °C/24 h 8.61 490 64,848 86.85 89.2 0.8 0.521
I step 3.67 50%/170 °C/24 h 5.53 385 47,373 87.10 91.0 0.9 0.499
J step 0.71 50%/170 °C/24 h 0.79 287 31,048 87.33 90.5 22 0.510
Sample 3
A step  None na 5%/80 °C/24 h 18.82 na 1123 116.96 92.5 5.0 0.105
B step na 50%/80 °C/24 h  11.97 na 8315 72.63 150 2.0 0.095
C step na 50%/120 °C/24 h 7.12 na 5161 80.11 149.3 32 0.136
D step na 50%/160 °C/24 h  14.51 na 12,090 10586 124.6 1.5 0.261
E step na 50%/170 °C/24 h  13.40 na 141,432 10492 1163 0.8 0.313
F step na 50%/180 °C/24 h  22.32 na 106,140 101.24 1124 0.8 0.341
G step na 50%/190 °C/24 h  11.21 na 97,323 98.97 1108 0.8 0.333
H step na 50%/190 °C/24 h 0.61 na 4002 10596  102.8 10.0 0.331
I step na Residue digest 0.03 na 554 106.78  157.1 60.0
Sample 3
Astep 48 hr, 550 °C  na 5%/80 °C/24 h 10.88 na 928 119.50  104.9 6.0 0.129
B step na 50%/80 °C/24 h 4.51 na 7545 76.27 1355 2.5 0.096
C step na 50%/120 °C/24 h 8.26 na 11,907 93.49 1279 1.5 0.079
D step na 50%/160 °C/24 h  17.81 na 9179 104.54 1214 2.0 0.133
E step na 50%/170 °C/24h  11.24 na 50,917 10527  121.0 0.9 0.241
F step na 50%/180 °C/24 h  21.38 na 116,383 104.41 115.8 0.8 0.316
G step na 50%/190 °C/24 h  20.27 na 167,387 100.64 1123 0.8 0.359
H step na 50%/190 °C/24 h 4.82 na 109,232 102.21 1153 0.8 0.364
I step na Residue digest 0.85 na 14,595 106.88 115.0 3.5 0.380

(continued on next page)
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Sample  Anneal Weight PDA % of U Observed  Calculated ages (Ma) Calculated
(mg) conditions total U (ppm) ratio ratio
206pp/ 205pp*/  297pb*/  Error 22Th/>8y
204pp B8y 206pp*  (2-sigma)

Sample 3

Astep 48 hr, 850 °C na 5%/80 °C/24 h 8.09 na 603 107.89 99.1 10.0 0.143
B step na 50%/80 °C/24 h 1.92 na 1491 53.61 127.6 11.0 0.154
C step na 50%/120 °C/24 h 2.58 na 2548 102.39 1328 7.0 0.138
D step na 50%/160 °C/24 h  15.81 na 14,431 10596  119.2 1.4 0.100
E step na 50%/170 °C/24 h  15.83 na 49,681 105.77 116.8 0.9 0.162
F step na 50%/180 °C/24 h  20.04 na 97,655 10593 1157 0.8 0.244
G step na 50%/190 °C/24 h  16.36 na 14,5471 10522 113.1 0.8 0.317
H step na 50%/190 °C/24 h 9.54 na 118,998 104.83  112.7 0.8 0.361
I step na Residue digest 9.83 na 79,551 105.84 110.8 0.9 0.408
Sample 4

Astep 48 hr, 850 °C  0.55 50%/120 °C/24 h  11.04 5446 2248 79.57 96.5 5.0 0.524
B step 1.79 50%/160 °C/24 h  10.85 1642 17,814 86.91 93.8 1.3 0.418
C step 4.49 50%/170 °C/24 h  18.21 1041 73,830 86.89 90.0 0.8 0.504
D step 1.93 50%/170 °C/24 h 6.77 899 119,650 86.70 89.3 0.8 0.578
E step 4.27 50%/170 °C/24 h  13.25 796 179,150 86.75 89.1 0.8 0.603
F step 3.82 50%/180 °C/24 h  10.63 713 142,516 86.75 89.4 0.8 0.631
G step 3.78 50%/180 °C/24 h 9.73 661 154,945 86.82 89.2 0.8 0.648
H step 3.54 50%/190 °C/48 h 8.63 626 138,092 86.79 90.1 0.8 0.661
I step 4.09 50%/190 °C/48 h 9.43 591 59,992 86.90 89.9 0.9 0.674
J step 0.62 Residue digest 1.46 604 44,692 86.96 91.1 2.1 0.708
Sample 5

Astep 48 hr, 850 °C  0.17 50%/120 °C/24 h 2.20 904 39 96.00 197.5 600.0 0.567
B step 1.01 50%/160 °C/24 h 4.24 298 1599 110.57 127.2 11.0 0.351
C step 2.46 50%/170 °C/24 h 8.40 242 8879 115.07 1204 22 0.375
D step 1.14 50%/170 °C/24 h 3.23 201 17,592 115.49 118.4 1.5 0.411
E step 2.49 50%/170 °C/24 h 7.09 201 26,607 11557 1184 1.1 0.420
F step 2.4 50%/180 °C/24 h 6.30 185 28,190 115.61 119.1 1.2 0.437
G step 2.61 50%/180 °C/24 h 6.54 177 30,858 115.62  119.8 1.0 0.450
H step 3.34 50%/180 °C/24 h 7.91 168 38,759 115.63 1173 0.9 0.462
I step 7.81 50%/190 °C/24 h  18.07 164 34,731 11538  117.6 1.0 0.479
J step 5.38 50%/190 °C/24 h  11.27 148 64,757 11549  117.7 0.8 0.502
K step 4.36 50%/190 °C/24 h 9.16 149 26,247 11555  118.0 1.1 0.517
L step 2.21 50%/190 °C/48 h 435 139 11,662 11545 1169 2.0 0.531
M step 3.47 50%/190 °C/48 h 6.96 142 21,787 115.51 118.2 1.2 0.542
N step 2.09 Residue digest 4.29 144 42,566 115.59  119.1 1.4 0.567
Sample 6

Astep 48 hr, 1100 °C  0.24 50%/120 °C/12 h 1.71 539 45 135.09  238.1 420.0 2.648
B step 1.91 50%/160 °C/12 h 9.47 377 8101 161.83  173.0 2.5 0.953
C step 3.29 50%/170 °C/12 h ~ 12.70 293 42,717 165.57  168.5 0.9 0.798
D step 5.13 50%/180 °C/12h  16.80 249 72,054 165.41 167.7 0.8 0.719
E step 3.33 50%/180 °C/12 h  10.40 237 92,494 165.58  168.9 0.8 0.673
F step 6.63 50%/190 °C/12h  19.59 225 144,970 16526  167.9 0.8 0.648
G step 4.14 50%/190 °C/12h  11.35 209 117,213 16547  167.7 0.8 0.620
H step 3.86 50%/190 °C/12h ~ 10.07 198 180,050 165.57  167.7 0.8 0.604
I step 1.38 50%/190 °C/12 h 3.46 191 89,348 16537  169.7 0.8 0.584
J step 1.79 50%/190 °C/12 h 4.44 189 87,094 16543  167.8 0.8 0.576
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Table 1 (continued)

Sample  Anneal Weight PDA % of U Observed  Calculated ages (Ma) Calculated
(mg) conditions total U  (ppm)  ratio ratio

20°ppy 2%pp%/  2°7Pb%/  Error P Th/RU
204pp B8y 206pp*  (2-sigma)

Sample 7

Astep 48 hr, 1100 °C  0.41 50%/140 °C/24 h  27.57 2916 444 22375  403.4 22.0 0.403

B step 0.81 50%/150 °C/24 h  13.39 708 5423 416.78 4542 3.1 0.250

C step 0.94 50%/150 °C/24 h 8.15 367 22,686 459.05  462.8 1.0 0.268

D step 1.05 50%/150 °C/24 h 6.85 278 46,283 461.16  463.5 0.8 0.288

E step 1.29 50%/155 °C/24 h 7.18 238 73,266 461.35  463.0 0.8 0.301

F step 1.79 50%/160 °C/24 h 8.80 209 122,344 461.85  463.0 0.8 0.313

G step 1.76 50%/160 °C/24 h 7.93 192 161,840 461.53  462.5 0.8 0.324

H step 1.36 50%/160 °C/24 h 6.22 194 137,179 461.70  462.8 0.8 0.333

I step 1.38 50%/165 °C/24 h 6.25 192 150,476 460.74  463.0 0.8 0.340

J step 0.81 50%/165 °C/24 h 3.66 194 84,354 46091  462.7 0.8 0.346

K step 0.52 50%/170 °C/24 h 2.46 199 56,350 460.13  460.9 0.9 0.350

L step 0.19 50%/175 °C/24 h 1.11 236 26,647 461.14 4655 2.1 0.354

M step 0.09 50%/190 °C/24 h 0.45 214 4207 459.99  465.8 5.0 0.360

might result from very slight residual leaching effects,
minor analytical artifacts (because this sample was
run at an early stage in the study prior to use of high-
temperature clean-up steps or the 2-vial method), or
even very minor inheritance of slightly older zircon
that was slightly more soluble than the bulk of the
igneous zircon. The result from this un-annealed frac-
tion can be compared to an aliquot of these zircons
annealed at 1100 °C prior to PDA (reported in Busby
et al., in press) that yields a true plateau age of
110.08 +£0.11 Ma with MSWD=0.97. This agree-
ment suggests that, whatever the cause of the apparent
slight decline in ages for the sample 1 un-annealed
zircon aliquot E-N steps, the total amount of zircon
represented by these 10 steps has behaved overall as a
closed system, at least to the ca. 0.1% level. The
agreement between the annealed and un-annealed
age results for this sample also reveals that “simple”
PDA (no annealing) can yield valid age results in at
least some cases of zircons with low levels of radia-
tion damage for the higher temperature steps (cf.
Mattinson, 1994). However, as will be discussed
below, this behavior breaks down at higher levels of
radiation damage.

Results for sample 2 zircons from a Late Cretac-
eous pluton from the Sierra Nevada Batholith (kindly
supplied by Dr. James Chen; sample KC-13 of Chen
and Moore, 1982; 2%6pp*/238y age, coarse fraction,
reported as 85.1 Ma) are presented in Fig. 2 and

Table 1. A large un-annealed fraction was analyzed
in 10 PDA steps. The 2°°Pb*/>**U age vs. U released
pattern (Fig. 2A) is very similar to that for sample 1,
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Fig. 2. Multi-step PDA results from sample 2 un-annealed late
Cretaceous zircons. (A) The 2°°Pb*/**8U age release pattern is
very similar in form to that seen in Fig. 1. However, the strongly
disturbed part of the age spectrum extends further in terms of the
amount of U released, and the ages for the higher temperature steps
show clear excess scatter (see text for discussion). (B) The U
concentrations are much higher for this sample than for sample 1,
and the differences in isotopic systematics are presumably the result
of differences in degree of radiation damage.
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discussed above, in terms of the typical “Big Dipper”
or “soup ladle” pattern shown by the release spec-
trum. In this case, however, the carly PDA steps
remove a much larger proportion of the total U in
the sample, despite identical acid strength, tempera-
ture, and time progression for these steps compared
to sample 1. For sample 2, the A through D steps
remove more than 40% of the total U from the
zircon sample. This is likely related to the higher
U concentrations for sample 2, as shown in Fig. 2B.
The “too old” A step has a U concentration of almost
12,000 ppm. The following three “too young” B, C,
and D steps have U concentrations of ca. 4800,
2400, and 1600 ppm, respectively. The remaining 6
steps range from ca. 1150 to 300 ppm U, and do not
define a plateau, but instead plot with a slight undu-
lation—a slight recumbent “S” shape, barely percep-
tible in Fig. 2A. An average of these 6 steps yields
an age of 86.93 £0.25 Ma (2-sigma error; +0.2%
errors on individual points; MSWD=7.7). The high
MSWD clearly indicates that the 6 higher tempera-
ture steps from this un-annealed zircon sample have
not behaved as a series of simple closed-system sub-
domains. Again, comparison with an annealed ali-
quot of the same zircon sample is useful. An
annealed fraction of this sample, discussed later as
sample 4, does not show the “S” shape, and yields a
high-precision plateau age of 86.83 £0.06 Ma (2-
sigma error; +0.2% errors on individual points;
MSWD=1.05). This strongly indicates that slight
but significant leaching effects persisted between
the more intense, higher temperature PDA steps in
the un-annealed fraction. Nevertheless, the good
agreement between the average age for the last 6
steps for the un-annealed sample 2, and plateau age
for the annealed sample 4 (86.93+0.25 and
86.83 £ 0.06, respectively) indicates no significant
leaching of Pb from the E-J steps by the earlier,
lower intensity, clearly disturbed A-D steps. In the
absence of data from the annealed aliquot however,
it would be difficult to place much reliance on the
age from the un-annealed aliquot.

3.3. Effects of progressive annealing
Three aliquots of sample 3, zircons from an Early

Cretaceous pluton from the Sierra Nevada Batholith
(kindly supplied by Dr. James Chen; sample W-3 of

Chen and Moore, 1982; 206pys 2381 age, coarse frac-
tion, reported as 111.8 Ma), reveal the effects of
progressive annealing of radiation damage. These
data are a subset of an experiment involving nine
aliquots of this zircon that were un-annealed, and
annealed for 48 h at 550, 650, 750, 850, 950, 1050,
1150, and 1200 °C, respectively, and each analyzed in
nine PDA steps (Mattinson, 2000b). Detailed analysis
of the results indicates that this zircon population
contains a very small inherited component. Thus,
even the strongly annealed split does not display
plateau behavior. Also, Zr concentration data are not
available for these zircons, so individual steps cannot
be discussed in terms of their actual U concentrations.
However, the results do provide a good understanding
of zircon solubility and leaching effects versus pro-
gressive annealing of radiation damage. The un-
annealed, 550 °C, and 850 °C results are discussed
here, and presented in Fig. 3 and Table 1.

Fig. 3A shows the 2°°Pb*/>**U release spectrum for
the sample 3 un-annealed aliquot. It shows the char-
acteristic (and very large) “dipper” pattern for the first
few steps. The first three PDA steps remove almost
38% of the total U in the sample. However, the remain-
ing steps fail to define a plateau. Instead they form a
recumbent “S” pattern, similar to, but more obvious
than that discussed for sample 2 earlier. Clearly, sig-
nificant leaching effects have penetrated deep into the
zircon, and it is not possible to interpret the age of the
sample from these data with any confidence.

Fig. 3B shows the spectrum for the sample 3
aliquot annealed for 48 h at 550 °C. In basic form,
the release pattern is similar to that for the un-
annealed split. However, the “bowl” of the ladle is
compressed towards the left side of the diagram, with
the first three PDA steps removing 23.6% of the
sample U, significantly less than in the un-annealed
split. The annealing, even at this relatively low tem-
perature, significantly reduced the solubility of the
zircon and reduced the magnitude of the leaching
effects. The later PDA steps for the 550 °C split
show some flattening of the age pattern compared
with the un-annealed split, but still do not form a
plateau. Obviously there are still significant leaching
effects deep within the zircon grains at this low level
of annealing.

Fig. 3C shows the sample 3 split annealed for 48
h at 850 °C. At this level of annealing the bowl of
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Fig. 3. Age release patterns showing the effects of progressive
annealing on three aliquots of sample 3, an Early Cretaceous zircon
sample. (A) Un-annealed zircons, showing strong leaching effects,
both for the early PDA steps (“big dipper”), and also for the later
PDA steps. (B) Zircons annealed for 48 h at 550 °C, showing
significant suppression of both solubility and leaching effects,
with some compression of the “dipper” towards the left side of
the diagram, and some flattening of the pattern of the later PDA
steps. (C) Zircons annealed for 48 h at 850 °C, showing further
strong suppression of solubility and leaching effects—highly com-
pressed “dipper” pattern and reasonably good age agreement for the
higher temperature steps (but not perfect due to minor inheritance).

the ladle is very tightly compressed against the left
side of the release diagram, with the first three PDA
steps extracting only 12.6% of the total U. The
remaining six PDA steps, representing ca. 87.4%
of the U, yield ages in reasonably good agreement,
but do not define a plateau due to the very minor
inheritance discussed above. At this level of anneal-
ing, radiation damage has been effectively removed

from the moderate to low-U zircon grain interiors.
The full range of these experiments (Mattinson,
2000b) plus experiments on other samples (Mattin-
son, unpublished data) indicate that a useful range of
annealing spans ca. 800 °C to 1100 °C for 48 h. In
recent work, I have “standardized” the annealing
process, using 1000 °C/48 h.

Despite the 48 h/850 °C annealing, the “dipper”
pattern for the earliest steps persists, although, as
noted above, it is restricted to a very small percen-
tage of the total U. By analogy with samples 1 and
2, these early steps undoubtedly represent very high
U, thin, outer zones of the grains with very high
levels of radiation damage. The detailed annealing
experiments for this sample (Mattinson, 2000b) sug-
gest that such high levels of radiation damage are
only removed at annealing temperatures above 950
°C. Also see Nasdala et al. (2001) for an excellent
detailed discussion of annealing radiation damage in
Zircons.

3.4. Full “CA (chemical abrasion)-TIMS” results

This section discusses samples analyzed by the
final “CA-TIMS” method. All were annealed prior
to PDA at temperatures of either 850 °C or 1100 °C
for 48 h. In addition, the very low intensity early steps
have been omitted. Low intensity early steps reveal
details of possible residual leaching effects in very
thin, very high U+Th rims (possibly too heavily
radiation-damaged to be effectively annealed at the
lower end of the annealing temperature range, as
discussed above). However, they do not influence
final age interpretation. For the full CA-TIMS analy-
sis, for reasons of efficiency, an initial more intense
step (e.g., 120 °C/24 h/50% HF) replaces the three to
four low intensity initial steps discussed in the pre-
vious sections. Note, even after annealing, not all
zircons respond the same way to a particular set of
PDA steps. Radiation damage is clearly the primary
control on solubility of un-annealed zircons. How-
ever, even after removal of radiation damage by
annealing, trace element substitutions cause lattice
distortions that can play an important role in deter-
mining solubility (e.g. Koppel and Sommerauer,
1974), as discussed in more detail later. Some care
and experimentation is useful in determining the opti-
mal PDA temperature progression.
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Results for sample 4 are shown in Fig. 4 and Table
1. Sample 4 is an aliquot of the KC-13 (Chen and
Moore, 1982; 2%pp*/238y age, coarse fraction,
reported as 85.1 Ma) zircons discussed earlier as
Sample 2, which was not annealed prior to PDA. In
contrast, Sample 4 was annealed for 48 h at 850 °C.
Prior to annealing it was also moderately air-abraded
(Krogh, 1982) as a test of the air abrasion process. A
comparison of the U-release patterns for samples 2
and 4 (Figs. 2B and 4B, respectively), indicates much
lower U concentrations for the early steps for Sample
4. Thus, as expected, air abrasion removed a signifi-
cant amount of high-U rim material from the zircon.
However, the 2°°Pb*/**®U release spectrum (Fig. 4A),
reveals that slight discordance remains after air abra-
sion. The initial step (24 h/120 °C), released about
11% of the total U, with an average U concentration
of ca. 5400 ppm and a 2°°Pb*/**®U age of ca. 79.6
Ma. The true “closed-system” age of the zircons is
given by the plateau of the remaining nine steps (89%
of the total U, ca. 1640 to 600 ppm for steps B-J,
respectively) as 86.83 £ 0.06 Ma (2-sigma). The “bulk
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Fig. 4. CA-TIMS results for sample 4, an aliquot of the sample 2
zircons, but in this case moderately abraded, then annealed for 48 h
at 850 °C. (A) 2°°Pb*/>**U age release spectrum defines a plateau,
plotted using the Ar/Ar step heating program from Isoplot (Ludwig,
2000b), that yields a precise and accurate age. Heights of the boxes
show 2-sigma errors of 0.2% on the ages. (B) U concentration
results—note both similarities and contrasts to Fig. 2B—see text
for discussion.

206ppy* /2381 age” or “total 2**U age” of the air-abraded
zircons, obtained by recombining all the age steps,
weighted by fraction of U released in each step, is
86.03 Ma, indicating that after moderate air abrasion,
the zircons were still ca. 0.9% discordant. More
extreme air abrasion certainly would have reduced
the level of discordance still further, by removing
more of the outer, high-U zircon material. However,
it is important to note that <1% levels of Pb loss are
difficult to detect in samples of this age range by
conventional U-Pb analysis. Classical definitions of
concordance (e.g. agreement of “°°Pb*/**U and
207pp*/2%ph* ages within errors) tend to break
down at this level; ages that can be considered
“concordant within errors” might actually be
“discordant within errors”. Detailed population statis-
tics of large numbers of abraded single grain ages
(e.g., Mundil et al., 2001) can reveal excess scatter
in the ages, indicative of small variable amounts of Pb
loss (or inheritance). However, it is extremely difficult
to demonstrate complete removal of Pb loss effects in
conventional, air abrasion analyses, whereas this is
clearly achieved and clearly demonstrated by the CA-
TIMS method with its combined annealing, multi-step
PDA, and plateau data analysis approach.

As mentioned earlier, for the full CA-TIMS proce-
dure, the initial PDA step (in this case 120 °C/24 h/
50% HF) replaces a series of more delicate steps used
for un-annealed zircons and progressive annealing
experiments. It seems quite likely that a compressed
“dipper” pattern (cf. Fig. 3C) would also be revealed
for Sample 4 if these more delicate and detailed early
PDA steps had been applied. Such a pattern would
suggest that radiation damage in the very outermost,
very high U+Th zones of the zircon were not fully
annealed at 48 h/850 °C. However, the high-quality
age plateau from Sample 4 strongly indicates that, for
the zircon domains represented by the plateau steps,
radiation damage has been successfully annealed. This
could represent total annealing of radiation damage, or
at least annealing of enough of the radiation damage
so that leaching effects are eliminated. Despite this
compelling evidence for elimination of radiation
damage, and presumably elimination of solubility
differences related to radiation damage, Fig. 4B
reveals that the PDA steps still show a simple dis-
solution progression from higher U to lower U zircon
domains. This is a crucial point, and clearly indicates
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that, even after annealing of radiation damage, zircon
solubility still varies systematically with U concentra-
tion. Magmatic zircons commonly show strong core
to rim U+Th zonation. Thus, simple physical access
(rim first, core last) could explain the order of dis-
solution. However, dissolution along microcracks,
etc., commonly provides access for acid to penetrate
grain interiors (e.g., Mattinson et al., 1996, Fig. 5).
Thus, a view of dissolution control via pure physical
rim to core access is likely incomplete.

It has long been known that there is a strong
positive correlation between U-+Th concentrations
and the concentrations of other trace elements (e.g.,
P, Y, Ca, REE). Furthermore, high concentrations of
U, Th, and other trace elements cause distortions of
the zircon lattice, rendering it less stable, and more
susceptible to weathering or any other chemical attack
(e.g., Koppel and Sommerauer, 1974). Again, given
the typical magmatic zircon pattern of core to rim
increase in U and other trace elements, this residual
solubility contrast, based on trace element-induced
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Fig. 5. CA-TIMS results for sample 5, a relatively low-U, Early
Cretaceous zircon sample annealed for 48 h at 850 °C. (A)
206pp#/2381 age release spectrum—note evidence for moderate to
very slight Pb loss for the first three CA-TIMS steps, and the small
amount of U (15%) released in these steps. The remaining 11 PDA
steps define a plateau that yields a very precise and accurate age (2-
sigma errors for the individual steps=0.2%). (B) The plot of U
concentrations reveals a minor amount of moderate-U rim material
removed in the first step, followed by low-U material making up the
bulk of the zircon.

lattice distortion, would strongly reinforce a rim to
core dissolution progression based on simple physical
access. This means that CA-TIMS steps progressively
sample compositionally distinct zircon domains, ca.
from rim to core: early steps typically remove high-U
rim material £ some high U zones from deeper within
the grains (the latter inaccessible to air abrasion); later
steps sample lower-U material, progressively deeper
into the cores of the grains. Thus each CA-TIMS step
represents a geochemically unique sub-sample of zir-
con, rather than a blurred average of the entire zircon
mass.

Results from zircons from an Early Cretaceous
Sierran pluton, Sample 5 (kindly provided by Dr.
James Chen; sample W10 of Chen and Moore,
1982; 2°Pb*/>%U age reported as 114.2 Ma) are
shown in Fig. 5 and Table 1. These zircons were
annealed at 850 °C for 48 h, analyzed in 14 steps,
and are very well behaved. The first three of the 14
PDA steps show moderate to very slight Pb loss,
yielding 2°°Pb*/**8U ages of ca. 96 Ma, 110.7 Ma,
and 115.2 Ma, and U concentrations of ca. 900 ppm,
300 ppm, and 240 ppm for steps A—C, respectively
(Fig. 5A,B). The remaining 11 PDA steps have U
concentrations ranging from ca. 200 ppm to 140
ppm for steps DN, respectively, and evidently repre-
sent perfect closed-system behavior. These steps yield
a precise plateau age of 115.697 £0.070 Ma. For
well-behaved plutonic samples in this age range, the
plateau errors are in the range of the life spans of
magma chambers (e.g., Coleman et al., 2004), allow-
ing resolution of very fine-scale chronologies of plu-
ton emplacement over short geologic time scales.

Results from zircons from a Late Jurassic ophiolite
plagiogranite, sample 6 (San Simeon remnant, Cali-
fornia Coast Range ophiolite, Mattinson, 1987;
206pp*/2387 age reported as 165.43 +0.34 Ma) are
shown in Fig. 6 and Table 1. These zircons were
annealed at 1100 °C for 48 h, analyzed in 10 steps,
and also yield very well-behaved CA-TIMS systema-
tics (Fig. 6A). The A and B steps show moderate to
slight Pb loss, with ages of ca. 135 and 162, and U
concentrations of ca. 540 ppm and 380 ppm, respec-
tively (Fig. 6B). Together, these first two steps only
remove ca. 11% of the total U in the sample. The
remaining eight steps, ranging from ca. 290 ppm to
190 ppm U, yield a closed-system 2*°Pb*/>**U plateau
age of 165.46 £+ 0.12 Ma. With rare exceptions, ophio-
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Fig. 6. CA-TIMS results for sample 6, a late Jurassic ophiolite
zircon sample annealed for 48 h at 1100 °C. (A) the >°°Pb*/**8U
age release spectrum is very similar to Fig. 5A in terms of moderate
to slight Pb loss from the earliest two CA-TIMS steps, and the
plateau formed by the remaining eight steps, and yielding a precise
and accurate age (2-sigma errors for the individual steps=0.2%).
(B) The plot of U concentrations is quite similar to that shown in
Fig. 5B, with a small moderate-U first step, followed by a series of
lower-U steps.

lite plagiogranite zircons lack inheritance, and are thus
excellent candidates for high accuracy 2°°Pb*/***U
CA-TIMS dating. In the case of large ophiolite expo-
sures perpendicular to a paleo-ridge, the high preci-
sion of the CA-TIMS method holds promise for direct
determination of spreading rates.

Results for zircons from an early Paleozoic pluton
from the Klamath Mountains, sample 7 (=81P-210
from Wallin et al., 1988; upper intercept age reported
as 469 £+ 21 Ma) are shown in Fig. 7 and Table 1. The
zircons were annealed a 1100 °C for 48 h. These
zircons combine strong U zonation (Fig. 7B) with a
much older age than the samples discussed previously.
As aresult, the outer rims of the zircons contain a large
proportion of the total U in the sample, were heavily
radiation damaged, and lost large amounts of Pb via
natural discordance processes. Thus, this is an espe-
cially rigorous test of the CA-TIMS method. The A
step removed a very high percentage of the total U in
the sample — almost 28% — and is very strongly dis-
cordant, having lost more than 50% of its Pb and
yielding a 2°°Pb*/*®U age of only ca. 224 Ma. The

combination of a U concentration of 2916 ppm plus
the ca. 461 Ma age of this sample makes this the most
heavily radiation damaged (assuming minimal natural
annealing of radiation damage) and most discordant
step in this study. The B step removes another ca. 13%
of the total U, and is moderately discordant, yielding
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Fig. 7. CA-TIMS results for sample 7, an Early Paleozoic zircon
sample annealed for 48 h at 1100 °C. (A) The 206pp 238y age
release spectrum shows a very large and very strongly discordant
first CA-TIMS step, a large and moderately discordant second CA-
TIMS step, followed by a very slightly discordant third step, then a
plateau (2-sigma errors for the individual steps=0.2%). (B) The U
concentrations shed considerable light on the age spectrum. These
zircons have thin, high-U rims that dominate the U balance of the
early CA-TIMS steps, are heavily radiation damaged, and have lost
major amounts of Pb. The interiors of the zircon grains, however,
have relatively low U concentrations are have remained closed to Pb
loss. (C) The same 2°°Pb*/>33U age release spectrum is plotted here
against the actual amount of zircon removed by each step, rather
than the amount of U released. This reveals how selective the CA-
TIMS method is in removing zircon domains that have lost Pb. Ca.
perfect closed system behavior has been achieved after removal of
only ca. 18% of the actual mass of the zircons.
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an age of 417 Ma. As shown in Fig. 7B, the U con-
centrations show the typical strong decrease from early
to late PDA steps—the U concentration for the B step
is much lower than that for the A step, at 708 ppm. The
C step is still lower in U, at 367 ppm, and shows only
very slight Pb loss, yielding an age of 459 Ma. Com-
pared to the plateau age of 461.17 Ma (below), the C
step shows an apparent Pb loss of just under 0.5%. As
shown in Fig. 7A and B, the remaining 10 steps range
in U concentration from ca. 280 to 190 ppm, show
excellent closed-system behavior, and define a
200ph*/238 plateau with an age of 461.17 +0.31
Ma. This sample demonstrates the power of the CA-
TIMS method to extract highly precise and accurate
ages, even from strongly disturbed samples. The same
data set is plotted in Fig. 7C, but using the actual
amount of zircon digested rather than U released on
the abscissa. This highlights the exceptional selectivity
of the CA-TIMS method, which targets the high-U,
high-trace element (usually outer) zones of the zircon
grains with the early partial dissolution steps. In this
case, perfect closed-system (plateau) behavior is
reached after removing almost 50% of the U from
the zircons (Fig. 7A), but this represents removal of
only ca. 18 % of the mass of the zircons (Fig. 7C).

This paper has focused on describing and docu-
menting the potential of the new CA-TIMS method
for dating zircon. The specific examples, excepting
sample 3, have all been zircon samples that do not
contain any detectable older inherited component, so
that the complete elimination of any leaching effects
could be clearly demonstrated. For such samples, the
206ph*238(J age plateau is clearly the most precise and
accurate measure of the crystallization age of the
zircons, and also the most robust demonstration of
the power of the CA-TIMS method. To avoid a manu-
script of excessive length, detailed presentations and
discussions of 2°’Pb*/?°°Pb* ages, and a range of
other geochemical data that can be obtained via the
CA-TIMS method have been omitted from the earlier
discussion, and will be presented in detail elsewhere.
However, for completeness, two additional sets of
data are presented here for sample 7: 2°’Pb*/*°°Pb*
data, and **Th/?*%U data.

207pp*/2%pp* results for sample 7 are presented in
Fig. 8A and Table 1. Typically, early PDA steps of the
CA-TIMS method remove most or all of the initial Pb
from a zircon sample. Evidently the initial Pb is
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Fig. 8. 2°’Pb*/*°°Pb* ages and Th/U ratios for sample 7 zircons. (A)
All 2°7Pb*/2°Pb* ages from the plateau steps that yield 2-sigma
errors of 1 Ma or less. Excluding one slightly low result, eight steps
are in excellent agreement using the Isoplot (Ludwig, 2000b)
weighted average (see text for discussion). (B) ***Th/**®U ratios
(calculated from 2°®Pb*/>°Pb* ratios) reveal a moderate decline in
Th/U in the magma for most of the history of zircon crystallization
from zircon cores (right side of graph) to rims (left side of graph).
The trend of Th/U ratios is sharply reversed during crystallization of
the outer rims of the zircons. See text for discussion.

associated with the outer, high-U+Th+trace element
rims of most zircons, and with tiny inclusions of other
minerals that are relatively soluble compared to zir-
con. Later PDA steps yield 2°°Pb/2**Pb ratios that are
very high, subject only to the limitations of the
amount of sample Pb* relative to the Pb blank.
Thus, high quality °’Pb*/**°Pb* ages and plateau
results can be obtained, subject to the limitations
(e.g., decay constant uncertainties, intermediate
daughter disequilibrium, etc.) discussed earlier. The
results for sample 7 are fairly typical, with the earliest
steps yielding poor precision due to relatively high
common Pb content, followed by later steps with
20pb/294Ph observed ratios mostly in the tens of
thousands to hundreds of thousands. For these PDA
steps, the largest source of uncertainty in the
207pp*/2%ph* ratio is the uncertainty in the mass
fractionation correction (not necessarily true of very
small samples where mass spectrometer counting sta-
tistics might predominate).
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207ppy*/296ph* ages for the nine steps with 2-sigma
errors of 1 Ma or less are shown in Fig. 8A. One
slightly low age was rejected. The remaining eight
ages give an error-weighted mean of 462.92 +0.28
Ma 2-sigma, MSWD=0.54. The **’Pb*/*°°Pb* ages
have been adjusted for an 80% 230Th exclusion at the
time crystallization (a relatively small correction of ca.
0.4 Ma for zircons in this age range). The
207pp*/296ph* ages still are slightly older than the
206pp*/238( plateau age by just under 2 Ma. However,
this is well within the 2-sigma errors in the U decay
constants (e.g., Jaffey et al., 1971; Mattinson, 1987;
Ludwig, 2000a). More detailed analysis of the U
decay constants is beyond the scope of this paper,
and will be presented elsewhere. The key point here is
that the “*’Pb*/**°Pb* ages are in excellent agree-
ment, within analytical and decay constant uncertain-
ties, with the 2°°Pb*/>*%U plateau age. This is a further
strong indication that the plateau steps have sampled
zircon that has behaved as a perfectly closed system,
and confirms the robustness of the 2°°Pb*/***U pla-
teau approach.

22Th/*8U results are presented in Fig. 8B and
Table 1. These data (and other trace element data
from CA-TIMS steps) provide insight into the evolu-
tion of magma during the crystallization history of
the zircon population, and also provide a further
understanding of the CA-TIMS dissolution process.
232Th/28U ratios for zircons can be obtained directly
by isotope dilution of Th as well as U, or indirectly
from 2°*Pb*/?%°Pb* ratios. The latter approach was
used in this study. First, it is necessary to briefly
examine the role of zircon in recording and control-
ling the 2**Th/**®U ratios in the magma from which
it has crystallized. It is well known that zircon has
high partition coefficients for both U and Th, but in
detail, preferentially incorporates U, relative to Th
(for a recent review, see Parrish and Noble, 2003).
Thus, ideally, zircon provides direct data about the
Th/U ratio of the magma. However, this is a
“moving target” during the crystallization history of
the magma. If zircons were the dominant control of
the U and Th balance in the magma, Th/U ratios
would be driven up in the residual magma as more
and more zircon crystallized. This increase in Th/U
would then be recorded in the growing zircons
themselves, from core to rim. If, however, other U-
and Th-bearing minerals are important, even predo-

minant, in determining the U and Th mass balance,
zircon will still record these effects, but no longer
control them. Minerals such as apatite, titanite, and
especially monazite can also be important in the
overall Th/U evolution in a crystallizing magma.
Monazite is an extreme case of a mineral that very
strongly incorporates Th relative to U. Thus, crystal-
lization of monazite, or any other U- and Th-bearing
mineral with Th>U, will tend to drive down the Th/
U ratio in the magma.

The Th/U ratios for sample 7 (Fig. 8B) in general
show a consistent decline from the right-hand side of
the diagram (last CA-TIMS steps=ca. early crystal-
lized zircon cores) to the left-hand side (early CA-
TIMS steps=ca. late crystallized zircon rims). The
first step, in contrast, indicates an increase in Th/U
during the very last stage of zircon crystallization.
This overall pattern suggests that the Th/U ratio of
the evolving magma has in fact been dominated by
high Th/U minerals, rather than by zircon, driving the
Th/U ratio of the magma down during crystallization.
However, at the very end of crystallization, the Th/U
ratio increased sharply. This is suggestive of a sealing
up of “permeability” in the rock during the final stages
of magmatic crystallization. In other words, zircon
grains are no longer in “communication” via diffusion
with other U- and Th-bearing minerals, but are iso-
lated in tiny sealed pockets of residual magma (cf.
Dempster et al., 2003 who discuss a similar effect for
trace elements in apatite). Zircon’s strong preference
for U over Th then drives up the Th/U during this very
last phase of magmatic crystallization. Alternatively,
the high T/U for the first CA-TIMS step could reflect
tiny grains of a high Th/U mineral adhering to or
included in the outermost rim of the zircons. This
seems much less likely, given the very large amount
of both U and Th in the A step, however.

The strong core to rim zoning of U and Th in
general, as discussed earlier for most of the samples
in this study, is a very common characteristic of
magmatically crystallized zircons, and is also relevant
to interpreting CA-TIMS steps. The typical pattern of
relatively low-U+Th cores and high-U+Th rims for
zircon grains is of course related to the fact that zircon
and other U+Th-bearing minerals tend to be trace
minerals. In terms of mass balance, the U and Th
concentrations in the residual magma is driven up
by the crystallization of major minerals that contain
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ca. no U or Th (e.g., quartz, feldspars) as opposed to
being driven down by the crystallization of the zircon
and other high U+Th minerals.

Both the systematic patterns of Th/U ratios and U
concentrations from early to late CA-TIMS steps
demonstrate that the steps in general progressively
sample from outer zircon rim material to deep zircon
core material. The systematic Th/U patterns are
further strong evidence that the plateau steps also
represent a series of distinct sub-samples of zircon
grains, as suggested earlier on the basis of U concen-
trations. The plateau steps are not some fortuitous
exactly equal mixture of components of two or more
different ages, or an even more fortuitous mixture of
just the right proportions of variably discordant zircon
plus concordant zircon such that each plateau step has
exactly the same age.

4. Summary and conclusions

Multi-step chemical abrasion (CA-TIMS) pro-
vides a powerful new method for high-resolution
U-Pb analysis of zircons. Pre-PDA annealing evi-
dently entirely eliminates radiation-damage-mediated
leaching effects from lightly to moderately radiation-
damaged zircon domains, permitting very high-accu-
racy “*°Pb*/**"U plateau ages to be determined from
zircons that lack inheritance. Of particular impor-
tance is the ability to remove all parts of zircons
that have been affected by Pb loss in early PDA
steps, and then to recognize the undisturbed parts of
the zircons via statistical agreement of the remaining
(plateau) steps. The plateau ages typically show pre-
cisions of better than 0.1%. Given that the ***U
decay constant is very accurately determined (Jaffey
et al., 1971), and that corrections for initial deficit of
29T can be made with reasonable confidence for all
but very young samples, 2°°Pb*/***U plateau age
accuracies can also be at the sub-0.1% level, exclud-
ing only the (non-trivial) problem of high-accuracy
isotopic tracer calibration.

A crucial feature of the CA-TIMS method lies in
the selectivity of the dissolution steps. The progres-
sion of dissolution steps can be easily understood in
terms of a combination of physical accessibility plus
solubility-inducing lattice distortions caused by high
U+ Th+correlated trace-eclement concentrations (e.g.,

Koppel and Sommerauer, 1974). Since the zones with
the highest U+Th+correlated trace-element concen-
trations are commonly also the outermost zones, due
to normal magmatic zoning, they are easily accessed
by the earliest steps. These same zones are also the
most susceptible to natural Pb loss. Thus, their
removal by the early CA-TIMS steps leaves a low
U+Th, closed-system residue. However, as noted by
Mattinson (1994), the dissolution progression is not
entirely a simple rim to core progression. Instead,
microcracks, etc., provide access for the HF to mine
out high-U+Th zones deep within zircon grains.
These same microcracks might have provided access
for corrosive natural fluids to remove Pb from the
deep interiors of grains. The ability of the CA-TIMS
method to mine out domains that reside deep within
grains, but still have lost Pb is a significant advantage
over the widely used and otherwise highly successful
air abrasion method (Krogh, 1982), which is limited
to removal of only the outermost layers. For the same
reasons, CA-TIMS can isolate and analyze closed-
system domains within zircon grains that would be
considered “low-quality” by conventional grain selec-
tion techniques.

The step-to-step variations in U+Th+correlated
trace elements, and Th/U ratios for CA-TIMS steps
also demonstrate that each CA-TIMS step is geo-
chemically distinct, as opposed to a series of steps
simply being more or less identical averages of a wide
range of zircon zones. This is particularly strong
evidence for the validity of the plateau ages by the
CA-TIMS method.

High-precision 2°’Pb*/2°°Pb* plateau ages are also
possible. However, especially for Late Paleozoic and
younger zircons, the accuracy of such ages is more
difficult to assess. First, even very small errors in
decay constants propagate into highly magnified
errors in calculated 2°"Pb*/?°°Pb* ages (e.g., Mattin-
son, 1987; Ludwig, 2000a). Next, for Mesozoic and
especially Tertiary samples, uncertainties in 2*°Th
corrections are significant. Particularly in plutonic
rocks in which zircon is saturated only for part of
the crystallization history, and in which a range of
other minerals contribute to the Th/U mass balance in
the magma, corrections based on comparing the bulk
zircon Th/U ratio with the bulk rock Th/U ratio are
overly simplistic. Such corrections probably are rea-
sonably accurate in the case of volcanic rocks with a
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modest percentage of phenocrysts, however. Finally,
21pa corrections (in the *>*U—2""Pb* decay chain)
are fraught with major uncertainty. There is no long-
lived isotope of Pa available to allow direct compar-
ison of the Pa/U ratio between zircon and bulk rock.
Incorporation of large amounts of excess Pa (in turn
generating excesses of 2°’Pb*) in zircon has been
convincingly demonstrated by Mortensen et al.
(1992, 1997) and Anczkiewicz et al. (2001). Anczkie-
wicz et al. (2001) point out that Pa can have either a
+4 or +5 valence, depending on oxidation condi-
tions, and that Pa in the +5 state could be highly
compatible in zircons, thus explaining the excesses.
The *'Pa (=2°"Pb*) excesses reported in these studies
are very large, and such excesses could even have
significant effects on the calculated 2°’Pb*/*°°Pb*
ages of Proterozoic and Archean rocks. Pa excesses
very much smaller than those reported by Mortensen
et al. (1997) and Anczkiewicz et al. (2001), if com-
mon in zircons, would limit the accuracy of high-
precision 2°’Pb*/>°°Pb* ages, especially in Paleozoic
and younger rocks. Thus, for “young” samples, the
classical definition of U-Pb “concordance” becomes
less useful in many cases at the highest levels of
precision. Instead, for zircons lacking inheritance, a
high-quality °°Pb*/***U plateau is excellent evidence
for concordance, and the plateau age affords the great-
est accuracy for magmatic crystallization ages.

Multi-grain zircon fractions containing older inher-
ited components do not yield plateau ages. In fact,
once effects of Pb loss have been removed by early
CA-TIMS steps, an age progression from step to step
is an extremely sensitive detector of inheritance, with
each step representing a different mixture of the var-
ious (commonly multiple) zircon components (Mat-
tinson, unpublished data). In such cases, single grain
methods are essential for obtaining accurate crystal-
lization ages (e.g., Bowring and Erwin, 1998; Mundil
et al., 2001). CA-TIMS is also adaptable to single
grain zircon dating, as explored below.

Much of the power of the CA-TIMS method lies
in the plateau approach. The ability to remove zircon
domains that have been affected by Pb loss, and then
define an age plateau of several steps, allows for a
high level of confidence in the accuracy of the age
determination. However, the multi-step plateau
approach requires a zircon sample large enough to
contain sufficient Pb* for each step to have adequate

precision, sample/blank ratio, etc. This becomes pro-
blematic for analysis of most single zircon grains.
Moreover, one of the strengths of single grain ana-
lysis lies in the analysis of large numbers of single
grains, and the use of careful statistical analysis to
reject any grains with inheritance or Pb loss (e.g.,
Mundil et al., 2001). In cases where it is desirable to
analyze a large number of grains rather than do
detailed analysis of a few grains, or where very
small grain size actually would preclude multiple
plateau steps, a modified CA-TIMS approach can
be applied. For example, a series of tests can deter-
mine, for a particular suite of zircons, how intense a
PDA step is required to strip off the parts of zircon
grains that have experienced Pb loss. Individual
grains can then be subjected to a single “clean-up”
step of at least this intensity, followed by total
digestion of the remaining zircon—i.e. a simple
two-step procedure. The requirements are simply
that all discordant parts of the grain are removed
by the “clean-up” step (ideally with a large degree of
“overkill”), while still leaving a residue large enough
to analyze with the desired precision. Highly suc-
cessful application of this approach has already
been demonstrated by Mundil et al. (2004). Mundil
(Chemical Geology reviewer’s comment) also notes
that: “...the application of the technique does not
require a significant increase in cost or time...”.

Alternatively, a multi-grain population could be
subjected to a series of “early” CA-TIMS steps, with
full isotopic analysis after each step. Once the isotopic
systematics of the population clearly indicated elim-
ination of all Pb loss, the desired number of individual
grains could be selected from the residue for single-
grain analysis. A further alternative that combines the
efficiency of the two-step analysis with some of the
power of the plateau approach would be to subject
each of several grains to a different clean-up step
intensity. Agreement of a number of residues from
different clean-up temperatures would increase con-
fidence that the ages represented perfect closed-sys-
tem zircon domains.

Finally, the CA-TIMS method has the potential to
make a significant contribution in the area of both
characterizing and preparing zircon standards for
inter-laboratory TIMS U-Pb calibrations, and for
ion probe and laser ablation-ICP-MS analysis. First,
CA-TIMS analysis can reveal the presence or
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absence, at very low levels, of zircon complexities
such as inheritance and/or Pb loss in standards that
are in use, or are being considered for use. Next, the
ability of CA-TIMS to remove domains that are
discordant due to Pb loss could be taken advantage
of in preparing standards for use. Based on the
results of complete CA-TIMS evaluation of zircons,
a series of steps adequate for removing all discordant
parts of zircon grains would produce a residue of
concordant zircon material for use as standards. For
ion probe and LA-ICP-MS, just the annealing stage
of the CA-TIMS process might result in more repro-
ducible results for standards and unknown zircon
samples alike, by removing possible sputtering or
ablation artifacts related to differing degrees of nat-
ural radiation damage in un-annealed zircons (e.g.
Romer, 2003).
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