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Abstract

Analyses of zircon grains from the Queureuilh Quaternary tephras (pumice) provide new information about their pre-erup-
tive history. U–Pb dating was performed in situ using two methods: SHRIMP and LA-MC-ICPMS equipped with a multi-ion
counting system. Both methods provided reliable 207Pb/206Pb and 206Pb/238U ratios as well as U and Th abundances required
for U–Pb Concordia intercept age determination, after initial 230Th disequilibrium correction. The new LA-MC-ICPMS
method was validated by dating a reference zircon (61.308B) and zircons from a phonolitic lava dated independently with
the two techniques. A time resolution of about 20 kyr for 1 Ma zircon crystals was achieved for both methods.

The clear euhedral zircon population from Queureuilh tephras is quite complex from several points of view: (1) some grains
are reddish or yellowish while others are colorless; (2) the U and Th composition changes by more than an order of magnitude
and Th/U is generally high (�1–2); (3) there are three discrete ages recorded at 2.35 ± 0.04, 1.017 ± 0.008 and
0.640 ± 0.010 Ma.

From the previously determined 40Ar/39Ar age at 0.571 ± 0.060 Ma [Duffell H. (1999) Contribution géochronologique à la
stratigraphie volcanique du Massif des Monts Dore par la méthode 40Ar/39Ar. D.E.A. Univ. Clermont-Ferrand, 56 p.], the
discontinuous zircon age populations, the color of the grains and their composition, we favor the following model as expla-
nation: The oldest, less numerous group of reddish zircons represents xenocrystic grains resulting from assimilation of the
local material during magma ascent. A primitive magma chamber, perhaps deep in crustal level, was formed at 1.0 Ma.
The related magma, previously characterized by high Th/U ratio (2.2 ± 1.1), underwent rejuvenation during ascent to a
new chamber at shallow depth and/or during injection of more mafic magmas. During this stage, at 0.64 Ma, the colorless
zircon grains of lower Th/U ratio (1.3 ± 0.5) crystallized. This last stage defined the magma residence time of 70 kyr prior
to eruption dated by the 40Ar/39Ar method. However, if the primitive magma is considered, the magma residence time as
a whole from this first stage reached 446 kyr.

In the light of the complex history of such magmas, which commonly involves recycling of zircon grains that precipitated
tens to hundreds of kyr earlier than eruptions, the use of Zr concentration in geochemical modeling of whole rock composi-
tional data can be problematic.
� 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Tephra or ash layers are marker beds that allow correla-
tion of stratigraphic sequences between various locations by

providing precise chronostratigraphic points (Alloway
et al., 2006). They provide very useful chronological control
for a wide range of disciplines from archaeological recon-
structions to volcanic history. Zircon is a remarkably
robust mineral, which commonly is observed in tephras of
rhyolitic composition. It generally forms a closed reservoir
for radiogenic Pb even when subject to intense and
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prolonged heating. However, there are a number of compli-
cations such as zircon may suffer partial resetting due to
cumulative lattice damage resulting from a-recoil in U rich
parts, especially when associated with fluid interaction (Ba-
lan et al., 2001). As the extent of the subsequent metamicti-
zation process is also a function time, young Quaternary
zircons are not likely to be altered even when the U content
reaches 1000 ppm or more (Cherniak and Watson, 2000).
The second commonly cited drawback of the U–Pb zircon
method is that inherited grains or cores are frequently ob-
served due to either incomplete fusion of an initial crustal
source or from direct crustal contamination (e.g. inherited
from the source or from the wall rocks). The third drawback
is related to common-Pb contribution, which can easily be
subtracted by measuring 204Pb when dating Proterozoic zir-
cons or those rich in radiogenic Pb. In contrast, due to the
very low level of the 206Pb* (radiogenic) in Quaternary zir-
con, common-Pb corrections are difficult due to the large
uncertainty of measured 206Pb/204Pb and uncertainties in
common-Pb composition. To avoid the issue of common-
Pb correction it is more suitable to analyze restricted sub-
grain domains free of any defects or inclusions that contain
potentially high common-Pb levels keeping in mind that
common-Pb can also be in the structure of the grain itself.
The Tera andWasserburg (1972) Concordia diagram is used
for such young zircon analyses, firstly because it allows the
data to be plotted without preliminary common-Pb correc-
tion. Secondly because it has the significant advantage that
young zircons have almost invariant 207Pb*/206Pb* ratios
and the Concordia is thus near-parallel to the abscissa mak-
ing the common-Pb proportion and radiogenic 206Pb/238U
intercept easy to calculate. At the very least, care must be ta-
ken to minimize common-Pb contamination during sample
preparation, especially by avoiding any chemical prepara-
tion that would lead to significant common-Pb contamina-
tion. Due to all these reasons, it is of great interest to
perform direct in situ measurements at the best spatial reso-
lution (e.g. about 20 lm). Until now, the unique isotopic
method providing sensitive in situ measurements involving
almost no common-Pb contamination associated with the
analyses was by ion microprobe (e.g. CAMECA 1270, Sch-
mitt et al., 2003; or SHRIMP, see Compston et al., 1982). It
has been demonstrated that zircon as young as 1 Ma and
even less can also be dated (for instance, Brown and Fletch-
er, 1999; Bacon et al., 2000; Vazquez et al. 2007 have given
reliable ages of about 340, 100 and 300 ka, respectively). Re-
cently, an alternative method has emerged that employs
MC-ICPMS (Multi Collector Inductively Coupled Plasma
Mass Spectrometer) together with laser ablation (Cocherie
et al., 2007; Cocherie and Robert, 2008). Significantly, a
multi-ion counting system (MIC) allows high sensitivity
and precision to be achieved for such transient signals.

The aim of this work is to demonstrate the ability of the
LA-MC-ICPMS technique to allow reliable U–Pb geochro-
nology applied to Quaternary zircon to be performed ana-
lyzing a crater of 20 lm in diameter (�18 lm deep). As a
comparison, a laser crater provides a volume of analyzed
material about 10 times larger than that extracted by the
primary beam of the SHRIMP (spot size of 20 lm with
1–2 lm depth). Firstly, a 2 Ma reference zircon 61.308B

(Wiedenbeck et al., 1995) was dated using LA-MC-ICPMS
alone, and secondly, zircon grains from the Sanadoire pho-
nolite collected in the Monts Dore Massif (French Massif
Central) were dated using both SHRIMP and LA-MC-
ICPMS techniques. Following on from the demonstrated
ability, both techniques were applied to the more compli-
cated zircon populations in Queureuilh trachytic ash and
pumice flow from the Monts Dore Massif, whose emplace-
ment has previously been dated at 0.571 ± 0.060 Ma using
40Ar/39Ar on feldspars (Duffell, 1999). These results provide
an opportunity to evaluate the significance of calculated Zr
partition coefficients between any phases and the glass in
equilibrium when zircon crystals of various origins remain
in a melt. They also provide information on the pre-erup-
tive magma history and enable an estimation of the magma
residence time. Contrasting histories of crystallization and
melt evolution have been reported, frequently comparing
zircon crystallization (U–Pb or 230Th–238U disequilibrium)
and feldspar crystallization (40Ar/39Ar). The possibility of
miscalibration of the 40Ar decay constants has even been
considered (Palfy et al., 2007; Simon et al., 2008). The con-
clusions of such studies are highly contrasting: Condomines
(1997) calculated a very short time interval (�1 kyr) be-
tween crystallization of zircon and eruption of a small vol-
ume of trachytic magma while Oberli et al. (2004)
demonstrated an extended history of crystallization and
tonalitic melt evolution of at least 5 Myr. Similarly, U–Pb
zircon dating from the Cretaceous Tuolumne and Mt. Stu-
art batholiths has shown that the timeframe of pluton
assembly is considerable: >5 Myr and even >8 Myr for
Tuolumne (Miller et al., 2007). To achieve a better under-
standing of the extent of crystallization history, Bachmann
et al. (2007a) determined highly precise and accurate U–Pb
and 40Ar/39Ar ages on minerals extracted from a 28 Ma old
volcanic system. In the light of these previous studies, we
consider that dating recent Quaternary events should lead
to more precise knowledge of the complex crystallization
processes in magmatic chambers (e.g. see Bacon and
Lowenstern, 2005; Bachmann et al., 2007b; Simon et al.,
2008 and references therein).

2. GEOLOGICAL SETTING

The Monts Dore Massif is located in the northern part
of the French Massif Central volcanic area. It lies between
the Mio-Pliocene volcanism of Cézallier to the south (e.g.
the Sancy stratovolcano) and the Quaternary volcanism
of the Chaı̂ne des Puys to the north. (e.g. the Monts Dore
stratovolcano). The massif covers an area of around
500 km2, while the volume of volcanic products has been
estimated at around 70 km3 (Baubron and Cantagrel,
1980; Cantagrel and Baubron, 1983). The Monts Dore
Massif has been built on a Variscan basement previously
covered by alkalic volcanics during Miocene–Pliocene
times. The volcanic pile comprises two volcanoes: between
2.5 and 1.6 Ma the northern volcanic centers were formed
and from 0.9 to 0.25 Ma the Sancy volcano was active.
At 2 Ma episodic undersaturated volcanism to which the
Sanadoire phonolite belongs was superimposed (Baubron
and Cantagrel, 1980).
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3. ANALYTICAL PROCEDURE

3.1. SHRIMP

The Sensitive High mass Resolution Ion MicroProbe
(SHRIMP) was specifically built for geological applica-
tions, including U–Pb geochronology. For this current
study, zircon grains were separated from total rock using
standard mineral separation procedures and then mounted
in epoxy together with chips of reference zircons: TEMOR-
A (Black et al., 2003) and SL13, sectioned approximately in
half, and polished. Reflected and transmitted light photo-
micrographs were prepared for all zircons, as were cathodo-
luminescence (CL) Scanning Electron Microscope (SEM)
images. These CL images were used to decipher the internal
structures of the sectioned grains and to ensure that the
�20 lm SHRIMP spot was wholly within a single age com-
ponent within the sectioned grains.

The U–Th–Pb analyses were made using SHRIMP II at
the Research School of Earth Sciences, The Australian Na-
tional University, Canberra, Australia following procedures
given in Williams (1998, and references therein). Each anal-
ysis consisted of six scans through the mass range, with the
TEMORA reference zircon grains analyzed for every three
unknown analyses. The data have been reduced using the
SQUID Excel Macro of Ludwig (2001). The Pb/U ratios
have been normalized relative to a value of 0.0668 for the
TEMORA reference zircon, equivalent to an age of
417 Ma (see Black et al., 2003). Uncertainty in U–Pb cali-
bration was 0.29%, 0.55% and 0.32% for the three SHRIMP
II sessions: Sanadoire, Queureuilh 1 and 2, respectively.

Uncertainties given in the tables for individual analyses
(ratios and ages) are at 1r level. Tera and Wasserburg
(1972) Concordia plots, probability density plot with
stacked histograms and weighted mean 206Pb/238U ages cal-
culations were carried out using Isopot/EX (Ludwig, 2003).
These calculations and uncertainties are reported as 95%
confidence limits.

3.2. LA-MC-ICPMS

Improvements in the technology of laser ablation and
ICPMS instruments make LA-MC-ICPMS a rapid, precise
and accurate method for U–Pb zircon geochronology. The
development of magnetic sector field instruments equipped
with an electrostatic analyzer enables for double focusing
and thus flat peak tops required for precise isotopic ratio
measurement. Reliable geochronology can now be per-
formed with such instrumentation (e.g. Willigers et al.,
2002; Horstwood et al. 2003; Tiepolo, 2003; Hirata et al,
2005; Paul et al., 2005; Simonetti et al., 2005). More re-
cently, Cocherie and Robert (2008) demonstrated that by
combining a 213 nm UV laser and a MC-ICPMS (Neptune,
ThermoFisherScientific) equipped with a multi-ion counting
system (MIC) operating in static mode, all masses of interest
can be simultaneously recorded (202Hg, 204Pb, 206Pb, 207Pb,
208Pb on ion counters, and 232Th and 238U on Faraday cup
collectors). The detailed analytical procedure presented in
Cocherie and Robert (2008) and is summarized below, with
the details of specific adaptations necessary to date very

young zircons. As shown in the application of the MIC sys-
tem for Pb isotopic ratio measurements in environmental
sample solutions, e.g. rainwater (Cocherie and Robert,
2007), a sample-standard bracketing technique has to be ap-
plied to correct for the slight change in ion counter yields
during an analytical session. This is required for all ratios
and especially for the 207Pb/206Pb and 206Pb/238U ratios.
After blank subtraction, the raw value of each sample was
used for the calculation of isotope ratio, uncorrected for
common-Pb. The 207Pb/206Pb and 206Pb/238U ratios were
normalized using the average of the two analyses of the
91,500 standard zircon before and after, according to the
following sequence: blank1, Sdr1, blank2, sample1, sam-
ple2, blank3, Sdr2, blank4, sample3, sample4, blank5,
Sdr3, blank6, etc. The same counting time of 90 s was ap-
plied for blanks, samples and standards. The mass bias,
the shift of the yield of the ion counters during the analytical
session, the shift of the ion counter vs. Faraday cup calibra-
tion and the elemental fractionation due to laser ablation
were all satisfactorily corrected using the 91,500 zircon stan-
dard (Cocherie and Robert, 2008). Taking into account the
time to return to background level between each analysis,
the duration for a typical age determination including 22
spot analyses on unknown grains was 3 h. He gas was not
added as tests showed that it did not enhance of the Pb sig-
nal nor result in an improvement of the signal/blank ratio.
The common in-run precisions achieved for the key ratios
207Pb/206Pb and 206Pb/238U were better than 1% and 3%
(2r), respectively, including error propagation associated
with standard normalization and blank subtraction. These
precisions were obtained from a single crater (20 lm in
diameter and �18 lm in depth) and are regarded as actual
in situ measurements within a single zircon grain (Fig. 1).
In general, the analysis of 16–20 spot gives a 206Pb/238U
age uncertainty of between 3 to 7 Ma from testing four zir-
con samples covering a wide age range of 290–2440 Ma
(Cocherie and Robert, 2008).

Fig. 1. Secondary electron image of the crater obtained after a
laser shot of 92 s (Nd:YAG, 213 nm UV) on a zircon grain.
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For Quaternary zircon, the energy of the laser beam was
enhanced (laser beam energy enhanced from 0.3 to 1.5 mJ/
pulse) which increased the sensitivity by a factor of 4. In
such conditions, the count rate increased from 20,000 up
to 80,000 cps for the 206Pb peak of the reference zircon
standard 91,500 (14.8 ppm Pb, Wiedenbeck et al., 1995).
Traditionally, the SIMS community has empirically calcu-
lated the ‘‘useful yield” (ions detected vs. atoms removed
from the crater, see Hervig et al., 2006). This parameter
describes the sensitivity of destructive microanalytical tech-
niques, e.g. SHRIMP useful yield is about 1% (Compston,
1999). It can also be useful to characterize the effect of the
size and the energy of the laser beam on the ion yields for
Pb and U respectively. When switching from low energy
to high energy, the size of the crater slightly increases from
20 to 24 lm in diameter while it remains the same in depth

(�18 lm) for the 90 s analytical data. Consequently, the
amount of removed material is increased by a factor of
1.44. Considering the effective time of data collection
(60 s) and the change from low to high energy, the useful
yield increased by a factor of 2.78 for Pb, from 8.89E�4
to 2.47E�3 and only by a factor of 1.62 for U, from
1.68E�3 to 2.73E�3. The 207Pb/206Pb ratio remained quite
constant during almost all of the 90 s of recording time.
Usually, the period of effective data collection time taken
into account is limited to about 60 s when the signal is high
and the fractionation is low. Note that a pre-ablation stage
(�10 s), included in the 90 s, is not used for isotopic ratio
measurements. It allows any surface contamination to be
avoided and a stable signal achieved. In contrast, the
206Pb/238U ratio changed regularly towards the end of the
ablation time, as is the normally expected Pb/U fraction-
ation associated with laser ablation. This observed fraction-
ation is also affected by the fact that the laser beam is
progressively defocused as the crater becomes deeper and
deeper. According to Hirata’s (1997) soft ablation tech-
nique, this trend can be significantly reduced by initially
applying a slight defocusing of the laser beam (see Fig. 2a
and b). Using this procedure, the statistical errors on
207Pb/206Pb and 206Pb/238U ratios (2r level) for a 0.6 Ma
old zircon containing 0.011 ppm 206Pb* and 147 ppm U
are better than 4% and 3%, respectively (before blank sub-
traction; see Fig. 3a and b). Obviously, the blank from the
gas needs to be as low as possible. The count rates of the
blank were negligible for U and about 60–70 cps for
206Pb. The analytical uncertainty on 206Pb/238U ages
(including error on the blank) under these conditions re-
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Fig. 2. (a) Typical block of 23 cycles recorded during a 92 s
ablation time, the laser beam being focused on the surface of the
grain (uncorrected raw data from the zircon standard 91,500). The
second part of the recorded data shows a significant increase in the
206Pb/238U ratio. (b) Typical block of 23 cycles recorded during a
92 s ablation time, applying a slight defocusing of the laser beam
(uncorrected raw data from the zircon standard 91,500). Both
isotope ratios remain quite constant throughout the ablation time,
providing much better statistical precision: 1.5% and 0.65% for
206Pb/238U and 207Pb/206Pb, respectively. The two bars to the
symbols represent the first and last runs between which the average
ratio was calculated.
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Fig. 3. (a) Uncorrected raw 207Pb/206Pb ratio (before blank
subtraction) recorded for a typical zircon grain (spot 11.1) from
Queureuilh pumice containing 11 ppb of 206Pb* and 147 ppm of U.
(b) 206Pb/238U ratio for the same spot analysis. Note in both
diagrams that an excess of 207Pb/206Pb and 206Pb can be observed.
This is not related to surface contamination, but to a larger
contribution of the blank from the gas, just before the arrival of the
ablated material itself in the mass spectrometer.
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mains better than 5% (2r) for 0.6–1.0 Ma zircons contain-
ing more than 150 ppm U (Fig. 4).

Throughout, calculated uncertainties are given at the 2r
level (95% confidence limit) as determined by the ISOPLOT
Excel macro of Ludwig (2003). The MSWD (Mean Square
Weighted Deviation) parameter is used as a statistical test
of validity of the regression line according to the criteria de-
fined by Wendt and Carl (1991).

3.3. U–Pb age calculation for young zircons

Application of the Tera and Wasserburg (1972) Concor-
dia plot enables Phanerozoic U–Pb ages to be visualized
and calculated (see Claoué-Long et al., 1995; Williams,
1998). In Miocene to Pleistocene times, a significant change
in age induces almost no variation in the 207Pb*/206Pb*

ratio (Pb*: radiogenic Pb), but considerable change in the
206Pb*/238U ratio. The principles of the use of the Tera
and Wasserburg Concordia diagram are that (1) unlike
the conventional Concordia diagram it has the advantage
that the x- and y-axis values show very little error correla-
tion, (2) U–Pb data, which are not corrected for common-
Pb, plot on a mixing line defined by the point on the Con-
cordia and a point on the ordinate corresponding to the
207Pb/206Pb ratio of the common-Pb component at the time
of zircon crystallization (Cumming and Richards, 1975).
The crystallization age is given by the intercept of this line
with the Concordia curve.

However, prior to calculating common-Pb corrected
ages, the 230Th disequilibrium needs to be considered, and
the raw data corrected (Schärer, 1984), as this disequilib-
rium induces a deficit in 206Pb for mineral phases showing
Th/U ratio <1 such as zircon. To do so, the 232Th/238U ra-
tio must be measured in the zircon itself and the Th/U ratio
of the magma from which the zircon precipitated is also re-
quired. Considering that zircon mineral usually shows f < 1

(f = (Th/U)mineral/(Th/U)magma), the extent of the effect of
230Th disequilibrium on the corrected ages is a function of
two factors: the lower the f factor and the younger the
grain, the higher the age correction (in relative notation).

206Pb� ¼ 238Uf½EXPðk238T Þ � 1� þ ðk238=k230Þ:ðf � 1Þg
where k238 = 1.55125 � 10�10 an�1 and k230 = 0.922 �
10�5 an�1.

3.4. LA-MC-ICPMS results applied to young reference

zircons

Two young reference zircons already dated by conven-
tional U–Pb techniques were analyzed to check the accu-
racy of LA-MC-ICPMS: standard zircon 61.308B dated
by three independent laboratories using conventional iso-
tope dilution and thermal ionization mass spectrometry
(ID-TIMS) and a reference zircon dated by SHRIMP II
(ANU, Canberra).

3.4.1. Standard zircon 61.308B

This reference zircon (Wiedenbeck et al., 1995) from
CNRS-CRPG (Nancy) was provided by the Muséum Na-
tional d’Histoire Naturelle in Paris. The original crystal
has a single well developed prism and a single well devel-
oped pyramid termination. It was collected originally from
a deposit at Croustet, Haute Loire region, France, but the
rock type from which it was derived is unknown. This zir-
con has a ID-TIMS weighted mean 206Pb/238U age of
2.508 ± 0.002 Ma. Unfortunately, the 230Th disequilibrium
effect cannot be corrected, because the composition of the
original magma is unknown (LA-MC-ICPMS data, Table
1). Note that the 207Pb/206Pb ratio of 0.0339 measured for
spot 1.1 (below 0.046, Table 1) must be interpreted as an
analytical artefact. Our results can be directly compared
with the reference value, both being uncorrected. An initial
common 207Pb/206Pb ratio of 0.832 ± 0.002 has been as-
sumed (Cumming and Richards, 1975). The calculated
regression line upper intercept is fixed at 0.832 and passes
through the data uncorrected for common-Pb to give a
Concordia intercept at 2.510 ± 0.046 Ma (MSWD = 1.90).
This is indistinguishable from the conventionally deter-
mined 206Pb/238U age within measurement uncertainties
(Fig. 5). Note that the normalizing standard used was the
91,500 reference zircon, previously demonstrated to be suit-
able for zircons from Variscan to Archean times (Cocherie
and Robert, 2008), and also suitable for very young zircons.
The MSWD for all 12 analyses is 1.90, which is very close to
the maximum value defined at 1.89 according to Wendt and
Carl’s (1991) calculations for 95% probability. For n points,
the calculated linear regression has (n � 2) degrees of
freedom (f). Thus, to consider the 12 points as representa-
tive of a single population, the MSWD must be <1 + 2
(2/f)1/2, with f = 10, MSWD < 1.89. In other words it
means that our error calculation covers the real uncertainty
on the age.

3.4.2. Sanadoire zircon (Monts Dore)

The emplacement age of the related phonolite lava has
been estimated by Cantagrel and Baubron (1983) at around
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1.9–2.1 Ma using the K–Ar method. The main goal of our
study was to compare the two in situ methods (LA-MC-
ICPMS and SHRIMP) applied to such well formed euhe-
dral zircon grains showing almost no defects or alteration
(Fig. 6). A high Th/U ratio was measured on the whole
rock (Th = 15 ppm and U = 1.5 ppm). Initial 230Th dis-
equilibrium was corrected (Schärer, 1984), using individu-
ally measured Th/U ratios for zircons and the Th/U ratio
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Fig. 5. Age determination for reference zircon standard 61.308B
using the intercept of the common-Pb trend with the Concordia in
the uncorrected Tera and Wasserburg diagram. The reference value
and this new determination were not corrected for 230Th disequi-
librium, the host rock being unknown. The 207Pb/206Pb ratio of
0.0339 (Table 1) measured for spot 1.1 located below the
Concordia curve corresponds to an analytical artefact in so far as
it cannot be lower than 0.0460.

Fig. 6. Representative transmitted light and cathodoluminescence
images of zircon grains from Sanadoire phonolite mounted in
polished section and analyzed using SHRIMP II. Spots are visible
on the post-analysis transmitted light image and they are also
marked on the CL image.
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of the corresponding lava. The related f factor (f = Th/Uzir-

con/Th/Umagma) was calculated for each spot analysis and a
207Pb/206Pb ratio of 0.832 ± 0.002 was used for common-Pb
correction.

Twenty-two spots were analyzed using LA-MC-ICPMS
and from a different aliquot, 14 spots analyzed by SHRIMP
II (Table 2). Only two analyses for each technique show
common-Pb contributions above 10%, while 14 and 5 anal-
yses, respectively, exhibit common-Pb below 5%, which is
favorable for determination of the intercept with the T–W
Concordia curve. An 206Pb/238U intercept age at
2.095 ± 0.038 Ma (MSWD = 0.96) was calculated taking
into account 12 out of 14 SHRIMP spot analyses
(Fig. 7). Analyses 1.1 and 3.1 have significantly older ages
(2.33 and 2.27 Ma) and were rejected. The LA-MC-ICPMS
data gives an 206Pb/238U intercept age of 2.129 ± 0.027 Ma
(MSWD = 1.90) taking into account 17 of 22 spot analyses
(Fig. 8). Five analyses (4.1, 6.1, 13.1, 19.1 and 20.1) again
have significantly older ages (2.45, 2.54, 2.46, 2.27 and

2.27 Ma) and were not included in the intercept age calcu-
lation. The intercept ages calculated by both techniques are
within the analytical errors. The age uncertainties are also
very similar. Both sets of analyses show a significant num-
ber of older ages: 3 around 2.47 ± 0.04 Ma and 4 around
2.28 ± 0.04 Ma, respectively. Although the aim of this part
of our work is not to discuss the geochronological implica-
tions of these new zircon ages, older grains (inherited, con-
tamination from the wall rocks, residence time of the
magma, etc.) are likely to be present in the Sanadoire pho-
nolite. Returning to the analytical results themselves, it can
again be observed that the LA-MC-ICPMS MSWD is
slightly higher than expected for a population of 17 analy-
ses: 1.90 instead of 1.73. In comparison, SHRIMP data
gave a low MSWD at 0.96. Considering the MSWD for
both techniques and the very good quality of the zircon
grains, it is probable that the individual errors calculated
in the case of LA-MC-ICPMS measurements are slightly
underestimated as compared to SHRIMP individual errors.

In conclusion, we have demonstrated using the reference
zircon 61.308B and zircon grains from Sanadoire that LA-
MC-ICPMS can accurately date very young zircon with
adequate precision.

4. RESULTS FOR QUEUREUILH ZIRCONS

The Queureuilh ash and pumice sample is from a trachy-
tic pyroclastic flow (Monts Dore Massif). It is characterized
by the presence of bipyramidal zircons not found in the
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Fig. 7. Age determination for zircon from Sanadoire phonolite
using SHRIMP II (corrected for 230Th disequilibrium and com-
mon-Pb).
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Fig. 8. Age determination for zircon from Sanadoire phonolite
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Fig. 9. Post-analysis (LA-MC-ICPMS) photos of representative
zircon grains from Queureuilh pumice. The related craters have
been marked with a red arrow. Note that the most colored grains
show older ages. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)
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other pumice flows (Pastre, 1987). This formation has been
dated at 0.571 ± 0.060 Ma by K-feldspar 40Ar/39Ar analy-
ses (Duffell, 1999). The separated zircon grains are clear
and generally well crystallized. They are mainly colorless
but some are yellowish to reddish (Fig. 9). Typological

study according to the morphology of the grains (Pupin,
1980) shows that colored grains are of the S25, P5, D, J5
and J4 type while colorless or weakly colored grains are
represented in the rest of the diagram (Fig. 10). Note that
the J and D types are representative of zircon having crys-
tallized at relatively higher temperature. Cathodolumines-
cence images (Fig. 11) reveal faint and broad zoning.

LA-MC-ICMPS and SHRIMP data are reported in Ta-
ble 3. Since it has been demonstrated in the previous section
that accuracy and precision are similar (see Sanadoire zir-
con dating), analyses obtained using both techniques can
be plotted and interpreted together as a composite sam-
pling. Except for significantly older ages around 2.4 Ma,
all other ages range from 1.06 ± 0.03 to 0.54 ± 0.07 Ma
showing two main groups of ages around 1.0 and 0.6 Ma.
A general observation is that the less colored the grain
the younger its age (see Table 3 and Figs. 9 and 11). Be-
cause all the analyzed grains are clear and well crystallized
and because they are young and contain moderate amounts
of U (usually below 1000 ppm), we consider that such
grains are likely to retain all radiogenic Pb produced and
no radiogenic Pb loss can have occurred during such a short
period of time. In other words, they are unlikely to have
suffered any radiation damage (Balan et al., 2001). Conse-
quently, all 206Pb/238U ages are assumed to be meaningful.
Because more than a single event appears to be recorded a
procedure to rigorously evaluate the temporal resolution of
Queureuilh geochronologic data was applied: the ‘‘Mixture
Modeling” algorithm of Sambridge and Compston (1994),
via ISOPLOT/EX, was used to un-mix statistical age pop-
ulations or groupings. The resulting curve (Fig. 12) gave
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Fig. 10. Typology of Queureuilh zircons (Pupin, 1980). Most of the
grains are of the high temperature type while the colored grains are
mainly located on the right of the diagram. The figures in the boxes
indicate the number of identified zircon grains of the related type
observed from a set of 100 grains.

Fig. 11. Representative transmitted light and cathodoluminescence images of zircon grains from Queureuilh pumice analyzed using SHRIMP
II. Spots are visible on the post-analysis transmitted light images and are also marked on the CL images. The colorless grains are younger than
the colored grains.
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Table 3
Summary of SHRIMP and LA-MC-ICPMS U–Pb results for zircon from Queureuil pumice. In italics, data not included in the average ages
of the zircons.

Grain
spot

U
(ppm)

Th
(ppm)

Th/
U

206Pb*

(ppm)

206Pb/204Pb f206
%

Total (U–Th desequil. corrected) f Th/
U

Radiogenic Age (Ma)

238U/206Pb ± 207Pb/206Pb ± 206Pb/238U ± 206Pb/238U ±

LA-MC-ICPMS

LA-1.1 100 132 1.31 0.008 32 41.90 5903 245 0.3756 0.0156 0.437 0.000098 0.000004 0.634 0.026

LA-2.1 127 188 1.48 0.011 — 17.21 8075 180 0.1814 0.0126 0.493 0.000103 0.000002 0.661 0.015

LA-3.1 399 663 1.66 0.032 — 4.47 9345 148 0.0812 0.0036 0.554 0.000102 0.000002 0.659 0.010
LA-4.1 127 148 1.17 0.012 — — 7972 160 0.0364 0.0027 0.390 0.000125 0.000003 0.809 0.016

LA-5.1 608 1466 2.41 0.051 2269 5.89 9689 111 0.0924 0.0035 0.804 0.000097 0.000001 0.626 0.007

LA-6.1 78 104 1.34 0.006 8 19.59 7929 432 0.2001 0.0236 0.446 0.000101 0.000006 0.654 0.036
LA-7.1 330 487 1.48 0.029 35 3.11 8455 162 0.0705 0.0042 0.492 0.000115 0.000002 0.739 0.014

LA-9.1 122 145 1.18 0.012 — 41.31 4771 191 0.3709 0.0135 0.394 0.000123 0.000005 0.793 0.032

LA-10.1 70 77 1.11 0.008 — 13.61 5514 137 0.1531 0.0197 0.369 0.000157 0.000004 1.010 0.025
LA-11.1-c 147 230 1.57 0.011 17 7.68 9277 210 0.1064 0.0121 0.522 0.000100 0.000002 0.642 0.014

LA-12.1-c 125 158 1.26 0.038 — 0.44 2728 29 0.0496 0.0038 0.419 0.000365 0.000004 2.352 0.025

LA-13.1-c 341 555 1.63 0.047 — 2.50 5925 80 0.0658 0.0040 0.543 0.000165 0.000002 1.061 0.014
LA-14.1-c 688 1544 2.25 0.092 215 3.64 6213 54 0.0747 0.0023 0.748 0.000155 0.000001 1.000 0.009

LA-15.1-c 127 121 0.96 0.040 278 10.93 2411 34 0.1320 0.0053 0.319 0.000369 0.000005 2.381 0.033

LA-16.1-c 419 452 1.08 0.053 67 15.03 5478 122 0.1642 0.0077 0.360 0.000155 0.000003 1.000 0.022
LA-17.1-c 242 374 1.55 0.029 58 9.07 6238 87 0.1174 0.0059 0.516 0.000146 0.000002 0.940 0.013

LA-18.1-c 680 1778 2.62 0.094 — 1.77 6142 57 0.0600 0.0021 0.872 0.000160 0.000001 1.031 0.010

LA-19.1-c 1199 3414 2.85 0.164 271 2.19 6308 50 0.0633 0.0017 0.949 0.000155 0.000001 0.999 0.008
LA-20.1-c 347 654 1.89 0.045 136 6.46 5969 104 0.0969 0.0057 0.629 0.000157 0.000003 1.010 0.018

LA-21.1-c 274 409 1.50 0.097 — 1.11 2400 22 0.0548 0.0020 0.498 0.000412 0.000004 2.656 0.024

LA-22.1-c 1728 8958 5.18 0.242 — 0.87 6691 40 0.0529 0.0010 1.728 0.000148 0.000001 0.955 0.006

SHRIMP

S0-1.1-c 58 36 0.62 0.026 6 34.01 1897 130 0.3147 0.0428 0.206 0.000347 0.000037 2.237 0.237
S00-1.2-c 82 66 0.81 0.031 17 32.90 2218 139 0.3048 0.0397 0.272 0.000303 0.000029 1.950 0.187

S0-2.1-c 1178 4932 4.19 0.179 98 6.11 5888 248 0.0943 0.0082 1.396 0.000159 0.000008 1.027 0.048

S00-2.2-c 927 2331 2.51 0.136 100 7.87 5752 156 0.1079 0.0095 0.838 0.000160 0.000005 1.032 0.031
S0-3.1-c 1689 8497 5.03 0.255 87 3.20 6076 157 0.0713 0.0060 1.676 0.000159 0.000005 1.027 0.032

S00-3.2-c 1653 7666 4.64 0.248 128 4.95 6044 125 0.0850 0.0089 1.546 0.000157 0.000004 1.014 0.027

S0-4.1-c 183 125 0.68 0.046 33 7.65 3295 165 0.1065 0.0199 0.228 0.000280 0.000015 1.806 0.097

S00-4.2-c 197 116 0.59 0.056 93 13.04 2913 116 0.1486 0.0176 0.196 0.000299 0.000013 1.924 0.086

S0-5.1-c 369 432 1.17 0.106 — 2.91 2893 165 0.0691 0.0093 0.390 0.000336 0.000019 2.163 0.120

S00-5.2-c 103 80 0.77 0.039 — 18.38 2233 105 0.1906 0.0259 0.258 0.000366 0.000022 2.356 0.141
S0-6.1-c 250 365 1.46 0.035 19 13.85 5820 356 0.1554 0.0225 0.487 0.000148 0.000010 0.953 0.061

S00-6.2-c 162 182 1.12 0.028 15 29.94 4678 262 0.2815 0.0365 0.373 0.000150 0.000012 0.965 0.079

S0-7.1-c 550 1086 1.98 0.076 49 8.62 5981 219 0.1141 0.0124 0.659 0.000153 0.000006 0.984 0.038
S00-7.2-c 651 1141 1.75 0.096 — 9.38 5590 182 0.1198 0.0129 0.584 0.000162 0.000006 1.045 0.037

S00-7.3-c 96 95 1.00 0.022 11 55.46 3546 217 0.4822 0.0591 0.333 0.000126 0.000022 0.810 0.141

S0-8.1 769 1189 1.55 0.065 — 4.92 9365 414 0.0849 0.0151 0.515 0.000102 0.000004 0.654 0.028
S00-8.2 544 561 1.03 0.052 38 18.51 8223 360 0.1916 0.0211 0.344 0.000099 0.000005 0.639 0.031

S0-9.1-c 486 917 1.89 0.065 — 4.69 6194 259 0.0831 0.0168 0.629 0.000154 0.000007 0.992 0.045

S00-9.2-c 869 1966 2.26 0.132 62 9.38 5522 151 0.1198 0.0094 0.754 0.000164 0.000005 1.058 0.031
S0-10.1 99 89 0.90 0.012 12 33.76 6413 581 0.3126 0.0617 0.298 0.000103 0.000014 0.664 0.091

S00-10.2 75 62 0.84 0.011 — 57.90 5376 495 0.5013 0.0856 0.279 0.000078 0.000020 0.505 0.130

S0-11.1-c 750 1911 2.55 0.094 73 7.83 6766 248 0.1079 0.0119 0.849 0.000136 0.000005 0.878 0.035

S00-11.2-c 983 3204 3.26 0.145 — 4.95 5860 152 0.0850 0.0093 1.087 0.000162 0.000005 1.045 0.031
S0-12.1 607 717 1.18 0.047 69 16.89 9996 527 0.1795 0.0302 0.394 0.000083 0.000005 0.535 0.033

S00-12.2 358 230 0.64 0.036 96 18.11 7691 406 0.1884 0.0302 0.214 0.000106 0.000006 0.686 0.042

S00-12.3 348 304 0.87 0.038 21 35.26 7180 360 0.3233 0.0320 0.292 0.000090 0.000007 0.581 0.042
S0-13.1 64 81 1.26 0.012 12 38.94 4364 400 0.3535 0.0676 0.421 0.000140 0.000023 0.900 0.146

S00-13.2 93 95 1.03 0.020 21 45.72 3831 244 0.4056 0.0529 0.342 0.000142 0.000019 0.913 0.123

S00-15.1-c 661 1169 1.77 0.098 135 8.03 5573 177 0.1092 0.0123 0.590 0.000165 0.000006 1.064 0.036
S00-16.1-c 1040 2886 2.77 0.155 — 7.70 5741 149 0.1066 0.0084 0.925 0.000161 0.000005 1.036 0.029

S00-17.1-c 82 78 0.95 0.022 22 48.60 3061 196 0.4283 0.0550 0.318 0.000168 0.000025 1.082 0.159

S00-17.2-c 1171 2856 2.44 0.173 71 11.02 5696 144 0.1327 0.0088 0.813 0.000156 0.000004 1.007 0.028
S00-18.1 350 263 0.75 42.5 — 0.56 7.063 0.099 0.0720 0.0006 0.251 0.1408 0.0020 849 11

S00-18.2 215 184 0.86 0.031 10 39.99 5605 302 0.3605 0.0385 0.286 0.000107 0.000010 0.690 0.063

Notes: (1) Uncertainties given at the one s level. (2) Error in 91,500 zircon reference standard is included in the above errors (LA-MC-
ICPMS). (3) Errors in Temora reference zircon calibration were 0.55% and 0.32% for the SHRIMP sessions, included in above errors. (4)
f206% denotes the percentage of 206Pb that is common-Pb. (5) Correction for common-Pb made using the measured 238U/206Pb and
207Pb/206Pb ratios. Following Tera and Wasserburg (1972) as outlined in Williams (1998). (6) fTh/U denotes the degree of Th–U fractionation
between mineral and magma which is given by f = (Th/U)mineral/(Th/U)magma. For this pumice, average Th/U = 3.0. (7) In case of zircon, a
correction for deficit in 206Pb is required, due to a deficiency of 230Th (Schärer, 1984). (8) c-marked spots were analyzed from pinky zircon
grains. (9) SHRIMP data were recorded during two sessions (2007: S0 and 2008: S00).
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two main age groups (at 0.992 ± 0.006 and 0.639 ± 0.009
Ma) accompanied by four intermediate analyses that re-
quire specific interpretation. The uncorrected Tera and
Wasserburg diagram shows three age groupings (Fig. 13).
A group of only red colored grains gives the oldest age of
2.35 ± 0.04 Ma (MSWD = 1.3) considering a group of six
analyses. The largest group of data points is for slightly col-
ored grains (see marked analyses in Table 3), with an age of
1.017 ± 0.008 Ma (MSWD = 1.4, 24 analyses). The third
population comprises only clear colorless grains, the 14
analyses give an age of 0.640 ± 0.010 Ma (MSWD = 1.4,
14 analyses). Note that the ‘‘mixture modeling” routine
led to only four analyses being rejected instead of the six
analyses as interpreted from the Tera and Wasserburg plot.

At this time, we prefer to consider the Tera and Wasserburg
diagram, as it highlights the level of common-Pb contribu-
tion and the error ellipses of the six rejected analyses, rang-
ing from 0.955 ± 0.006 to 0.739 ± 0.014 Ma. In addition,
the significantly higher uncertainty calculated in this dia-
gram seems more realistic.

Given the complex nature of the age spectrum a follow-
up SHRIMP II session was conducted, in particular to
examine the possibility of �0.64 Ma zircon overgrowing,
or rimming the �1.0 Ma or older zircon. Repeat analyses
were carried on 15 grains, with now three analyses on two
grains. Despite the use of the CL images, none of the new
analyses gave younger ages bordering older areas. There
is no evidence of any recrystallization process. However,
there is one significant exception: the two analyses of grain
#18 document the presence of an 849 ± 11 Ma core to a
dominantly 0.69 ± 0.06 Ma zircon grain.

For Queureuilh zircons, the 230Th disequilibrium correc-
tion results in an increase of 2.8% of the mean age for the
oldest zircons, 2.0% for the 1 Ma population (minimized
by high Th/U in zircons) and 5.8% for the youngest group
at 0.64 Ma. The Th/U ratio of the magma (3.0) was esti-
mated by measuring Th and U directly in the pumice: 9.3
and 3.1 ppm, respectively. It is obvious that this Th/U ratio
is only an estimate in so far as the magma in equilibrium
with the various zircon populations is likely to have chan-
ged in composition from 2.35 to 0.64 Ma.

Several other comments regarding Th/U, U and Th can
also be made. The U content of the dated zircons ranges
from 58 to 1728 ppm and the Th/U ratio extends from
0.6 to 5.2. A correlation between such Th–U geochemical
data and the calculated ages may be expected. In fact, the
oldest grains have a ‘‘normal” Th/U ratio of about 1 and
the youngest are about 1.3 ± 0.5 (Fig. 14). On the contrary,
the grains giving ages around 1 Ma have Th/U ratios al-
ways above 1, but with a large variation and a mean value
at 2.2 ± 1.1. Some higher values around 5 are also noted
(Fig. 14). Potential explanations are: around 1 Ma the mag-
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ma chamber was not homogeneous or at that time more
than a single magma chamber existed in the crust. Another
explanation is that at various times the main magma cham-
ber was intermittently fed by secondary magmas. Our re-
sults are similar to those reported by Miller and Wooden
(2004), whose zircons appear to have crystallized in con-
trasting chemical environments. Consequently, the f factor
is only an estimate because the present day composition of
the pumice may not be representative of the Th and U con-
tent of the magma at the time when each zircon grain crys-
tallized. However, we observe that the weighted average
206Pb/238U ages, corrected for 230Th disequilibrium, are
more homogeneous (lower MSWD) than the weighted aver-
age uncorrected ages: 1.017 ± 0.008 Ma, MSWD = 1.2 and
1.000 ± 0.013 Ma, MSWD = 2.6 respectively, indicating
that our Th/U estimate is probably reasonable. The calcu-
lated f factors (Table 3) are 0.31 ± 0.08, 0.75 ± 0.37 and
0.42 ± 0.15, respectively, for 2.35 ± 0.04, 1.017 ± 0.008
and 0.640 ± 0.010 Ma old zircons.

5. INTERPRETATION OF THE AGES AND MAGMA

RESIDENCE TIME

The first observation considering U–Pb zircon ages and
Ar eruption age is that all zircons crystallized prior to erup-
tion and before tephra emplacement. This fact has already
been demonstrated by many authors (e.g. Brown and
Fletcher, 1999; Farley et al., 2002; Schmitt et al., 2003;
etc.). However, magma residence times longer than 1 Myr
were considered as not realistic by some authors (Schmitt
et al., 2002). However, more recently, Schmitt et al.
(2006a) concluded from a detailed study of the Geysers geo-
thermal area (California Coast Ranges) that ‘‘two major
mantle and crustal reservoirs continually interacted over
the 1 Myr duration of volcanism and pluton emplacement
at the Geysers. Alternatively, other studies of large plutons
have demonstrated an extended history of crystallization up
to 5 Myr (Oberli et al., 2004). Similarly, Miller et al. (2007)
showed that the time frame of pluton assembly was long:
>5 Myr and even >8 Myr for Tuolumne. It is probable that
residence time of extensive plutonic magma chambers could
be much longer than residence times of small volcanic
bodies (Condomines, 1997). Thus, for the Queureuilh pum-
ice, it is highly probable that the rare 2.35 Ma old zircons
result from assimilation of local rocks of volcanic origin
as suggested by Schmitt et al. (2006b) for a volcano from
the Baja California peninsula.

The interpretation of the two younger ages (1.017 and
0.64 Ma) is more problematic. It is especially surprising
these two ages are not recorded in a single zircon grain.
Only one inherited grain, originated from the base of the
crust (849 ± 11 Ma), shows evidence of new zircon growth
associated with the latest event (0.69 ± 0.6 Ma). Neverthe-
less, two main hypotheses are conceivable: (1) there was
no input of new magma since 1.017 Ma: the 42 spot ages
ranging between 1.017 and 0.64 Ma represent the prolonged
evolution of the magma in a closed chamber over 377 kyr.
This means that the residence time of the magma in the
chamber would last about 446 kyr from 1.017 Ma prior to
eruption at 0.571 Ma. (2) The second involves a significant

new magma input at 0.64 Ma: the 1.017 Ma zircon crystal-
lization event could correspond to the initial formation of
the magma chamber. This age corresponds to the Ar–Ar
age of other surrounding lavas of phonolitic composition
(Cantagrel and Baubron, 1983). The 0.64 Ma event could
be an episodic rejuvenation of the magma, similar to model
of Miller and Wooden (2004) for a rhyolitic volcano from
California. This model is supported by the contrasting
Th/U ratio associated with these two episodes (1.017 and
0.64 Ma). The wide range in Th/U ratios of zircon grains
crystallized around 1 Ma suggests a complex history within
the age analytical uncertainty: 1.017 ± 0.008 Ma (Fig. 12).
During the two main events dated at 1.017 and 0.64 Ma,
the almost continuous crystallization of rare zircon grains
is interpreted from the presence of analyses ranging from
0.955 and 0.739 Ma (i.e. the six rejected analyses). This
model approaches that of Schmitt et al. (2003) which in-
volved zircon recycling by remelting during injection of
more mafic magmas. A similar result can be obtained by
magma replenishment and mixing with residual phases of
older silicic magma chambers (Brown and Fletcher, 1999).
Vazquez et al. (2007) have also shown that coeval evolution
of chemically distinct magma reservoirs characterized alka-
lic magma generation in Hawaii. In addition, as concluded
by Simon et al. (2007), it is unlikely that volcanism could
erupt from a single long-lived magma chamber: rather there
would be an episodic record with different magmas. In fact
all of these models lead to the same residence time of the
magma of about 446 kyr, if we admit that the composition
of the magma in the chamber and its location in the crust
can change during that time. Nevertheless, the residence
time of the magma is much shorter if only the last stage
of evolution of the magma is considered when the compo-
sition remains constant and the location of the chamber is
fixed as a shallow reservoir. The final magma residence
would last from the crystallization of the colorless zircon
grains at 0.640 Ma until the eruption at 0.571 Ma
(40Ar/39Ar): i.e. 70 kyr. But the uncertainty as regards this
duration is significant as far as the precision on these ages
must be considered: ±0.010 and ±0.060 Ma, respectively.
Finally, considering the two different types of zircon grains
(different color: yellowish and colorless), the distinct Th/U
ratios and the age discontinuity, it seems that two main age
populations represent two discrete zircon crystallization
events. The residence time of the final magma in the last res-
ervoir could be �70 kyr. A first important stage of forma-
tion of this magma chamber can take place, perhaps at a
deeper level, 377 kyr earlier. This is in agreement with the
change in the Th/U ratio from the zircons and lead to a glo-
bal magma residence time of about 446 kyr.

The study of such Quaternary tephras shows that in a
very short period of time (1–2 Myr) several generations of
zircon can crystallize and be collected in a single material
originated from a complex magma chamber. Zr is mainly
present in the studied rocks at stoichiometric proportions
in zircon, Zr cannot behave as an incompatible trace ele-
ment matching Henry’s law even if the total amount of
Zr is very low in the total rock. In addition, this study
shows that the Zr content can be related to various stages
of the magma generation and that the volcanic glasses as-
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sumed to be representative of the corresponding melt are
far from being in equilibrium in each of the zircon grains.
This is also stressed by the wide range of Th/U ratios of
the analyzed zircons. Thus, the use of Zr concentration in
geochemical modeling of whole rock compositional data
can be problematic.

6. CONCLUSIONS

Zircons from the Queureuilh Quaternary tephras (pum-
ice) provide new information about the complex history of
the magma just before eruption.

1. It is demonstrated that LA-MC-ICPMS applied to U–
Pb age determination is an alternative to the SHRIMP
method for very young zircons, without complex inter-
nal structure.

2. After correction for initial 230Th disequilibrium, the
intersection of the common-Pb linear trend with the
Tera-Wasserburg Concordia provides reliable
206Pb/238U ages. The underestimate of 206Pb/238U ages
uncorrected for 230Th deficit in zircon is 6% for 0.6 Ma
old crystals showing a Th/U ratio of 1.5.

3. Zircon grains from the studied pumice flow range over a
wide span of time from 2.6 Ma to the age of the erup-
tion, 0.57 Ma (40Ar/39Ar).

4. The discrete age distribution at 2.35 ± 0.04,
1.017 ± 0.008 and 0.640 ± 0.010 Ma allows the evolu-
tion of the magma chamber and magma residence to
be discussed. The oldest group, less numerous, repre-
sents xenocrystic grains resulting from assimilation of
local material during magma ascent or eruption. A deep
magma chamber formed at 1.01 Ma. The related magma
underwent rejuvenation during ascent of the magma in a
new chamber at shallow depth and/or during injection of
more mafic magmas. During this stage, at 0.64 Ma, the
colorless zircon grains crystallized. This stage defines
the last stage of evolution of the magma and is inter-
preted as the magma residence time of 70 kyr prior to
eruption (40Ar/39Ar age). According to the definition
of ‘‘residence time”, if the primitive magma is consid-
ered, the magma residence time as a whole reaches
446 kyr.

5. This work has shown the difficulty in defining an empir-
ical partition coefficient (KdZr) for Zr between any min-
eral phase and zircon-bearing melt, considering the
whole rock as representative of the melt. In addition,
in so far as Zr is concentrated in zircon grains of various
origin and age, the Zr content must be considered with
great care for geochemical purposes and modeling.
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