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Abstract

High spatial resolution U^Pb dates of zircons from two consanguineous ignimbrites of contrasting composition,
the high-silica rhyolitic Toconao and the overlying dacitic Atana ignimbrites, erupted from La Pacana caldera, north
Chile, are presented in this study. Zircons from Atana and Toconao pumice clasts yield apparent 238U/206Pb ages of
4.11 7 0.20 Ma and 4.65 7 0.13 Ma (2c), respectively. These data combined with previously published geochemical and
stratigraphic data, reveal that the two ignimbrites were erupted from a stratified magma chamber. The Atana zircon
U^Pb ages closely agree with the eruption age of Atana previously determined by K^Ar dating (V4.0 7 0.1 Ma) and
do not support long (s 1 Ma) residence times. Xenocrystic zircons were found only in the Toconao bulk ignimbrite,
which were probably entrained during eruption and transport. Apparent 238U/206Pb zircon ages of V13 Ma in these
xenocrysts provide the first evidence that the onset of felsic magmatism within the Altiplano^Puna ignimbrite
province occurred approximately 3 Myr earlier than previously documented.
< 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is widely accepted that a spectrum of process-
es operate to produce compositional diversity in
silicic magma systems, but their relative impor-
tance is debated (Eichelberger et al., 2000, 2001;

de Silva, 2001). Evidence for crystal^liquid sepa-
ration is nearly ubiquitous (e.g. Smith, 1979; Hil-
dreth, 1981). Recharge, where transiently distinct
magma batches are juxtaposed immediately prior
to eruption, may be important in some systems
(e.g. Eichelberger and Izbekov, 2000; Schmitt et
al., 2001). Since both models are based on studies
of heterogeneous pyroclastic deposits, elucidating
the roles of these mechanisms depends critically
on detailed and precise volcanic chronostratigra-
phy.
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Stratigraphic and geochemical evidence sug-
gested that two huge compositionally contrasting
ignimbrites, the Atana and Toconao ignimbrites
(combined volume V2700 km3), erupted from La
Pacana caldera in the Central Andes and that
they are consanguineous and represent separate
layers of a strati¢ed magma (Lindsay et al.,
2001a,b). However, the temporal relations be-
tween the two units were ambiguous since pre-
vious K^Ar dating yielded inconclusive and, in
part, geologically unreasonable ages (see review
in Lindsay et al., 2001a). The abundance of xen-
olithic material and scarcity of datable materials
in the crystal-poor Toconao ignimbrite rendered
conventional dating methods ine¡ective. Recent
success in ion microprobe dating of Pliocene^
Pleistocene zircons (e.g. Baldwin and Ireland,
1995; Brown and Fletcher, 1999; Dalrymple et
al., 1999; Reid and Coath, 2000) established ion
microprobe 238U/206Pb dating as a promising tool
for unraveling the history of young pyroclastic
systems. Here we demonstrate that 238U/206Pb
dating of zircons yields insights into the crystalli-
zation history of the two La Pacana ignimbrites.
U^Pb zircon geochronology indicates a close tem-
poral relationship between the Toconao and Ata-
na magmas and, in combination with petrological
data from La Pacana, challenges the view that
compositional gaps in pyroclastic deposits are in
general best explained by incomplete mixing be-
tween magmas of di¡erent origin (e.g. Eichelberg-
er et al., 2000). We suggest instead that strati¢ca-
tion in the La Pacana system developed due to
e¡ective crystal-melt separation within an upper-
crustal magma reservoir and that the layers con-
tinued to evolve independently after separation.

2. Geologic background of La Pacana caldera

One of Earth’s most extensive silicic volcanic
provinces is the Altiplano^Puna Volcanic Com-
plex (APVC), located between 21 and 24‡S in
the Central Andes (de Silva, 1989a). Here, at least
30 000 km3 of late-Miocene to Pleistocene ignim-
brites and silicic lavas are preserved above a zone
of extremely low S-wave velocities at mid-crustal
depths that probably represents a partially molten

magma body of cordilleran batholith proportions
(e.g. Chmielowski et al., 1999; Haberland and
Rietbrock, 2001). Previous studies suggested that
ignimbrite activity in the APVC started at V10
Ma and reached its peak between approximately
7 and 3 Myr ago with the caldera-forming erup-
tions of La Pacana in north Chile (Gardeweg and
Ram|¤rez, 1987; de Silva, 1989b) and of Pastos
Grandes, Cerro Guacha and Cerro Panizos in
south Bolivia (Francis and Baker, 1978; Ort,
1993).

The Toconao and Atana ignimbrites are both
distributed around and thicken towards La Paca-
na caldera (Lindsay et al., 2001a; Fig. 1). The
Toconao ignimbrite (180 km3) comprises a thin
(6 10 cm) lower fall unit with glassy crystal-
poor (6 3%) tubular pumice and a thick (V30
m) upper £ow unit and locally displays two facies
that are caused by varying degrees of vapor-phase
alteration. The overlying 2500 km3 dacitic Atana
ignimbrite is homogeneous, crystal-rich (40^50%),
relatively pumice-poor, and constitutes a single
cooling unit. The Atana intracaldera facies is
densely welded, whereas degree of welding varies
in extracaldera outcrops. There is no ¢eld evi-
dence for a hiatus between deposition of the To-
conao and the overlying Atana ignimbrite but
previous geochronology is inconclusive as to the
timing of the two eruptions. Two stratigraphically
consistent whole-rock and biotite K^Ar ages were
previously determined for Toconao pumice, these
are 4.0 7 0.9 and 5.27 7 1.12 Ma (all errors 2c, see
Lindsay et al., 2001a). Recent K^Ar biotite ages
from Atana pumice have generally smaller uncer-
tainties and range between 3.77 7 0.09 Ma and
4.23 7 0.12 Ma (Lindsay et al., 2001a).

3. Methods

Zircons were recovered by heavy liquid separa-
tion from the 6 350-Wm fraction from three sam-
ples used for K^Ar dating by Lindsay et al.
(2001a): Atana single pumice (Lari-96h-6), Toco-
nao bulk ignimbrite (Quis-96-3), and a Toconao
single pumice clast (Toc-97h-2) collected at the
same location (Fig. 1) as the composite pumice
sample (Toc-97h-3) dated by Lindsay et al.
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(2001a). Lithic clasts are abundant in the bulk
ignimbrite sample, but were separated by hand-
picking prior to crushing and sieving. Prior to
ion probe analyses, a total of V50 polished zir-
cons was examined for internal zonation by cath-
odoluminescence (CL) imaging (Fig. 2).

Ion microprobe spot analyses were performed
using the UCLA CAMECA ims 1270 ion micro-
probe on all zircons recovered from the two To-
conao samples (V10 each) and on 11 selected
grains from the Atana sample. A 5^10-nA O3

primary beam was focused to a spot size of
V30 Wm in diameter (see Fig. 2) and secondary
ions extracted at 10 kV with an energy band pass
of 35 eV. O2 pressure in the sample chamber was
adjusted to V0.002 Pa to increase Pb sensitivity.
The reproducibility on the reference zircon AS3
(Paces and Miller, 1993) during the three analyt-
ical sessions between March and August 2001 var-
ied between 1 and 3%. To determine the age of

the outermost zones, rim analyses were performed
on one unpolished Toconao zircon grain using the
depth-pro¢ling mode, which improves the spatial
resolution by a factor of V100 (c.f. Grove and
Harrison, 1999). Fig. 3 and Table 1 show increas-
ing radiogenic 206Pb coupled with decreasing
207Pb/206Pb ratios for four successive analyses on
an unpolished crystal face. This implies that com-
mon Pb is largely surface derived and therefore a
5-min pre-sputtering was applied during analyses
on polished surfaces.

4. Results

A 204Pb-based common Pb correction can in-
troduce large uncertainties for young unradiogen-
ic samples and therefore the uncorrected data (an-
alytical results shown in Table 1) were regressed
in the 238U/206Pb vs. 207Pb/206Pb diagram to ob-

Fig. 1. Map of La Pacana Caldera in the APVC showing the distribution of Atana ignimbrite and the estimated extent of the
underlying Toconao ignimbrite (modi¢ed after Lindsay et al., 2001b). Sample locations for K^Ar and U^Pb zircon dating are in-
dicated (T = Toc-97h-2; Q = Quis-96-3; L = Lari-96h-6).
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tain apparent ages from the intercept with con-
cordia and common 207Pb/206Pb compositions
from the y-axis intercept (Fig. 3). Table 2 summa-
rizes the apparent 238U/206Pb ages from the con-
cordia intercept method and the averages of the
204Pb-corrected ages. Both approaches yield ap-
parent ages that overlap within error, but the in-
tercept method has the advantage that no addi-
tional assumption on the 206Pb/204Pb ratio of the
common Pb has to be made. In the following
sections, we therefore report and discuss only ap-
parent ages yielded by the concordia intercept
method.

A 4.65 7 0.13 Ma (mean square of weighted de-
viates (MSWD) = 1.1) age is obtained for the To-
conao pumice from regression of depth-pro¢le
and polished-surface analyses (including one
core analysis on the same grain that was used

for depth-pro¢le analysis). The corresponding
207Pb/206Pb composition of non-radiogenic lead
is 0.75 7 0.09. U contents in Toconao pumice zir-
cons are estimated to range between V400 and
V1200 ppm and most analyses on polished sur-
faces yielded radiogenic 206Pbs 90% (Table 1).

All zircons from the Toconao bulk ignimbrite
sample yielded considerably older U^Pb ages that
greatly exceed the range of existing K^Ar ages for
Toconao and violate the stratigraphic constraints.
Three of the 10 grains yielded concordant Prote-
rozoic to Ordovician ages (Fig. 2; Table 1). CL
imaging shows truncation of oscillatory banding
in the core of a forth grain (Fig. 2A). A concor-
dant 470 7 9 Ma core age and a V13 Ma rim age
would be consistent with resorption of an inher-
ited Ordovician grain and subsequent Miocene
overgrowth although we note that similar trunca-

Fig. 2. CL images of zircons from La Pacana. Ion microprobe spots are indicated by dashed line together with 204Pb-corrected
ages (1c errors). Arrows indicate truncation of oscillatory zonation. (A) Toconao bulk ignimbrite Quis-96-3 grain 11. (B) Grain
2 from same sample. (C) Toconao pumice Toc-97h-2 grain 7. (D) Atana pumice Lari-96h-6 grain 5.
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tions are also present in grains in which core and
rim analyses yield overlapping Proterozoic ages
(Fig. 2B). The U^Pb data for the Miocene over-
growth zone and six other grains from the bulk
ignimbrite sample plot close to 13 Ma and 9 Ma
reference lines in Fig. 3.

U^Pb data of zircons from Atana pumice de-
¢ne a regression line, which yields a concordia
intercept age of 4.11 7 0.20 Ma (MSWD = 2.6,
207Pb/206Pb = 0.80 7 0.08). Atana zircons have esti-
mated U contents between V200 and V1100
ppm and despite their complex internal zoning
(Fig. 2C,D) 204Pb-corrected core and rim ages
overlap within error. The apparent age derived
from Atana zircons agrees well with previously
published biotite K^Ar ages on three aliquots of
the same sample (3.94 7 0.12, 4.01 7 0.11 and
4.11 7 0.12 Ma, Lindsay et al., 2001a), and is
slightly but signi¢cantly lower than the age ob-
tained from Toconao zircons.

5. Pre-eruptive residence time and stratigraphy of
consanguineous, compositionally contrasting
magmas

The analyzed Atana zircon population yields
stratigraphically consistent apparent ages that
overlap with the K^Ar biotite ages for Atana
samples, which are interpreted as eruption ages.
We interpret the zircon U^Pb ages as crystalliza-
tion ages due to the low di¡usivity of Pb in crys-
talline zircon even at magmatic temperatures
(Cherniak and Watson, 2000). The apparent
238U/206Pb ages reported in Table 2 likely repre-
sent minimum ages, since a 230Th de¢cit caused by
preferential incorporation of U compared to Th
has to be expected during zircon crystallization
(Mattinson, 1973; Scha«rer, 1984). The calculated
age correction for initial 230Th de¢cit in the To-
conao and Atana samples using Th/U in whole
rocks (Lindsay et al., 2001b) and zircon is +80
kyr and +90 kyr, respectively. Unless one assumes
extremely strong inhibition of 206Pb accumulation
(e.g. by loss of 222Rn), even the disequilibrium-
corrected ages are di⁄cult to reconcile with long
(s 1 Ma) pre-eruptive crystal residence times.
Such long residence times were postulated for

the Bishop Tu¡ (van den Bogaard and Schirnick,
1995; Christensen and Halliday, 1996) but later
challenged by Reid and Coath (2000) on the
grounds of ion microprobe U^Pb zircon dating.

Fig. 3. U^Pb ion microprobe results for La Pacana zircons
uncorrected for common Pb (1c errors). Values for concor-
dia are illustrated between 3 and 20 Ma, and 400 and 1000
Ma (in inset); linear regression lines and 2c-error envelopes
were plotted for sample Lari-96h-6 and Toc-97h-2. 9-Ma and
13-Ma-reference isochrons in lower panel were drawn using
an average 207Pb/206Pb ratio of 0.8 for common Pb.
MSWD = mean square of weighted deviates.
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Table 1
U^Pb ion microprobe results for zircons from La Pacana, north Chile

Sample Grain Spot Remarksa 206Pb/238U 206Pb/238U 207Pb/235U 207Pb/235U error
correlation

207Pb/206Pb 207Pb/206Pb % radiogenic
206Pb

Ageb (Ma) 7 Age (Ma) Ageb (Ma) 7 Age (Ma)

1c 1c 1c 238U/206Pb 238U/206Pb 207Pb/206Pb 207Pb/206Pb

Atana pumice
Lari-96h-6 2 1 core 0.000846 0.000051 0.02850 0.00516 0.77 0.245 0.034 41.7 2.27 0.75 ^ ^
Lari-96h-6 2 2 rim 0.000893 0.000075 0.02922 0.00833 0.88 0.237 0.051 81.4 4.61 0.76 ^ ^
Lari-96h-6 3 1 core 0.000681 0.000035 0.01629 0.00248 0.76 0.174 0.020 91.9 4.04 0.25 ^ ^
Lari-96h-6 3 2 rim 0.000626 0.000032 0.01308 0.00206 0.75 0.152 0.019 88.8 3.58 0.22 ^ ^
Lari-96h-6 3 3 rim 0.000690 0.000039 0.00983 0.00139 0.62 0.103 0.012 90.5 3.83 0.39 ^ ^
Lari-96h-6 5 1 core 0.001251 0.000062 0.07130 0.00538 0.88 0.413 0.016 50.2 4.05 0.59 ^ ^
Lari-96h-6 5 2 rim 0.000803 0.000048 0.01375 0.00277 0.82 0.124 0.019 74.9 3.90 0.61 ^ ^
Lari-96h-6 6 1 rim 0.000712 0.000032 0.01380 0.00170 0.72 0.141 0.013 90.4 4.15 0.24 ^ ^
Lari-96h-6 6 2 core 0.000742 0.000046 0.01266 0.00234 0.56 0.124 0.020 76.5 3.59 0.51 ^ ^
Lari-96h-6 8 1 core 0.001006 0.000123 0.05368 0.01155 0.84 0.387 0.050 54.4 3.53 1.02 ^ ^
Lari-96h-6 8 2 rim 0.000732 0.000033 0.00842 0.00144 30.06 0.083 0.015 100.0 4.58 0.28 ^ ^
Lari-96h-6 13 1 core 0.002940 0.000118 0.25770 0.01389 0.83 0.636 0.019 31.5 3.88 1.39 ^ ^
Lari-96h-6 18 1 core 0.000701 0.000038 0.01569 0.00235 0.76 0.162 0.019 86.5 3.91 0.26 ^ ^
Lari-96h-6 19 1 core 0.000995 0.000050 0.04021 0.00488 0.87 0.293 0.024 67.9 4.35 0.53 ^ ^
Lari-96h-6 25 1 core 0.000685 0.000034 0.00548 0.00120 0.37 0.058 0.012 100.0 4.19 0.33 ^ ^
Lari-96h-6 26 1 core 0.000664 0.000057 0.00981 0.00193 0.04 0.107 0.023 84.5 3.45 0.74 ^ ^
Lari-96h-6 30 1 core 0.000641 0.000043 0.00482 0.00098 0.20 0.055 0.011 91.8 3.58 0.46 ^ ^
Toconao pumice
TOC-97h-2 7 1a rimc 0.009527 0.002406 0.94310 0.24260 0.87 0.718 0.093 11.7 9.32 10.19 ^ ^
TOC-97h-2 7 1b rimc 0.003184 0.000368 0.26050 0.04614 0.88 0.593 0.056 14.2 3.40 4.13 ^ ^
TOC-97h-2 7 1c rimc 0.001957 0.000372 0.11620 0.02502 0.89 0.431 0.042 46.5 7.30 4.28 ^ ^
TOC-97h-2 7 1d rimc 0.001175 0.000102 0.05584 0.00595 0.68 0.345 0.027 72.6 6.17 1.55 ^ ^
TOC-97h-2 7 1e core 0.000721 0.000049 0.00847 0.00141 0.38 0.085 0.013 94.9 4.21 0.48 ^ ^
TOC-97h-2 2 1 rim 0.000730 0.000039 0.00530 0.00104 0.33 0.053 0.010 80.9 3.54 0.59 ^ ^
TOC-97h-2 2 2 core 0.000736 0.000027 0.00962 0.00116 0.27 0.095 0.011 94.3 4.68 0.31 ^ ^
TOC-97h-2 3 1 core 0.000756 0.000030 0.00602 0.00066 0.23 0.058 0.006 100.0 4.15 0.36 ^ ^
TOC-97h-2 4 1 core 0.000687 0.000037 0.00593 0.00090 0.29 0.063 0.009 100.0 4.43 0.24 ^ ^
TOC-97h-2 4 2 rim 0.000752 0.000020 0.00628 0.00068 0.58 0.061 0.006 91.7 4.44 0.16 ^ ^
TOC-97h-2 8 1 core 0.000683 0.000043 0.00495 0.00105 0.33 0.053 0.011 89.4 3.66 0.48 ^ ^
TOC-97h-2 8 2 rim 0.000720 0.000018 0.00629 0.00054 0.36 0.063 0.005 95.5 4.43 0.14 ^ ^
TOC-97h-2 9 1 core 0.000777 0.000024 0.00607 0.00070 0.24 0.057 0.006 97.4 4.87 0.24 ^ ^
Toconao tu¡
Quis-96-3 1 1 core 0.002103 0.000099 0.01696 0.00114 0.74 0.058 0.003 98.8 13.4 0.6 ^ ^
Quis-96-3 2 1 core 0.105800 0.001888 0.88110 0.02500 0.81 0.060 0.001 99.6 648 11 618 44
Quis-96-3 2 2 rim 0.106300 0.002649 0.88820 0.02409 0.94 0.061 0.001 99.9 651 15 626 23
Quis-96-3 3 1 core 0.003002 0.000121 0.07393 0.01210 0.76 0.179 0.024 85.3 16.7 0.9 ^ ^
Quis-96-3 3 2 core 0.001525 0.000076 0.01984 0.00277 0.66 0.094 0.011 84.9 8.5 0.7 ^ ^
Quis-96-3 4 1 core 0.002126 0.000094 0.01951 0.00199 0.58 0.067 0.006 97.0 13.4 0.7 ^ ^
Quis-96-3 5 1 core 0.073290 0.002516 0.54660 0.03141 0.80 0.054 0.002 99.0 455 15 378 97
Quis-96-3 6 1 core 0.001799 0.000134 0.05561 0.01152 0.88 0.224 0.033 73.9 8.9 0.9 ^ ^
Quis-96-3 6 2 core 0.001575 0.000122 0.02014 0.00383 0.54 0.093 0.015 88.9 9.2 1.0 ^ ^
Quis-96-3 7 1 core 0.001900 0.000133 0.05394 0.01033 0.85 0.206 0.028 83.7 10.3 0.9 ^ ^
Quis-96-3 7 2 core 0.002778 0.000285 0.17650 0.02333 0.93 0.461 0.025 53.8 10.8 1.7 ^ ^
Quis-96-3 11 1 rim 0.002291 0.000080 0.03355 0.00305 0.82 0.106 0.007 90.4 13.4 0.6 ^ ^
Quis-96-3 11 2 core 0.075690 0.001414 0.58750 0.01688 0.89 0.056 0.001 99.6 470 8 465 46

a On polished surface (if not stated otherwise).
b After common Pb-correction using 206Pb/204Pb = 18.8 and 207Pb/204Pb = 15.4.
c Unpolished
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Assuming that the Atana and Toconao magmas
are consanguineous, we can estimate an average
residence time in the order of V500^750 kyr for
the Toconao zircons, approximately two to three
times longer than estimated for the Whakamaru
ignimbrite, New Zealand (Brown and Fletcher,
1999). Note that these estimates scale proportion-
al to the erupted volumes of the La Pacana (2700
km3) and Whakamaru (1000 km3 ; Brown and
Fletcher, 1999) systems.

It has been argued that sharp gradients in
chemical composition and intensive variables are
di⁄cult to reconcile with long-lived strati¢ed
magma chambers (Eichelberger et al., 2000). In
the La Pacana case, however, the compositional
gap between high-silica rhyolitic (V77 wt% SiO2)
Toconao and dacitic (68^70 wt% SiO2) Atana
bulk pumice is somewhat misleading since Atana
glass is in fact high-Si rhyolite with compositions
very similar to the Toconao bulk pumice (Table
2).

Furthermore, the equilibration pressures esti-
mated for both magmas argue for storage at sim-
ilar depth: pre-eruptive pressures for the Atana
magma derived from Al-in hornblende barometry
average 200 MPa (Lindsay et al., 2001b) whereas
for the Toconao magma melt H2O contents of
V6 wt% were calculated using the plagioclase-
melt equilibrium calibration of Housh and Luhr
(1991) that correspond to a con¢ning pressure of
200 MPa (Tamic et al., 2001). This, together with
the chemical, isotopic and chronostratigraphic
similarities of the two ignimbrites, weights heavily
against the concept that the Toconao and the
Atana magmas are unrelated and were fortui-
tously juxtaposed prior to the caldera-forming
eruption.

The variations in volatile element abundances
(e.g. Cl and B) with fractionation in melt inclu-
sion glasses demonstrates that at least over the
crystallization interval of quartz, the Atana mag-
ma was volatile saturated (Fig. 4). Gas-driven ¢l-
ter pressing has been postulated as an e¡ective
mechanism that facilitates segregation of residual
melts from volatile-saturated, highly crystalline
magmas (Sisson and Bacon, 1999) and could ac-
count for the co-existence of extremely crystal-
poor and crystal-rich magmas within the same

magma system. Comparison of Rb variations in
the glass data also indicate that the Toconao mag-
ma segregated from the highly evolved Atana
magma during this crystallization interval, and
that di¡erentiation of both Atana and Toconao
magmas must have continued after their separa-
tion (Fig. 4). The slightly older age obtained from
six Toconao zircons implies that zircon crystalli-
zation occurred diachronously within the La Pa-
cana magma body. This would be consistent with
a strati¢ed rhyolite-over-dacite magma body in
which zircon might start to crystallize earlier with-
in a more rapidly cooled cupola zone and/or a
compositionally more evolved high-silica rhyolite
(Watson and Harrison, 1983). The absolute tim-
ing of rhyolite segregation, however, remains a
matter for continued investigation since it cannot
be ruled out that zircons in the Toconao pumice
were brought along from the Atana source mag-
ma.

6. Xenocrystic zircon: evidence for an early onset
of APVC magmatism and implications for source
processes

Zircon grains with s 5 Ma ages were found
exclusively in the Toconao bulk ignimbrite sam-
ple. The ages violate the stratigraphic age of the
Toconao ignimbrite and the most straightforward
interpretation is that they represent xenocrysts in-
corporated during eruption and transport. Mac-
roscopic lithic clasts were removed from the
ignimbrite sample prior to crushing, but these
clasts typically have a rounded appearance and
thus it is likely that material derived from their
edges became dispersed in the ignimbrite matrix.
The most abundant type of lithic clast is a dense
crystal-rich dacite that probably represents an
older ignimbrite. It seems likely that in the heavy
mineral separate of bulk Tocanao ignimbrite
xenocrystic grains derived from the crystal-rich
lithic clasts dominate the zircon population.

Ion microprobe U^Pb measurements of xeno-
crysts from the Toconao bulk ignimbrite sample
are too imprecise to distinguish between a concor-
dant younger growth episode or discordancy due
to Pb-loss from older grains. A 13 and 9 Ma
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(over-) growth period, however, seems likely,
since (1) di¡usive Pb exchange between zircon
and melt (Cherniak and Watson, 2000) is insignif-
icant at temperatures inferred for the Atana mag-
ma (V780‡ C, Lindsay et al., 2001b), (2) sharp
boundaries between older cores and younger rims
are visible in CL images (Fig. 2A), (3) rhyolitic
melt inclusions are present in 13 Ma grains and
(4) core and rim analyses of another grain yielded
overlapping Proterozoic ages, which precludes
that all rims are a¡ected by Pb-loss (Fig. 2B).

Based on these considerations, three popula-
tions of xenocrystic zircons can be identi¢ed:
(1) Proterozoic^Ordovician individual grains or
relict cores, (2) V13-Ma grains and overgrowth
zones, and (3) V9-Ma grains. The latter age agrees
well with K^Ar biotite ages of 9.29^9.44 Ma
(Lindsay et al., 2001a) from the Antigua Mu¤car
ignimbrite that directly underlies the Toconao in
proximal outcrops both east and west of La Pa-
cana caldera. No V13-Ma ages, however, have
been reported for the central APVC prior to this
study. The euhedral textures of the zircon crystals
(Fig. 2A) suggest a local magmatic origin without
further sedimentary transport. The V13-Ma ages
therefore indicate that the onset of felsic magma-
tism in this region might have occurred V3 Ma
earlier than previously thought (c.f. de Silva,
1989b).

An important observation is the lack of zircon
xenocrysts or xenocrystic cores in Toconao and

Atana pumice although we looked for zonations
by CL imaging, and, in the Tocanao case,
mounted and analyzed all zircons present in the
mineral separate. The Sr and Nd isotopic compo-
sitions of Toconao, Atana and other APVC
ignimbrites suggest a dominantly crustal origin
for the magmas (Hawkesworth et al., 1982; Ort
et al., 1996; Schmitt et al., 2001; Lindsay et al.,
2001b) and the lack of inherited zircon grains im-
plies that either the crustal source was zircon-poor
or that the ignimbrite magmas were su⁄ciently
hot to allow complete dissolution of source-rock
zircons in the magma. The ¢rst explanation is
unlikely because geologic studies of the pre-Ceno-
zoic basement in the Central Andes preclude
abundant ma¢c crustal rocks (Lucassen et al.,
2001), and such source rocks would also be incon-
sistent with the radiogenic Sr and non-radiogenic
Nd isotope ratios of the APVC magmas. There-
fore, our favored explanation for the lack of in-
heritance in the Toconao and Atana pumices is
that restitic zircons were dissolved. The range of
Zr concentrations in felsic gneisses and granitoids
from the Central Andes is 170^200 ppm according
to compilations by Lucassen et al. (2001). Pre-
eruptive temperature estimates from two-oxide
and two-feldspar thermometry are 770^790‡C
for the Atana and 730^760‡C for the Toconao
ignimbrites (Lindsay et al., 2001b). The zircon
concentration in sample Lari-96h-6 is V170
ppm (Lindsay et al., 2001b), close to the satura-

Table 2
Summary of U^Pb zircon ages and other relevant characteristics for Atana and Toconao pumice

Unit Description Locality Crystals w.r. SiO2 m.g. SiO2 Agea MSWD Ageb MSWD Agec U^Pb sample
(Ma) (Ma) (Ma)

wt% wt% wt% 238U/206Pb 238U/206Pb K/Ar

Atana single pumice Pampa de Lari 40 69.5 77.0 4.11 7 0.20 2.6 3.96 7 0.19 1.1 3.94 7 0.12 Lari-96h-6
4.01 7 0.11
4.11 7 0.12

Toconao composite pumice Quebrada
Toconao

6 3 76.8 77.6 4.65 7 0.13 1.1 4.44 7 0.16 0.97 5.27 7 1.12 Toc-97h-2

Concordia intercept ages and 204Pb-corrected (using values for anthropogenic 206Pb/204Pb and 207Pb/204Pb from San‹udo-Wilhelmy
and Flegal, 1994) ages calculated as described in text. Note that errors (2c) have been scaled by square-root of MSWD to ac-
count for sample heterogeneities and/or unexplained analytical error. Whole-rock (w.r.) and matrix glass (m.g.) compositions
(100% volatile-free) and K/Ar ages for samples from the same localities (Lindsay et al., 2001a and Lindsay et al., 2001b) shown
for comparison.

a Concordia intercept age.
b Common Pb-corrected using 206Pb/204Pb = 18.8 and 207Pb/204Pb = 15.4.
c The three ages for Lari-96h-6 represent di¡erent aliquots of the biotite separate; Toconao age is from biotites of composite

pumice sample Toc-97h-3 from same location as Toc-97h-2.
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tion concentration of about 150^200 ppm for a
magma of Atana dacite composition at these tem-
perature conditions (Watson and Harrison, 1983).
For crystal-poor Toconao pumices (V70 ppm
Zr), the zircon-saturation temperature also over-
laps with the pre-eruptive temperature estimates
(Lindsay et al., 2001b). For a crystal-rich dacitic
parental magma (Atana pumice is 40^50% crys-
talline) the liquidus temperature must consider-
ably exceed the pre-eruptive mineral thermometry
estimates, and additional heat is expected from
admixture of arc andesites in the source region
(de Silva, 1989a; Schmitt et al., 2001). Therefore
initial undersaturation and dissolution of most
restitic zircon is reasonable.

7. Conclusions

We obtained apparent U^Pb ages of 4.11 7 0.20
Ma and 4.65 7 0.13 Ma (weighted average; 2c
error) from zircon crystals in dacitic (Atana)
and rhyolitic (Toconao) ignimbrites, respectively.
Both ignimbrites erupted from La Pacana caldera.
The U^Pb zircon ages overlap with K^Ar biotite
ages of V4.0 Ma for the caldera-forming Atana
eruption. Variations in Rb and other incompati-

ble trace elements demonstrate that di¡erentiation
of both the Atana and the Toconao magmas must
have continued after separation in a strati¢ed
rhyolite-over-dacite system and the slightly older
U^Pb zircon ages from Toconao pumice indicate
that zircon crystallized in the La Pacana magma
system over a time-span of several 100 kyr prior
to eruption. The chronostratigraphic data are
consistent with chemical evidence that the crys-
tal-poor Toconao rhyolite is derived from a crys-
tal-rich dacitic parental magma. Gas-driven ¢lter
pressing might have facilitated melt segregation
from the volatile-saturated and crystal-rich dacitic
magma into a cupola of the storage reservoir.
Finally, the presence of V13-Ma xenocrystic zir-
cons found in a Toconao bulk ignimbrite sample
de¢nes a new limit for the onset of felsic magma-
tism in the central part of the APVC.
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