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La Pacana is one of the largest known calderas on Earth, and is INTRODUCTION
the source of at least two major ignimbrite eruptions with a The study of large silicic caldera systems addresses some
combined volume of some 2700 km3. These ignimbrites have strongly of the most intriguing problems in igneous petrology and
contrasting compositions, raising the question of whether they are

volcanology. First, the crystal-rich dacitic ignimbrites
genetically related. The Toconao ignimbrite is crystal poor, and

commonly erupted from these systems present snapshots
contains rhyolitic (76–77 wt % SiO2) tube pumices. The overlying

of the processes taking place within large magma cham-Atana ignimbrite is a homogeneous tuff whose pumice is dacitic
bers, thus providing an instantaneous record that cannot(66–70 wt % SiO2), dense (40–60% vesicularity) and crystal
be studied in slowly cooled plutonic bodies. The de-rich (30–40% crystals). Phase equilibria indicate that the Atana
velopment of magma chamber zonation, for example,magma equilibrated at temperatures of 770–790°C with melt
has been approached through the study of ignimbriteswater contents of 3·1–4·4 wt %. The pre-eruptive Toconao
by several workers since the studies of Smith (1960) andmagma was cooler (730–750°C) and its melt more water rich
Smith & Bailey (1966), and this has led to the general(6·3–6·8 wt % H2O). A pressure of 200 MPa is inferred
thesis that these large homogeneous dacitic ignimbritesfrom mineral barometry for the Atana magma chamber. Isotope
appear to erupt from magma chambers that were un-compositions are variable but overlapping for both units ( 87Sr/
zoned or only weakly zoned (e.g. Whitney & Stormer,86Sri 0·7094–0·7131; 143Nd/144Nd 0·51222–0·51230) and
1985; Francis et al., 1989; de Silva, 1991). Second, theare consistent with a dominantly crustal origin. Glass analyses from
origin of the huge volumes of felsic magmas representedAtana pumices are similar in composition to those in Toconao tube
by these large caldera systems remains enigmatic. Somepumices, demonstrating that the Toconao magma could represent a
examples are thought to have dominantly mantle-deriveddifferentiated melt of the Atana magma. Fractional crystallization
sources (e.g. Smith et al., 1996). In other cases, crustalmodelling suggests that the Toconao magma can be produced by
anatexis is favoured as a dominant process although30% crystallization of the observed Atana mineral phases. Toconao

melt characteristics and intensive parameters are consistent with a questions remain as to the contribution of mantle-derived
volatile oversaturation-driven eruption. However, the low H2O melts and the importance of differentiation processes in
content, high viscosity and high crystal content of the Atana magma upper-crustal magma chambers (e.g. Whitney & Stormer,
imply an external eruption trigger. 1985; de Silva, 1989a; Francis et al., 1989; Ort et al.,

1996). Finally, the eruption triggering of large dacitic
ignimbrites is also poorly understood. Their high crystalKEY WORDS: Central Andes; crystal-rich dacite; eruption trigger; high-

silica rhyolite; zoned magma chamber contents and viscosities and the relatively low magma
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H2O contents imply that the magmas may not be able zoned magma chamber. The source of the common
parental magma is considered to be dominantly crustal.to generate the critical overpressure for eruption through

volatile exsolution alone (e.g. Scaillet et al., 1998). Studies The study furthermore permits an evaluation of the
eruption triggers of these contrasting ignimbrites.on old uplifted and eroded calderas whose roots are

exposed (e.g. Kokelaar, 1992; Branney & Kokelaar, 1994;
Moore & Kokelaar, 1998), together with the complexity
and large size of many relatively young calderas and the

GEOLOGY OF LA PACANA CALDERAgreat volumes of their associated ignimbrites, raise the
question of how large ignimbrite eruptions may relate to Activity associated with La Pacana caldera began in the
extensional stress. early Pliocene with the eruption of the >5 Ma rhyolitic

Some of the largest and best exposed examples of large- Toconao ignimbrite (Lindsay et al., 2001). This was
volume, intermediate-composition ignimbrites occur in followed by the main caldera-forming event, which pro-
the Central Andes of South America, where, during the duced the dacitic Atana ignimbrite (Fig. 2). Post-eruption
Late Tertiary to Recent, explosive eruptions produced resurgence of the Atana magma led to the formation of
one of the most extensive ignimbrite provinces of the an elongate block of intracaldera tuff known as the
world (Guest, 1969; Pichler & Zeil, 1972; de Silva, 1989a). Cordón La Pacana, and post-caldera volcanism produced
The calderas and ignimbrites of this province are typically several small silicic domes along the margin of the re-
located Ζ200 km east of the modern arc in the arid surgent block and within the moat (Fig. 2). Not all of
Altiplano–Puna Plateau, the highest plateau in the world these post-caldera domes have been dated, but available
associated with abundant arc magmatism. Also particular K–Ar age dates show that extrusive magmatism con-
to this region is the exceptionally thick crust: refraction tinued from 4·1 Ma until at least 1·6 Ma (Lindsay et al.,
experiments (Wigger et al., 1994) and broadband passive 2001). These centres are dominantly crystal-rich dacite
seismology suggest thicknesses of 70–80 km (Zandt et al., with mineral assemblages and geochemical characteristics
1994; Beck et al., 1996). The largest concentration of similar to the Atana pumices, and are thought to represent
Neogene ignimbrites in the Central Andes has been late-erupted, degassed portions of the Atana magma
designated by de Silva (1989a) as the Altiplano–Puna (Lindsay, 1999).
Volcanic Complex (APVC) (Fig. 1). Located between The Toconao ignimbrite is a crystal-poor, moderately

lithic-rich, rhyolitic ignimbrite with an estimated outflow>21°S and 24°S, the APVC covers some 70 000 km2 and
represents >30 000 km3 of late-Miocene to Pleistocene volume of 180 km3 (Lindsay et al., 2001). Available K–Ar

dates range between 4·0 ± 0·9 and 5·3 ± 1·1 Macrystal-rich, dacitic ignimbrites (e.g. de Silva & Francis,
1989). The young age, excellent preservation and par- (Gardeweg & Ramı́rez, 1987; de Silva, 1989b; Lindsay

et al., 2001). The Toconao ignimbrite comprises twoticular regional tectonic setting of the APVC make it a
compelling focus for studies of large-volume ignimbrites. main facies (Fig. 3): a lower, non-welded and non-

indurated facies with abundant distinctive tube pumices,Recently, a zone of extremely low S-wave velocities
and high electrical conductivity has been recognized at and an upper facies, which has been indurated by vapour-

phase alteration. Locally, there is a thin (<10 cm) plinian>20 km depth beneath the APVC, and explained by
the presence of at least 10–20 vol. % partial melt residing airfall deposit at the base, which contains small, aphyric

tube pumices.in the crust (Schilling et al., 1997; Schmitz et al., 1997).
This zone, which lies in the crust beneath this major The Atana ignimbrite is a crystal-rich, homogeneous

dacitic ignimbrite comprising an intracaldera and outflowignimbrite province, has been described as possibly the
largest known near-molten magma body on Earth facies with a combined estimated volume of 2500 km3

(Lindsay et al., 2001). K–Ar ages of pumices from this(Chmielowski et al., 1999).
La Pacana caldera, 60 km × 35 km in size, is the unit range from 3·8 ± 0·1 to 4·2 ± 0·1 Ma (Lindsay et

al., 2001). The intracaldera facies of the resurgent blocklargest of the APVC centres (Gardeweg & Ramı́rez,
1987). It is the source of at least two major, com- is characterized by densely welded and devitrified tuffs.

The Atana outflow typically occurs as a single flow unitpositionally different, but effectively coeval ignimbrites:
the rhyolitic Toconao ignimbrite and the overlying, da- >30–40 m thick, which locally is underlain by a surge

deposit and a soft ash and pumice-rich layer (Fig. 3).citic Atana ignimbrite (Lindsay, 1999). This paper pres-
ents the first detailed petrological, geochemical and The homogeneous, crystal-rich Atana tuff is generally

moderately to strongly welded and shows various degreesisotopic study of these ignimbrites. A companion paper
(Lindsay et al., 2001) describes the geology of the La of devitrification. It is poor in lithic fragments, and also

relatively pumice poor.Pacana caldera in detail. The present study sheds light
on some of the main issues related to large-volume silicic Geological evidence for a hiatus between the erution

of the Toconao ignimbrite and the overlying Atanasystems described above. Evidence is given that the two
ignimbrites are cogenetic and erupted from a strongly ignimbrite is lacking. However, given the arid climate of
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Fig. 1. Sketch map of part of the Central Andes showing the approximate extent of ignimbrite outcrop, the Altiplano–Puna Volcanic Complex
(APVC) and location of main calderas. Location of the Calama–Olacopato–El Toro lineament after Salfity (1985).

the region and the inefficiency of erosion, a considerable with a scanning electron microscope equipped with an
hiatus could go unnoticed. The K–Ar age dating of the energy dispersive spectrometer (EDS-SEM).
two ignimbrites is of insufficient precision to constrain All geochemical and isotopic analyses were performed
the repose time between eruptions. on fresh pumice samples. An effort was made to analyse

single pumice clasts >5 cm in diameter; where necessary,
however, several pumices from the same sample were
prepared and analysed together. Whole-rock major ele-ANALYTICAL TECHNIQUES
ments and Ba, Cr, Rb, Sr, V, Y, Zn, Zr and Nb wereMineral compositions were determined on a Cameca
determined by X-ray fluorescence spectrometry (PhilipsSX100 electron microprobe equipped with four wave-
PW 2400 and Siemens SRS 303 AS with Rh tubes) onlength-dispersive spectrometers. Data reduction followed
fused glass discs and pressed powder briquettes. Rarethe PAP-correction scheme (Pouchou & Pichoir, 1984).
earth elements (REE) from representative samples wereAn accelerating voltage of 15 kV was used, beam currents
determined by inductively coupled plasma atomic emis-were generally between 10 and 20 nA, and beam diameter
sion spectrometry (ICP-AES) on a Varian Liberty 200ranged from 2 to 20 �m. Analytical errors for major
(Zuleger & Erzinger, 1988) and Th, U, Pb, Li, Cs andcomponents (>10 wt %) are considered to be 1–2% (rel.),
Ta from representative samples by inductively coupledand for minor components (1–10 wt %) 3–10% (rel.).

Qualitative analysis of mineral separates was carried out plasma mass spectrometry (ICP-MS) using a VG Plasma
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Quad PQ2+. H2O and CO2 were analysed after thermal
extraction by IR spectroscopy using an automated LECO
RC-412 spectrometer. Analytical precision was better
than ±3% (rel.) for all major elements, and considered
to lie at ±10% (rel.) for trace elements. Relative error
for REE analysis is considered to be <5%.

All isotopic analyses were carried out on unspiked
whole-rock powders. Samples were dissolved by con-
ventional digestion methods and Pb, Sr and Nd were
separated using standard anion (Pb) and cation (Sr, Nd)
exchange techniques [exchange resins for Pb: Bio Rad
AG1-X8, 100–200 mesh; Sr, Nd: Bio Rad AW 50 W-
X8, 100–200 mesh; Nd: di(2-ethylhexyl)-orthophosphoric
acid (HDEHP)-coated Teflon powder]. Isotope ratios
were determined on a Finnigan MAT 262 multicollector
mass spectrometer (equipped with Faraday collectors)
operating in static mode. Pb composition was measured
on single Re filaments using a silica gel–H3PO4 emitter
(Gerstenberger & Haase, 1997). A factor of 1·1‰ per
mass unit Pb for instrumental mass fractionation was
applied to all Pb analyses, using NBS SRM 981 as a
reference standard. Sr and Nd samples were loaded on
Ta filaments, and analysed using the single-filament mode

Fig. 2. Map showing the inferred distribution of the Toconao and for Sr and double-filament mode for Nd. In-run precision
Atana ignimbrites based on a line connecting their most distal known

(2�m) of the 87Sr/86Sr and 143Nd/144Nd ratios is <0·002%.outcrops. (Note that this is not a geological map.) Except to the extreme
west of the study area where it outcrops at the surface, the Toconao The 87Sr/86Sr ratios were normalized to 86Sr/88Sr =
ignimbrite is covered both within the caldera and in the outflow sheets 0·1194 and the 143Nd/144Nd ratios to 146Nd/144Nd =
by the Atana ignimbrite (see Fig. 3) and only crops out in valleys and 0·7219. Repeated analyses of the NBS 987 Sr standardin the caldera wall. The locations of post-caldera centres are shown in

and the La Jolla Nd standard gave average values ofblack.
0·710266 and 0·511910, respectively, and the measured
87Sr/86Sr and 143Nd/144Nd ratios were further adjusted to
the NBS 987 reference value of 0·710248 and to the La
Jolla reference value of 0·511858. Total procedural blanks
were 30–50 pg for Pb, 100–200 pg for Sr and <50 pg
for Nd.

Major element analyses of melt inclusions in quartz
and matrix glass separates were determined by electron
microprobe analysis (Cameca SX100). Melt inclusions
were generally devitrified, and had to be heated for
rehomogenization in a pressurized gas vessel using Ar as
a pressure medium. Crystals were placed in an Au
capsule, pressurized and then heated by a graphite fur-
nace. Run conditions of heating were 800°C
and 500 MPa for 24 h. The quenching rate was>10°C/
s. After heating, melt inclusions generally appeared trans-
parent, homogeneous and without bubbles. Crystals with
homogeneous inclusions were mounted in Araldite epoxy
and polished to expose the inclusions. A 20 �m rastered
beam and a 10 nA current were used in electron micro-
probe analysis to prevent Na diffusion.

Trace element compositions of glass were determined
by secondary ion mass spectrometry (SIMS) on a modified
CAMECA 3F at Arizona State University. A 1 nA 16O
primary beam with>17 keV impact energy was focusedFig. 3. Generalized stratigraphic section and ages of the La Pacana

ignimbrites (extracaldera). on the sample surface to a spot diameter of >20 �m.
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The secondary column was set up for low mass resolution within the fine-grained matrix are some large phenocrysts
(>1 mm), similar to those of the host pumice. The overallwith entrance and exit slits wide open, a 150 �m field

aperture and a 40 eV bandpass. Energy filtering to avoid percentage of ferromagnesian minerals in the grey pumice
inclusions is fairly constant, but the bt:hbl:cpx ratio variesmolecular interferences was performed by applying a

−75 V offset to the sample. Secondary ions were detected greatly (Table 1). Some samples display an ophimottled
texture, and glomerocrysts of plagioclase and of horn-by an electron multiplier system. For quantification, 30Si+

was analysed as a reference mass. NBS610 and NBS612 blende + clinopyroxene are also present. Rare, crystal-
poor (1–10% crystals) rhyolitic pumices constitute thestandard glasses were used for trace elements, and H2O

was calibrated on hydrous rhyolite glasses provided by third type of pumice in the Atana ignimbrite. These
H. Westrich, on which water concentrations were de- pumices typically occur in the non-indurated, crystal-
termined by Karl–Fischer titration (Westrich, 1987). Typ- poor basal zone of the ignimbrite (Fig. 2), and resemble
ical cumulative errors based on counting statistics for the rounded, non-tubular crystal-poor pumices in the
standards and samples are between 10 and 25% rel. (2�) Toconao ignimbrite.
for trace element determination. The error in H2O Mineral compositions determined by electron micro-
determination (0·3 wt % abs. 2�) is mostly due to probe are summarized in Tables 2–5 and in Figs 4 and
variations in the instrumental background signal. 5, and the main features of mineral petrography and

composition are summarized briefly here. Plagioclase is
the dominant feldspar and most abundant phenocryst in
all Atana and Toconao pumice types. It is subhedral to

PETROGRAPHY AND MINERAL anhedral, generally cracked, and exhibits a variety of
CHEMISTRY zoning patterns. Plagioclase phenocrysts in Atana crystal-

rich pumices and grey pumice inclusions have similarTypical tube pumices in the Toconao ignimbrite contain
average core and rim compositions of An38–49 and An35–41,<1% crystals, comprising plagioclase, biotite, quartz,
respectively (Fig. 4, Table 2). The rims are similarsanidine, hornblende, orthopyroxene, magnetite, il-
to microphenocryst compositions in the Atana pumicemenite, zircon, apatite, monazite and minor epidote
samples (An35). Plagioclase in the crystal-poor Atana(Table 1). Many of the minor phases in the Toconao
pumices is less calcic, with typical compositions of An16–30were identified by qualitative SEM-EDS analyses of heavy
(core) and An12–28 (rim). Unusually large plagioclasemineral separates from pumice (see Table 1) and their
phenocrysts (up to 2 mm) in Atana crystal-rich pumicespetrographic occurrence in the rock is unknown. Epidote
and grey pumice inclusions exhibit strong oscillatoryis one of these, and it therefore cannot be said for sure
zoning with rims of the same composition as those ofif it is a primary phase. East of the caldera the Toconao
the dominant plagioclase (An39) but considerably moretuff contains rounded crystal-poor (1–15% crystals) pum-
calcic cores (An40–60 and An53–84 in the pumices andices that lack tubular texture in addition to the typical
grey pumice inclusions, respectively). Plagioclase in theglassy tube pumices. These contain a similar mineral
Toconao ignimbrite is weakly zoned, with cores and rimsassemblage: plagioclase, sanidine, quartz and biotite
within the range An15–28 (average An22), and occasionally(Table 1). Rare pumice types in the Toconao ignimbrite
more An-rich compositions between An33 and An49 (Fig.include small brown–white banded pumice and scoria.
4; Table 2). Sanidine is rare in the Atana pumice andThree types of pumices are distinguished in the Atana
tuff (<1%) but is present (up to 3%) in Toconao pumiceignimbrite. The main type is crystal-rich pumice that
and tuff. Sanidine is generally anhedral and somewhatcontains 30–40% crystals comprising plagioclase, quartz,
rounded, with average compositions of Ab25Or74An1 inbiotite, hornblende, minor sanidine and pyroxene, and
the Atana and Ab34Or65An1 in the Toconao pumiceaccessory magnetite, titanite, ilmenite, zircon, apatite ±
(Table 2). Sanidine locally forms rims around plagioclaseallanite (Table 1). The pumices range in size from a few
grains. Such grains show no resorption of the plagioclasecentimetres to >30 cm and are relatively dense, with
and the rims appear to be an overgrowth phenomenon.40–60% vesicularity (Table 1).

Biotite is the most common ferromagnesian phase inAt several localities the Atana ignimbrite also contains
all pumice types. It occurs as euhedral crystals up to 5 mmfine-grained, grey, crystal-rich (60–70% crystals) pumice
in diameter, commonly with inclusions of plagioclase,inclusions that occur as individual clasts in the tuff or
magnetite, apatite and zircon. Biotite crystals are typicallyincluded in the crystal-rich pumices described above.
bent or split and a few are embayed, but there are rarelyThe grey pumice inclusions have 40–50% vesicularity,
signs of alteration. Zoning is weak or absent. Biotites inand show no signs of textural disequilibrium with their
the Atana pumices and grey pumice inclusions havehost pumice clasts. They have a dominantly fine-grained
nearly constant compositions, with an mg-number ofmatrix (<0·5 mm) of plagioclase, biotite, hornblende,
0·55–0·60 (Table 3), whereas those in the Toconaoclinopyroxene, minor orthopyroxene, and accessory mag-

netite, ilmenite, titanite, zircon and apatite (Table 1). Set pumices are slightly more magnesian (mg-number
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Table 1: Modal analyses (dense rock equivalent, DRE) of Atana and Toconao pumices

Atana ignimbrite Point counting Mineral separates

Sample: Quis-96h-9 Lari-97h-4 Loy-97h-3 Lari-97h-6 Lari-96h-9 Atana

pumice pumice pumice gr. inclusion gr. inclusion pumice gr. inclusion

Plagioclase (Pl) 18·7 18·2 23·1 42·4 35·2 x x

Quartz (Qtz) 11·5 3·2 6·6 n.d. n.d. x

Biotite (Bt) 5·9 3·5 5·8 14·8 4·7 x x

Hornblende (Hbl) 1·7 0·3 1·7 5·9 16·3 x x

Fe–Ti oxides (Mt, Ilm) n.d. 0·9 1·4 1·3 2·4 x x

Sanidine (Sa) n.d. 0·2 n.d. n.d. n.d. x

Orthopyroxene (Opx) n.d. n.d. 0·2 0·3 0·2 x

Clinopyroxene (Cpx) n.d. n.d. n.d. 2·9 0·1 x x

Titanite (Ttn) tr. tr. tr. n.d. n.d. x x

Zircon (Zrn) tr. tr. tr. tr. tr. x x

Apatite (Ap) tr. tr. tr. tr. tr. x x

Allanite (Aln) n.d. n.d. n.d. n.d. n.d. x

Glass 62·2 73·8 61·4 32·6 41·1

% crystals DRE 38 26 39 67 59

% vesicularity 36 57 41 41 45

Toconao ignimbrite Point counting Mineral separates

Sample: Quis-96h-21A Quis-96h-4A Toc-96h-2A Toc-96h-2B Toconao

x-poor pumice x-poor pumice tube pumice tube pumice tube pumice tuff

Plagioclase 9·5 7·8 n.d. 0·6 x x

Quartz 2·6 0·8 n.d. n.d. x x

Biotite n.d. 0·8 1·0 0·6 x x

Hornblende n.d. n.d. n.d. n.d. x x

Fe–Ti oxides n.d. n.d. n.d. n.d. x x

Sanidine 3·7 2·9 n.d. n.d. x x

Orthopyroxene n.d. n.d. n.d. n.d. x x

Clinopyroxene n.d. n.d. n.d. n.d. x

Zircon n.d. n.d. n.d. n.d. x x

Apatite n.d. n.d. n.d. n.d. x x

Monazite n.d. n.d. n.d. n.d. x x

Epidote n.d. n.d. n.d. n.d. x

Glass 84·1 87·7 99·0 98·8

% crystals DRE 16 12 1 1

% vesicularity 73 65 70 74

Each analysis consisted of 1500–2500 point counts for Atana pumices (all from crystal-rich samples), and 400–1200 counts
for Toconao pumices and Atana grey pumice inclusions. Grid size varied depending on grain size, but was commonly
between 0·5 and 1 mm. n.d., not detected; tr., observed in trace amounts; x, present in mineral separate; % vesicularity is
an estimate determined by density difference in air and water, following the method of Houghton & Wilson (1989).

0·59–0·64). Homogeneous, euhedral to subhedral am- edenite and hornblende according to the nomenclature
of Deer et al. (1992). Some compositions, particularlyphibole crystals are subordinate to biotite in all pumice

types. Compositionally, the amphiboles are mainly those from amphibole cores in grey pumice inclusions,
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samples, with all analyses normalized to a 100% volatile-
free basis. Only representative analyses are presented in
Table 6. The full dataset shown in the figures is avail-
able as a supplementary datafile on the Journal of Petro-
logy website at http://www.petrology.oupjournals.org.
Toconao data represent pumices from the lower, un-
welded and non-vapour-phase altered facies of the ig-
nimbrite, and all Atana pumice samples represent the
outflow facies because the intracaldera Atana ignimbrite
is welded, devitrified and altered. Chemical evidence for
alteration is lacking and the compositions reported are
considered to represent the erupted magmas.

All Atana and Toconao pumices belong to the high-
K suite of calc-alkaline magmas (Fig. 6), and are meta-
luminous to weakly peraluminous, with molar (Na +
K)/Al between 0·6 and 0·9, and molar Al/(Ca + NaFig. 4. Ab–An–Or ternary plot of feldspar compositions from the
+ K) between 1·0 and 1·3. Atana crystal-rich pumicesAtana and Toconao pumices.
are dacitic to rhyodacitic, with 66–70 wt % SiO2, whereas
the Toconao pumices and Atana crystal-poor pumices
are high-silica rhyolites, with 76–77 wt % SiO2 (Fig. 6).
Two samples of Toconao plinian pumice have 78 wt %
SiO2. Grey pumice inclusions from the Atana ignimbrite
range in composition from 59 to 64 wt % SiO2. Clasts
of scoria and banded pumice exist in the Toconao
ignimbrite but are very rare and only one sample of each
could be collected; thus their significance cannot be
interpreted. The scoria has a dacitic composition (64 wt %
SiO2) and the banded pumice clast has a rhyodacitic
composition (68 wt % SiO2) (Fig. 6).

Major element oxide data of the Atana and Toconao
pumice samples form distinct groups on silica variation
diagrams (Fig. 7a) separated by compositional gaps,
and these groups correspond to the Atana crystal-rich

Fig. 5. Chemical variation of Atana amphiboles expressed as Na + pumices, the grey pumice inclusions in Atana, and the
K in A sites and Si atoms per formula unit. End members (marked as

Toconao pumices. The Toconao data show little or nodots) are: Tr, tremolite; Hb, hornblende (sensu stricto); Ed, edenite; Pa,
systematic variation with silica because the samples arepargasite; Ts, tschermakite. Fields from Deer et al. (1992).
already at the high-silica end of magma differentiation.
The other groups define regular and generally negative

are pargasitic (Table 4; Fig. 5). The mg-number ranges correlations of element oxides with silica excepting K2O,
from 0·53 to 0·71 in the grey pumice inclusions (average which increases (see Fig. 6), and Na2O, which shows no
0·62) and from 0·57 to 0·70 in the crystal-rich pumices correlation (Fig. 7a). Both Na2O and K2O concentrations
(average 0·63) (Table 4). Magnetite (Atana: Usp14; To- in the pumices are strongly variable at higher SiO2
conao: Usp10) and ilmenite (Atana: Hem29; Toconao: contents, whereas the total alkali sum (Na2O + K2O)
Hem23) are both present, and have no detectable ex- remains relatively constant.
solution or zoning (Table 5). Pink zircon and colourless The Atana grey pumice inclusions as a group have the
apatite are common accessories in both the Atana and lowest silica contents and the Toconao pumices the highest.
Toconao pumices, and yellow titanite is also present in The Atana crystal-rich pumice group plots between these
Atana crystal-rich pumices and grey pumice inclusions. two extremes. In terms of all diagrams plotted in Fig. 7a

the three main groups of samples are collinear. The less
abundant pumice types tend to plot outside the main
groups of samples and in some cases they bridge theWHOLE-ROCK GEOCHEMISTRY AND compositional gaps between them. Thus the rare crystal-

Pb-, Nd- AND Sr-ISOTOPE RATIOS poor Atana pumices are rhyolitic and plot in the field
of Toconao pumice whereas the brown–white bandedThe following characterization of the Atana and Toconao

ignimbrite compositions is based on unaltered pumice Toconao pumice has a composition intermediate between
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Table 3: Representative microprobe analyses of biotite from Atana crystal-rich pumices and grey pumice

inclusions, and Toconao tuff and pumice

Atana crystal-rich pumice Atana grey pumice inclusion Toconao tuff and pumice

Sample: Loy-97h-2 Lari-96h-6 Quis-96h-8 Pujs-96h-10 Toc-96h-4 Quis-96h-

21b

core rim core rim core rim core rim core rim core

SiO2 37·5 37·0 37·3 36·9 36·9 36·9 37·8 37·3 37·3 37·4 37·5

TiO2 4·6 4·8 4·8 4·7 4·9 4·8 4·8 4·9 4·3 4·3 3·4

Al2O3 14·4 13·7 13·6 13·4 13·8 13·6 13·6 13·3 13·6 13·8 14·0

Na2O 0·4 0·4 0·4 0·4 0·5 0·5 0·3 0·4 0·5 0·6 0·5

K2O 8·9 9·1 9·1 8·7 9·0 8·9 8·0 8·4 8·1 8·2 8·2

FeOt 17·5 17·7 17·7 17·2 18·4 18·6 16·7 17·3 15·9 16·2 16·8

MnO 0·2 0·2 0·2 0·2 0·2 0·2 0·3 0·3 0·4 0·5 0·6

MgO 12·5 13·1 13·4 13·2 12·6 12·6 13·7 13·7 14·3 14·1 13·4

CaO 0·2 0·0 0·0 0·0 0·0 0·0 0·0 0·0 0·0 0·0 0·0

BaO 0·3 0·2 0·3 0·5 0·4 0·4 0·5 0·3 0·5 0·4 0·2

F 0·9 0·4 0·3 0·8 0·3 0·2 0·4 0·4 0·8 0·8 1·0

Cl 0·2 0·2 0·2 0·2 0·2 0·2 0·2 0·2 0·1 0·1 0·2

O=F −0·38 −0·15 −0·11 −0·33 −0·11 −0·07 −0·16 −0·16 −0·32 −0·32 −0·42

O=Cl −0·04 −0·04 −0·04 −0·04 −0·04 −0·04 −0·04 −0·04 −0·03 −0·03 −0·04

Total 97·0 96·4 97·1 95·7 96·9 96·8 96·0 96·4 95·4 96·0 95·2

mg-no. 0·56 0·57 0·57 0·58 0·55 0·55 0·59 0·59 0·62 0·61 0·59

Data represent spot analyses. Oxides in wt %. mg-number = molar Mg/(Mg + Fetotal).

the Atana crystal-rich pumice and Toconao pumice. The from the west of the caldera. It should be noted that the
compositional range in Atana crystal-poor pumices isToconao scoria sample has SiO2 contents corresponding

to the low-silica end of the Atana pumice range but it even greater than that of the Toconao pumices but the
variation in the Atana samples does not correlate withdeviates from the latter in terms of MgO, Fe2O3 and MnO

(latter two diagrams not shown in Fig. 7). location.
Chondrite-normalized REE patterns of Atana andTrace element concentrations of Atana and Toconao

pumices also cluster in variation diagrams (Fig. 7b) but, Toconao pumices show that, although both magmas
are light REE (LREE) enriched, the Atana samplesunlike the major elements, the trace element variations

within and among the different groups do not define have higher LREE/HREE (heavy REE) ratios (Fig.
8); the values of (La/Yb)N are 9–12 for Atana andcollinear trends. The rhyolitic samples, including To-

conao pumice and Atana crystal-poor pumice, are gen- 3–7 for Toconao. All samples are characterized by
negative Eu anomalies and the magnitude of theerally depleted in Zr and Sr, and enriched in Rb, Nb

and Y relative to the dacitic Atana crystal-rich pumice anomaly increases regularly with increasing SiO2: Eu/
Eu∗ = 0·6–0·7 in the grey pumice inclusions, 0·6 inand grey pumice inclusions. They show a much greater

range in Ba and Rb/Sr values than the dacitic pumices. the Atana crystal-rich pumices and 0·5 in the Toconao
pumices (Eu∗ is calculated as the geometric mean ofThe Atana crystal-poor pumices plot in or near the field

of Toconao pumices and share the same compositional normalized Sm and Gd). Toconao pumices have similar
HREE abundances to the Atana crystal-rich pumicestrends in Fig. 7b. Interestingly, some of the considerable

variation in element abundances for the Toconao pum- and have lower LREE and Eu abundances. The REE
variations in the Toconao pumices also show aices correlates with geographical distribution of the out-

flow ignimbrite. Pumices from the east and southwest of dependence on sample location. The Toconao pumices
from east of the caldera have lower LREE and Euthe caldera tend to have higher K2O, Rb, Nb and Y,

lower Ba and Na2O, and slightly lower Zr than those than those from the west (Fig. 8).
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Table 4: Representative microprobe analyses of amphibole from Atana crystal-rich pumices and grey pumice

inclusions

Atana crystal-rich pumice Atana grey pumice inclusion

Sample: Loy- Lari- Loy- Vent- Jama- Jama- Lari- Pujs- Quis- Lari-

97h-5 96h-6 97h-2 97h-2 97h-1a 97h-2a 96h-5 96h-10 96h-8 96h-5

SiO2 44·9 46·1 45·9 46·0 46·0 46·0 45·2 47·6 45·4 46·5

TiO2 1·8 1·7 1·7 1·6 1·7 1·5 1·7 1·4 1·6 1·5

Al2O3 8·5 8·3 8·1 7·8 8·1 7·5 8·4 7·0 8·7 8·0

Na2O 1·5 1·4 1·4 1·5 1·5 1·4 1·6 1·3 1·5 1·5

K2O 1·1 1·0 1·0 0·8 1·0 0·9 1·0 0·7 1·0 0·8

FeOt 15·6 15·3 15·6 14·8 15·4 15·2 14·7 14·2 16·0 15·0

MnO 0·6 0·4 0·4 0·6 0·6 0·6 0·5 0·6 0·4 0·6

MgO 13·4 12·8 12·7 13·4 13·9 13·9 12·5 14·3 12·2 13·0

CaO 11·6 11·9 11·6 11·6 11·9 11·8 11·4 11·8 11·4 11·6

Total 99·0 98·8 98·5 98·0 100·0 98·7 96·8 98·8 98·2 98·5

mg-no. 0·65 0·60 0·60 0·64 0·66 0·67 0·59 0·66 0·57 0·61

% An 38 38 38 38 38 38 38 41 41 39

T (°C) 708 757 760 755 713 677 767 754 770 762

�Al 1·5 1·5 1·4 1·4 1·4 1·3 1·5 — — —

P (MPa) 235 224 213 192 199 163 236 — — —

Data represent spot analyses. Oxides in wt %. mg-number = molar Mg/(Mg + Fe2+); ferric and ferrous Fe
recalculated to determine mg-number using stoichiometric criteria after Droop (1987). Temperatures were calculated by
hornblende–plagioclase thermometry (Holland & Blundy, 1994) using average plagioclase rim compositions with anorthite
content % An. Pressure was determined by Al-in-hornblende barometry following the method of Anderson & Smith
(1995), and pressures calculated for a temperature of 780°C are shown. Total Al cations (�Al) is calculated based on
23 oxygens.

Isotopic ratios in the Atana crystal-rich pumices, grey GLASS COMPOSITION
pumice inclusions and the Toconao pumices overlap. Glass compositions from quartz-hosted melt inclusions
Initial 87Sr/86Sr ratios in Atana pumices range from in two Atana crystal-rich pumice samples and from
0·7094 to 0·7116, and the Toconao samples have values matrix glass separates of one Toconao and two Atana
of 0·7106–0·7131. 143Nd/144Nd ranges from 0·512260 pumices are presented in Table 7 and Fig. 10. The Atana
(�Nd = −7·3) to 0·512224 (�Nd = −8·1) in the Atana, pumice glasses, both from melt inclusions and matrix
and from 0·512256 (�Nd = −7·4) to 0·512217 (�Nd = separates, plot well within the compositional field of the
−8·2) in the Toconao (Fig. 9, inset; Table 6). The spread Toconao bulk pumice samples and resemble the crystal-
in Sr isotopic ratios, in particular, is greater than would poor Atana pumices. This implies that the compositional
be consistent for a closed-system magma evolution. Cor- differences between the Atana crystal-rich pumice and
relations of isotope ratios with chemical variables such Toconao pumices are primarily a function of different
as SiO2 were tested but not found. Ratios of 206Pb/204Pb crystal contents. The fractionation vectors shown in Fig.
and 208Pb/204Pb for all samples analysed fall within the 10 show that the separate compositional groups defined
narrow ranges 18·907–18·999 and 38·055–39·147, re- by Atana crystal-rich pumice and Toconao pumice can
spectively. In terms of the Pb-isotopic domains outlined be related by simple fractionation of observed phases in
by Aitcheson et al. (1995), the La Pacana rocks have the Atana samples. Also evident from Fig. 10 is that the
compositions that correspond to the Southern Altiplano Toconao glass is similar to the bulk pumice, as expected
domain, which agrees with the geographical location of from the low crystal contents in the pumice, but the glass
La Pacana caldera with respect to the proposed domain is slightly more fractionated (i.e. lower Zr, Sr and Ba

contents) and has more variable Rb concentrations.boundaries.
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Table 6: Representative chemical and isotopic compositions of Atana and Toconao pumices

Atana pumices

Sample: Lari-96h-6 Quis-96h-9 Lari-96h-8 Lari-96h-10 Pujs-96h-10 Lari-96h-9 Vent-97h-4a Pujs-96h-13a
x-rich x-rich x-rich grey grey grey x-poor x-poor

SiO2 68·0 66·1 67·8 58·6 60·2 58·3 72·3 73·8
TiO2 0·51 0·59 0·54 0·95 1·12 1·18 0·19 0·09
Al2O3 15·0 15·6 14·8 16·4 16·4 16·9 13·4 12·6
Fe2O3t 3·06 3·69 3·28 6·32 6·35 6·62 1·20 0·57
MnO 0·06 0·07 0·06 0·14 0·14 0·14 0·05 0·06
MgO 1·08 1·30 1·17 2·82 2·37 2·64 0·30 0·10
CaO 3·02 3·36 3·01 5·57 5·25 5·75 1·13 0·66
Na2O 2·91 3·28 2·99 3·29 3·35 3·39 1·88 3·54
K2O 4·10 3·57 4·30 3·40 3·08 3·03 4·38 4·97
P2O5 0·13 0·15 0·13 0·22 0·20 0·28 0·07 0·03
H2O 1·50 1·77 1·79 1·57 1·27 1·39 4·07 2·54
CO2 0·12 0·13 0·03 0·06 0·07 0·09 0·09 0·08
Total 99·46 99·66 99·89 99·36 99·75 99·67 99·04 99·04

Ba 585 647 599 457 532 386 839 270
Cr 13 <10 <10 16 11 10 <10 <10
Rb 195 161 216 151 136 126 189 281
Sr 247 262 228 279 302 295 186 47
V 64 81 65 152 187 168 19 <10
Y 26 25 23 21 30 24 15 22
Zn 53 72 49 85 96 84 32 27
Zr 171 189 172 182 184 211 87 52
Nb 14 16 14 11 17 15 11 18
Th 22 21 n.d. 15 17 n.d. n.d. n.d.
U 7·1 6·4 n.d. 4·7 5·5 n.d. n.d. n.d.
Pb 11 21 n.d. 15 16 n.d. n.d. n.d.
Li 18 43 n.d. 24 29 n.d. n.d. n.d.
Cs 15 17 n.d. 9 11 n.d. n.d. n.d.
Ta 1·6 1·6 n.d. 1·0 1·4 n.d. n.d. n.d.
La 43 40 n.d. 36 38 n.d. n.d. n.d.
Ce 82 78 n.d. 72 78 n.d. n.d. n.d.
Pr 10 10 n.d. 9 10 n.d. n.d. n.d.
Nd 34 33 n.d. 32 36 n.d. n.d. n.d.
Sm 6·5 6·5 n.d. 6·3 7·4 n.d. n.d. n.d.
Eu 1·1 1·2 n.d. 1·2 1·5 n.d. n.d. n.d.
Gd 5·3 5·4 n.d. 5·4 6·5 n.d. n.d. n.d.
Tb 0·84 0·82 n.d. 0·86 1·10 n.d. n.d. n.d.
Dy 4·6 4·8 n.d. 4·6 5·7 n.d. n.d. n.d.
Ho 0·83 0·85 n.d. 0·88 1·10 n.d. n.d. n.d.
Er 2·5 2·5 n.d. 2·5 3·0 n.d. n.d. n.d.
Tm 0·36 0·37 n.d. 0·37 0·48 n.d. n.d. n.d.
Yb 2·4 2·5 n.d. 2·4 2·9 n.d. n.d. n.d.
Lu 0·38 0·39 n.d. 0·40 0·48 n.d. n.d. n.d.
Sc 7·8 9 n.d. 16 18 n.d. n.d. n.d.
87Sr/86Sr 0·710428 0·711712 n.d. 0·709469 0·709981 n.d. n.d. n.d.
87Sr/86Sri 0·710293 0·711607 n.d. 0·709377 0·709904 n.d. n.d. n.d.
143Nd/144Nd 0·512234 0·512224 n.d. 0·512260 0·512229 n.d. n.d. n.d.
�Nd(T) −7·83 −8·07 n.d. −7·33 −7·94 n.d. n.d. n.d.
206Pb/204Pb 18·998 18·999 n.d. 18·976 n.d. n.d. n.d. n.d.
208Pb/204Pb 39·103 39·107 n.d. 39·051 n.d. n.d. n.d. n.d.
207Pb/204Pb 15·691 15·693 n.d. 15·679 n.d. n.d. n.d. n.d.
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Toconao pumices

Sample: Jama- Toc- Toc- Quis- Quis- Quis- Toc- Toc-C

96h-7b 97h-2 96h-2a 96h-21a 96h-4b 96h-20a 97h-1A 97h-1

tube tube tube x-poor x-poor x-poor plinian plinian

SiO2 73·4 73·7 74·1 74·1 74·2 73·9 74·6 74·0
TiO2 0·10 0·12 0·12 0·10 0·10 0·13 0·11 0·11
Al2O3 12·6 12·5 12·5 12·8 12·7 12·9 11·8 12·1
Fe2O3t 0·61 0·69 0·64 0·63 0·52 0·79 0·65 0·67
MnO 0·07 0·07 0·07 0·07 0·07 0·07 0·06 0·06
MgO 0·08 0·08 0·09 0·08 0·10 0·15 0·08 0·09
CaO 0·61 0·55 0·56 0·54 0·61 0·60 0·52 0·67
Na2O 3·36 3·59 3·57 2·82 2·75 3·54 3·27 3·40
K2O 5·06 4·69 4·70 5·70 5·04 4·77 4·53 4·45
P2O5 0·03 0·02 0·02 0·03 0·03 0·04 0·02 0·03
H2O 3·15 3·26 2·70 2·26 3·05 2·45 3·91 3·76
CO2 0·05 0·08 0·07 0·09 0·09 0·08 0·07 0·07
Total 99·14 99·33 99·17 99·24 99·27 99·45 99·56 99·41

Ba 532 603 700 536 444 446 622 628
Cr 11 <10 <10 <10 <10 <10 <10 <10
Rb 223 219 214 257 242 218 215 211
Sr 37 47 49 43 37 48 44 63
V <10 <10 <10 <10 <10 <10 <10 <10
Y 28 28 26 28 29 30 24 25
Zn 45 40 43 35 30 47 39 40
Zr 67 75 75 66 63 70 68 68
Nb 20 19 20 19 21 22 20 19
Th 16 n.d. n.d. 16 16 n.d. n.d. n.d.
U 8·1 n.d. n.d. 8·4 9·1 n.d. n.d. n.d.
Pb 20 n.d. n.d. 17 16 n.d. n.d. n.d.
Li 70 n.d. n.d. 29 29 n.d. n.d. n.d.
Cs 25 n.d. n.d. 23 28 n.d. n.d. n.d.
Ta 1·9 n.d. n.d. 2·0 2·1 n.d. n.d. n.d.
La 14 n.d. n.d. 15 13 n.d. n.d. n.d.
Ce 35 n.d. n.d. 31 26 n.d. n.d. n.d.
Pr 5 n.d. n.d. 4 4 n.d. n.d. n.d.
Nd 16 n.d. n.d. 16 14 n.d. n.d. n.d.
Sm 4·4 n.d. n.d. 4·3 3·9 n.d. n.d. n.d.
Eu 0·7 n.d. n.d. 0·7 0·6 n.d. n.d. n.d.
Gd 4·4 n.d. n.d. 4·3 4·1 n.d. n.d. n.d.
Tb 0·82 n.d. n.d. 0·74 0·81 n.d. n.d. n.d.
Dy 4·9 n.d. n.d. 4·8 4·9 n.d. n.d. n.d.
Ho 0·93 n.d. n.d. 0·93 0·94 n.d. n.d. n.d.
Er 2·8 n.d. n.d. 2·7 2·8 n.d. n.d. n.d.
Tm 0·45 n.d. n.d. 0·40 0·40 n.d. n.d. n.d.
Yb 2·7 n.d. n.d. 2·7 2·7 n.d. n.d. n.d.
Lu 0·42 n.d. n.d. 0·42 0·41 n.d. n.d. n.d.
Sc 4·5 n.d. n.d. 4·4 4·4 n.d. n.d. n.d.
87Sr/86Sr 0·711687 n.d. n.d. 0·712941 0·714324 n.d. n.d. n.d.
87Sr/86Sri 0·710560 n.d. n.d. 0·711823 0·713055 n.d. n.d. n.d.
143Nd/144Nd 0·512252 n.d. n.d. 0·512217 0·512256 n.d. n.d. n.d.
�Nd(T) −7·51 n.d. n.d. −8·19 −7·44 n.d. n.d. n.d.
206Pb/204Pb 18·992 n.d. n.d. 18·995 n.d. n.d. n.d. n.d.
208Pb/204Pb 39·133 n.d. n.d. 39·147 n.d. n.d. n.d. n.d.
207Pb/204Pb 15·673 n.d. n.d. 15·678 n.d. n.d. n.d. n.d.

n.d., not determined. Total Fe expressed as Fe2O3.
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ESTIMATION OF INTENSIVE
PARAMETERS, VISCOSITY AND
DENSITY
Mineral equilibrium temperatures and pressures, H2O,
viscosity and density were determined for Atana and
Toconao pumices to gain insights into the pre-eruptive
conditions in the La Pacana magma chamber. Mineral
rim compositions were used in all calculations, as these
were considered most likely to reflect the last magmatic
equilibrium conditions. Where possible, tests for homo-
geneity and equilibrium were applied [e.g. for Fe–Ti
oxides following the method of Bacon & Hirschmann
(1988)].

Temperature and fO2Fig. 6. K2O vs SiO2 classification diagram for Atana and Toconao
pumices. Fields from Le Maitre (1989). Four independent geothermometers were applied: mag-

netite–ilmenite, two-feldspar, hornblende–plagioclase

Fig. 7. (a).
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Fig. 7. (a) Major element and (b) trace element variation diagrams of Atana and Toconao pumices. Analyses in (a) are normalized on a 100%
anhydrous basis.

and zircon saturation thermometry using the calibrations pumices, the average temperatures range from 770 to
790°C (Table 5). A similar temperature range ofdescribed below (Tables 2, 4 and 5 and Fig. 11). The

two-oxide geothermometer is independent of pressure. 725–790°C was obtained for the grey pumice inclusions
using this method. A single Toconao sample with co-Pressure-dependent two-feldspar and hornblende–

plagioclase thermometery was carried out for pressures existing magnetite and ilmenite yielded an average tem-
perature of 740°C. Log f O2 values range from −11·5derived from Al-in-hornblende barometry.

Two-oxide thermometry calculations were carried out to−13·5 for the Atana and Toconao ignimbrites. These
values lie three log units above the quartz–on 22 mineral pairs from nine samples using the solution

model of Andersen & Lindsley (1988) following the fayalite–magnetite buffer at the temperatures indicated,
and overlap with the field defined by the Fish Canyonmethod of Andersen et al. (1993). In Fig. 11 the average

mineral-pair temperature from each sample is plotted, Tuff (Whitney & Stormer, 1985).
Two-feldspar temperatures were calculated for eightand the error bar reflects the largest 2� deviation from

the mean in the sample suite. For the Atana crystal-rich mineral pairs in five samples using the calibrations of
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Fig. 8. Chondrite-normalized REE patterns for the Atana and
Toconao. Normalizing values from Anders & Grevesse (1989).

Fig. 9. Initial 144Nd/143Nd and 87Sr/86Sr ratios for Atana and Toconao
pumices compared with the range for Pliocene–Quaternary andesitic–
dacitic effusive rocks in the Andes and Proterozoic–Mesozoic basement
rocks in Northern Chile and NW Argentina (present-day compositions;
Lucassen et al., 1999). The La Pacana samples fall within the field

Fig. 10. Variation diagrams comparing Atana and Toconao glassrepresenting large-volume, crystal-rich APVC ignimbrites, and overlap
compositions (determined by SIMS analyses) with pumice populations.the Cerro Galán field [data from Francis et al. (1989)]. The field for
Also shown are vectors representing fractionation paths (see text). (Seethe Panizos ignimbrites (Ort et al., 1996) is plotted separately for clarity,
Table 1 for mineral abbreviations.)as this centre has slightly more radiogenic Sr ratios than the other

APVC centres. Enlarged region shows La Pacana data. APVC field
based on data from Lindsay (1999) and Schmitt (1999); Southern and generally good agreement among the three calibrationsNorthern Volcanic Zone (SVZ and NVZ) field based on data from

for the feldspar thermometers for the Toconao pumices,Futa & Stern (1988), Hildreth & Moorbath (1988), Rogers & Hawkes-
worth (1989), López-Escobar et al. (1991) and Tormey et al. (1991); all yielding temperatures between 710 and 755°C. The
Central Volcanic Zone (CVZ) lavas field based on data from James agreement is not as good for the Atana feldspar pairs,
(1982), Rogers & Hawkesworth (1989) and Trumbull et al. (1999);

with the Fuhrman & Lindsley (1988) calibration yieldingoceanic arc basalt field from Zartman & Haines (1988).
lower temperatures than the other calibrations. Hence,
the range of two-feldspar temperatures for the Atana is
considerable (705–790°C). The reason for this is notGhiorso (1984), Green & Usdansky (1986) and Fuhrman

& Lindsley (1988), which take into consideration effects clear. Temperatures obtained from one feldspar pair
from an Atana crystal-poor pumice average 710°C, whichof Al–Si ordering. Differences in TOr, TAb and TAn were

minimized by adjusting the two given feldspar com- lies at the lower end of the Toconao two-feldspar tem-
perature range. The error for all three two-feldsparpositions within a 2 mol % uncertainty, based on the

algorithm developed by Fuhrman & Lindsley (1988) thermometers used is considered to be ±50°C (Kroll et
al., 1993).to account for typical analytical imprecision. There is
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Table 7: Chemical composition of melt inclusions in quartz and matrix glass from two Atana pumices, and

matrix glass analyses from one Toconao pumice

Sample: Lari- Lari- Lari- Lari- Lari- Lari- Lari- Lari- Lari- Lari- Toc-

96h-5 96h-5 96h-5 96h-5 96h-5 96h-8 96h-8 96h-8 96h-8 96h-8 96h-2

Unit: Atana Atana Atana Atana Atana Atana Atana Atana Atana Atana Toconao

Analysis: MI1 MI2 MI3 MI4 matrix MI1 MI2 MI3 MI4 matrix matrix

glassa glassb glassc

SiO2 73·3 70·9 73·4 72·4 74·5 73·4 72·3 71·6 68·7 74·4 74·5

TiO2 0·08 0·11 0·06 0·15 0·12 0·13 0·06 0·08 0·10 0·12 0·10

Al2O3 11·5 12·7 11·8 12·3 12·2 13·9 11·2 11·6 13·7 12·5 12·3

Fe2O3t 0·68 0·60 0·59 0·46 0·19 0·58 0·80 0·54 0·58 0·46 0·55

MnO 0·03 0·07 0·02 0·01 0·03 0·01 0·04 0·07 0·01 0·04 0·06

MgO 0·02 0·06 0·03 0·02 0·03 0·10 0·05 0·02 0·06 0·05 0·07

CaO 0·56 0·68 0·50 0·55 0·60 0·82 0·58 0·55 0·64 0·87 0·45

K2O 4·86 5·16 4·96 5·15 5·61 5·49 4·61 4·81 5·35 5·44 4·69

Na2O 3·59 3·56 3·54 3·81 2·54 3·50 3·41 3·77 4·49 2·77 3·22

P2O5 0·03 b.d. 0·05 b.d. 0·02 b.d. b.d. 0·01 0·01 0·01 0·02

Totald 94·7 93·8 94·9 94·9 95·9 97·9 93·1 93·0 93·7 96·6 96·0

Totale 99·4 100·2 99·1 99·5 99·6 101·0 99·4 99·8

Li 693 641 371 251 n.d. n.d. 557 n.d. 423 n.d. n.d.

B 43 58 43 42 n.d. n.d. 47 n.d. 25 n.d. n.d.

F 281 355 202 114 n.d. n.d. 493 n.d. 314 n.d. n.d.

Rb 239 277 233 234 264 n.d. 273 n.d. 164 251 221

Sr 44 40 21 17 57 n.d. 28 n.d. 48 57 31

Y 6 15 12 18 12 n.d. 16 n.d. 9 12 22

Zr 55 65 25 33 66 n.d. 62 n.d. 43 66 49

Nb 11 10 17 12 10 n.d. 14 n.d. 6 12 15

Ba 139 187 80 68 400 n.d. 115 n.d. 278 281 493

La 14 21 6 13 30 n.d. 19 n.d. 19 29 12

Ce 23 32 10 25 n.d. n.d. 33 n.d. 35 n.d. n.d.

Eu 0·4 1·1 0·1 0·4 n.d. n.d. 0·3 n.d. 1·1 n.d. n.d.

Th 17 29 6 16 26 n.d. 18 n.d. 24 26 11

U 8 11 6 8 n.d. n.d. 10 n.d. 6 n.d. n.d.

Cl 0·14 0·16 0·17 0·17 n.d. 0·17 0·13 0·16 0·23 n.d. n.d.

H2O 3·9 4·0 3·4 3·1 n.d. n.d. 4·4 n.d. 3·6 n.d. n.d.

aMajors, n = 9; traces, n = 7. bMajors, n = 9; traces, n = 3. cMajors, n = 9; traces, n = 7. dSum of major elements with
oxygen calculated stoichiometrically. eOriginal analytical total with oxygen analysed.
Major elements (oxides in wt %) were determined by electron microprobe. Trace elements (in ppm) and water contents
(wt %) determined by SIMS. n.d., not determined; b.d., below detection limit. Matrix glass major element data represent
the mean of nine glass shard analyses; trace element data the mean of between three and seven shard analyses.

The amphibole–plagioclase thermometer (Holland & at 740°C. The uncertainty in the thermometer is con-
sidered to be ±40°C (Holland & Blundy, 1994). TheseBlundy, 1994) could be applied only to the Atana pumices

(Fig. 11; Table 4). The range of average temperatures mean values are lower than the two-oxide temperatures,
but near the median of the temperature range obtaineddetermined in each of four grey pumice inclusions is

723–770°C (mean 750°C). The corresponding range of by two-feldspar thermometry.
Zircon saturation thermometry based on Watson &average values from eight samples of Atana crystal-rich

pumice is greater (675–800°C) but the mean temperature Harrison (1983) yields ranges of 773–789°C for the Atana
crystal-rich pumices, 749–763°C for the Atana greyfor all eight samples is similar to that of the grey inclusions,
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spanning the range obtained by two-oxide thermometry
(this method provided the tightest temperature range for
the Atana crystal-rich pumices; Table 4). Calculations
using all hornblende analyses (n= 24) for the temperature
range 770–790°C yield a total pressure range of
110–330 MPa. The average hornblende composition
yields 190 and 230 MPa at 770 and 790°C, respectively,
which corresponds to 7–8·5 km depth (assuming magma
chamber pressure = lithostatic pressure, and a crustal
density of 2·7). The total uncertainty in these values (�T)
is high, >100 MPa, based on the error propagation
equation �T

2 = (�1
2 + �2

2 + �3
2), where �1 is the

inherent uncertainty in calibration (50–60 MPa, Johnson
& Rutherford, 1989; Anderson & Smith, 1995), �2 is
85 MPa from the propagated effect of a temperature
error of 50°C; and �3 is 10 MPa, reflecting a 1% analytical
error in Al (Anderson & Smith, 1995). Our average
pressure estimates agree with estimated equilibration
pressures of 200–300 MPa for the Fish Canyon Tuff
using an earlier calibration of the same method ( Johnson
& Rutherford, 1989). They also agree with other estimates
for young caldera complexes such as the Long Valley and
Yellowstone calderas, where geological and geophysical
evidence indicates pressures of 200–300 MPa for the topsFig. 11. Results of various thermometers and their errors. 1, Two-
of the present magma chambers (Smith & Braile, 1983;oxide (Andersen et al., 1993); 2, two-feldspar (Green & Usdansky, 1986);

3, two-feldspar (Fuhrman & Lindsley, 1988); 4, two-feldspar (Ghiorso, Christiansen, 1984; Sanders, 1984).
1984); 5, hornblende–plagioclase (Holland & Blundy, 1994); 6, Zr
saturation (Watson & Harrison, 1983).

Volatile contentsinclusions and 710–730°C for the Toconao pumices (Fig.
Direct determination of H2O by SIMS analysis in eight11). Zircons are present in all samples and therefore
melt inclusions in quartz from two Atana pumice samplesthe magmas were saturated in Zr and the calculated
yielded 3·1–4·4 wt % (average 3·7 wt %) (Table 7). H2Otemperatures represent minimum estimates.
contents of the Atana magma were also estimated by theIn summary, and taking into consideration the mini-
plagioclase–melt hygrometer of Housh & Luhr (1991)mum temperatures from zircon-saturation thermometry,
using the P–T estimates discussed above. Two in-our preferred temperature estimates for the crystallization
dependent calibrations are available, based on the equi-conditions of the ignimbrite magmas are as follows:
librium constants of exchange reactions for albite and770–790°C for the Atana pumice; 750–790°C for the
anorthite components between plagioclase and melt. H2OAtana grey pumice inclusions and 730–750°C for the
contents were calculated by this method using the pro-Toconao pumice (Fig. 11).
gram TWATER1 (provided by the authors), at a pressure
of 200 MPa, and allowing temperatures to vary within
the range determined from mineral thermometry (e.g.

Pressure from 770 to 790°C for the Atana crystal-rich pumices).
Atana pumice glass and plagioclase rim compositionsThe only suitable mineral barometer for these ignimbrites

is Al-in-hornblende (e.g. Hammarstrom & Zen, 1986; from eight samples yield average H2O contents of 4·5
± 0·5 and 3·3± 0·3 wt % from the Ab and An modelsJohnson & Rutherford, 1989; Anderson & Smith, 1995).

The necessary mineral assemblage (plagioclase+ biotite respectively, whereby the least difference between H2O
contents calculated by the Ab and An methods was+ hornblende+ alkali feldspar+ quartz+ titanite+

iron–titanium oxide) is present only in the Atana crystal- observed at a temperature of 785°C, and plagioclase rim
composition of An30–36. Despite the differences betweenrich pumice samples. We applied the revised expression

of Anderson & Smith (1995) because it takes into account Ab and An model calibration results, these span the same
range as those directly measured by SIMS.the effects of temperature. A total of 24 amphibole

rim compositions from eight samples were used, and In the absence of melt inclusion data from the crystal-
poor Toconao ignimbrite, estimates of pre-eruptive H2Ocalculations were carried out for three temperatures
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contents were obtained solely from the Housh & Luhr Major element concentrations in the Atana and To-
conao pumice samples define systematic trends that sug-(1991) hygrometer. For temperatures of 730–750°C and

a pressure of 200 MPa, calculated H2O contents for the gest the operation of fractionation in the Atana magma,
with the Toconao pumices representing the residualToconao ignimbrite showed excellent agreement between

the Ab and An solution models, yielding average values magma and the grey pumice inclusions the extracted
assemblage (Fig. 7a). The overall mineral assemblageof 6·3 wt % and 6·8 wt %, respectively. The smallest

difference between these two models was observed at a and mineral rim compositions in the grey pumice in-
clusions are similar to those in the Atana pumice. Fur-temperature of 730°C and plagioclase rim composition

of An18–21. thermore, there are no crenulate margins or reaction
rims between the grey pumice inclusions and their hostThe water contents discussed above refer to the melt

fraction only. In the case of Atana pumices, the H2O pumice as would be expected for xenoliths incorporated
in a magma. The grey pumice inclusions are thereforecontent of >3–4 wt % represents that of a residual

melt following >40% crystallization. Taking the modal considered to be cognate, and are interpreted as side-
wall accumulations of early crystallized fractions of theproportion of anhydrous and hydrous crystals into ac-

count, the H2O content of the total pre-eruptive magma Atana magma. The presence of less differentiated cores
in some of the crystals in the inclusions is consistent withwould be >2–3 wt %. As the Toconao magma was

relatively crystal poor (>1% crystals), there is no sig- this, as is the lack of quartz and sanidine, both of which
can be expected to form during the later stages ofnificant difference between the H2O contents in melt and

bulk magma. fractionation. The high crystal contents and fine grain
size of these inclusions are interpreted as the result of a
high thermal gradient at the chamber wall. Similar fine-
grained, crystal-rich inclusions have also been recognized

Viscosity and density in many of the other APVC ignimbrites by de Silva
Reliable estimates of magma viscosity and density are (1989c), who discussed the interpretion of their origin as
important in constraining possible differentiation mech- side-wall cumulates in more detail.
anisms and evaluating magma properties and possible At first glance, however, the variations in trace elements
eruption mechanisms. Magma viscosities were calculated do not support simple fractionation as suggested by the
from the T, H2O and bulk composition data based on major elements (Fig. 7b), and there is a considerable
the method of Pinkerton & Stevenson (1992) and the compositional gap between the Atana and Toconao
results are 106·0 Pa s for the Toconao magma (at 740°C, pumice fields. However, the similarity between the crys-
1% crystals and 6% H2O) and 107·4–108·6 Pa s for the tal-poor pumices from the lower portions of the Atana
Atana (at 780°C, 40% crystals, and 4·4–3·1% H2O). ignimbrite and pumices of the Toconao ignimbrite in-
Densities were calculated according to the method of dicates that the basal unit in the Atana may represent a
Lange (1994), using physical constants for minerals given magma of the same composition as that of the Toconao.
by Ahrens (1995) and taking into consideration the modal Furthermore, glass analyses from Atana crystal-rich pum-
proportion of crystals in the rock, volatile content, and ices are very similar in composition to the Toconao tube
glass/crystal ratios. Values of 2·25 kg/m3 (at 740°C, pumices (Fig. 10), showing unequivocally that variation
6% H2O) were obtained for the pre-eruptive Toconao in major and trace element pumice chemistry can be
magma, and 2·49–2·51 kg/m3 for that of the Atana (at explained by different crystal contents. Despite the lack
780°C, 4·4–3·1% H2O). Water and crystal-free melt of intermediate compositions, therefore, there is strong
densities are the same for both units (2·39 kg/m3). evidence that crystal fractionation is the process re-

sponsible for the compositional variability observed in
the La Pacana suite.

DISCUSSION Fractional crystallization model
Magma chamber conditions and Table 8 shows the results of least-squares modelling to
differentiation processes test the possibility that the Atana and Toconao magmas
The Toconao and Atana ignimbrites have similar lateral are related by fractional crystallization. The model uses
distributions, they both thicken towards La Pacana cal- the most evolved Atana crystal-rich pumice as parent
dera (Lindsay et al., 2001), and the Toconao ignimbrite and the least evolved Toconao pumice as daughter, and
is directly overlain by the Atana ignimbrite at almost all employs the mineral compositions observed in the Atana
localities (Fig. 2). These characteristics are consistent pumice. The best-fit fractionating assemblage (smallest
with both units coming from La Pacana caldera, and residual) from this analysis was then used to model
suggest that they may be cogenetic. Overlapping isotopic selected trace element abundances by Rayleigh frac-

tionation. We chose to model only the three elementsratios for Atana and Toconao pumices support this idea.
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Rb, Ba and Sr, whose abundances can be reasonably quartz, this is consistent with the model assemblage
assumed to be unaffected by accessory mineral frac- (Table 8, part A). The mineral compositions are also
tionation. Fractional crystallization can be accepted as a consistent: the model plagioclase composition for example
viable process if both major and trace element variations is An68, which lies near the middle of the grey inclusion
can be modelled at a common value of F (proportion of range. The only inconsistency with the model is that
residual liquid). Partition coefficients (KD values) for Ba, quartz is not present in the grey pumice inclusions. The
Sr and Rb in plagioclase and hornblende and for Ba in absence of quartz, which is likely to crystallize at more
biotite in dacites represent values measured by Schmitt advanced stages of fractionation, can be reconciled if
(1999) in an SIMS study of the Purico dacite, an APVC the inclusions comprise crystals formed early in the
unit similar in composition to the Atana dacite. These fractionation process at the side-walls of the magma
KD values fall within the published range for these minerals chamber as proposed by de Silva (1989c).
in other dacites and rhyolites. Remaining KD values for One remaining problem with this model concerns the
modelled minerals in dacites and rhyolites were selected difference in H2O content between the Toconao and
from the literature (see Table 8 for references). Atana ignimbrites. The removal of 30% anhydrous and

The least-squares model indicates that Toconao and hydrous minerals in the model assemblage would lead
Atana pumices can be related to each other by 30% to an H2O increase of >1 wt % in the daughter melt.
fractional crystallization (F = 0·69) of an assemblage This represents at best only half of the difference observed
containing 58% plagioclase (An68), 21% biotite, 11% between the Atana and Toconao melts. This implies
quartz, 5% hornblende, 4% magnetite, 1% apatite and either that further fractionation of the Toconao magma
0·4% titanite (Table 8, part A). This mineral assemblage occurred, as is suggested by the range in pumice com-
is similar to that actually observed in the Atana pumices positions (Fig. 7), or that processes other than crystal–melt
(Table 1). fractionation operated to increase H2O to the calculated

The trace element modelling yields F values of 0·69 6 wt %. One possibility would be diffusive transport of
and 0·66 for Sr and Rb, respectively, which agree well dissolved H2O upward in the magma.
with the major element model. For Ba, however, the
model yielded an F value of unity, reflecting the very

Compositional variation within the Toconao ignimbritesmall difference in Ba composition between the selected
Toconao pumices show a large compositional range forparent and daughter. Because of the large range in
some elements and a correlation of composition withBa compositions in the Toconao pumice population
location relative to the caldera. Pumice clasts from the(200–700 ppm; Fig. 7b), modelling of this element is
east and southwest of the caldera generally display ahighly dependent on choice of daughter composition.
greater range and more evolved compositions than thoseFractionation of the Atana magma by 30% crystallization
from the west. In these eastern and southwestern localities,of the model assemblage results in a Ba content in the
the Toconao ignimbrite lacks the vapour-phase alteredresidual magma of >350 ppm, well within the range
facies, and both tube and crystal-poor pumices are pres-observed for the Toconao pumices.
ent. These differences in pumice type and compositionThe variations in most other trace elements, such as
may imply different eruption pulses, with the moreZr and the REE, cannot be modelled by this approach
evolved, eastern and southwestern samples perhaps rep-as they are essential components in accessory minerals.
resenting an earlier pulse. It can be speculated that theFor example, removal of just 0·02% zircon is sufficient
first erupted, more evolved magma would have beento bridge the compositional gap in Zr contents between
more water rich, and therefore less viscous, conditionsthe Atana and Toconao pumices (Fig. 10). The LREE
that may have impeded the formation of tube pumices.depletion in the Toconao pumices relative to the Atana

The large range in trace element concentrations for apumices (Fig. 8) can be explained qualitatively by frac-
correspondingly very small variation in major elementstionation of allanite and/or monazite, which are present
(i.e. <2 wt % SiO2) is a common feature of high-Siin the pumice (Table 1) and which both have very high
rhyolites such as the Toconao ignimbrite. Table 8, partKD values for the LREEs [up to 103–104, according to
B, shows an attempt to model the trace element variationMiller & Mittlefehldt (1982)].
within the Toconao pumice population by RayleighIf, as we propose, the grey pumice inclusions represent
fractionation. Calculations were carried out using modalcrystal accumulations resulting from this fractionation
mineral proportions observed in the Toconao pumices,process, then they should have a mineral assemblage
and parent and daughter compositions selected from thesimilar to that predicted in the model. The mineral
lowest and highest end of the compositional range forassemblage in the grey pumice inclusions comprises 60–
the incompatible element Rb. Solving the Rayleigh frac-63% plagioclase, 9–28% hornblende, 8–22% biotite,
tionation equation for Rb, Ba and Sr reveals similar F2–4% Fe–Ti oxides, 0–4% clinopyroxene, with traces of

orthopyroxene, titanite, zircon and apatite. Apart from values of 0·84, 0·91 and 0·94, indicating that only minor
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Table 8: Fractional crystallization models

A: Atana most evolved pumice to Toconao least evolved pumice

Element Daughter Plag Hbl Bt Mt Titn Qtz Ap Parent Parent Difference

Toc-97h-3 58% 4·8% 21% 3·5% 0·4% 11·3% 1% Lari-96h-4 (calc) r2

F = 0·69

SiO2 76·7 51·6 46·0 37·5 0·1 29·6 100·0 — 68·9 68·9 0·00

TiO2 0·12 — 1·59 4·74 5·14 35·56 — — 0·52 0·54 −0·02

Al2O3 12·9 31·0 8·0 13·7 1·4 1·5 — — 15·5 15·5 −0·01

FeOt 0·63 0·27 15·18 17·51 85·14 1·88 — — 2·91 2·91 0·00

MnO 0·07 — 0·43 0·25 0·59 0·09 — — 0·06 0·08 −0·02

MgO 0·08 — 13·05 13·28 0·59 — — — 1·14 1·16 −0·01

CaO 0·61 14·04 11·61 0·02 0·01 26·44 — 55·00 3·36 3·34 0·02

Na2O 3·97 3·58 1·45 0·37 — 0·03 — — 3·40 3·43 −0·03

K2O 4·88 0·19 0·90 8·79 — 0·02 — — 4·04 4·01 0·04

P2O5 0·02 — — — — — — 45·00 0·13 0·16 −0·03

Sum 100 100·62 98·23 96·93 98·79 95·09 100·00 100·00 100 100 0·00

ppm KD values ppm Bulk D F

Ba 598 0·701 0·501 16·901 0·103 0·00 0·024 0·455 575 3·96 1·01

Sr 53 9·001 0·941 0·122 0·082 0·00 0·004 2·105 260 5·32 0·69

Rb 220 0·041 0·091 2·242 0·012 0·00 0·044 0·405 179 0·50 0·66

B: Toconao least evolved to most evolved pumice

KD values

Element Daughter Plag Bt Sa Qtz Parent Bulk D F

Quis-96h-4a 62% 2% 24% 12% Toc-97h-3

(ppm) (ppm)

Ba 441 1·522 7·004 11·452 0·00 598 3·83 0·91

Sr 34 8·002 0·454 2·002 0·00 53 5·45 0·94

Rb 256 0·112 2·304 0·112 0·00 220 0·14 0·84

The mineral compositions used for hornblende, biotite, magnetite and titanite are average core compositions of these
minerals in the Atana pumice. The plagioclase composition of An68 required by the model represents a typical core spot
analysis towards the mafic end of the Atana pumice range (see Fig. 5). Magnetite sums are based on the analysis after
recalculation of ferric and ferrous Fe [following Droop (1987)]. Biotite sums include BaO, F and Cl (not presented). The sum
in the ‘difference’ (r2) column refers to the sum of squares of differences. KD values from: 1Schmitt (1999); 2Ewart & Griffin
(1994); 3Bacon & Druitt (1988); 4Nash & Crecraft (1985); 5Mahood & Stimac (1990).

crystallization (6–16%) is required to explain their com- to choose realistic mineral proportions, and that published
KD values for high-Si rhyolites are highly variable. Con-positional range. The fanning out of the LREE patterns

within the Toconao pumice population (Fig. 8) is con- sidering these uncertainties, the results must be considered
qualitative and we conclude that the variation in Toconaosistent with slight variations in monazite and/or allanite

content. Accessory mineral fractionation may have there- pumice chemistry is consistent with fractional
crystallization of observed mineral phases. This agreesfore played an important role in generating the observed

compositional variation for the LREE. with other studies (e.g. Miller & Mittlefehldt, 1984; Streck
& Grunder, 1997) where extreme trace element gradientsProblems with modelling the Toconao magma are that

the pumice clasts are largely aphyric, making it difficult in high-Si rhyolites were attributed to fractionation of
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minimum melt compositions in compositionally stratified
magma chambers.

The only inconsistency with closed-system fractional
crystallization as a process generating the Toconao pum-
ice compositional variation is the considerable range in
�Nd and 87Sr/86Sri (Fig. 9, inset). This range indicates that
a strictly closed-system fractionation model is too simple
to explain the variation in composition in the Toconao
pumice population. We suggest that some assimilation,
perhaps by roof-rock contamination as proposed by
Duffield et al. (1995) for the Bishop Tuff, may have played
a role in the evolution of the Toconao magma.

Fig. 12. Schematic model of the La Pacana magma chamber based
on inferred pre-eruptive conditions. Fractionation of the convectingA magma chamber model
Atana magma, primarily by crystal settling, leads to the developmentThe geochemical and petrological evidence shows that of a buoyant, volatile-rich, evolved melt that ponds at the top of the

the Toconao and Atana magmas are cogenetic, and can magma chamber. These two magmas remain separated because of
density differences. Crystallization from the volatile-rich differentiate,be related to each other by crystal fractionation. A
primarily at the side-walls, leads to further fractionation and zoningphysical model of crystal–liquid fractionation in the La
within this high-Si Toconao magma. Wavy arrows indicate movement

Pacana magma chamber must be able to explain the of differentiated melt.
extremely crystal-poor nature of the Toconao ignimbrite
and its considerable volume: the Toconao and Atana

in Fig. 12. Fractionation of the convecting dacitic magmaoutflow tuffs are more or less the same size (>200 km3;
in a sill-like chamber led to the generation of a zone ofLindsay et al., 2001). It must also explain the homogeneity
buoyant melt at the top of the chamber, perhaps in aof the Atana ignimbrite and the presence of grey, crystal-
cupola. According to Marsh (1981), constraints fromrich pumice inclusions. The simplest model that accounts
crystal packing make melt extraction possible until crys-for all these features is one in which crystals and melt
tallization exceeds 50–60%. This evolved residual meltseparate from a convecting Atana magma by density
was effectively separated from the convecting daciticdifferences, resulting in a stratified magma chamber with
magma by density differences. Continued differentiationa homogeneous central zone, a crystal-rich accumulation
in the cupola by side-wall fractionation may have pro-zone near the walls or base, and a buoyant, melt-rich
duced the zonation observed in the Toconao magma.zone near the top. This is consistent with the estimated
The Toconao magma did not mix with the Atana magmamagma temperatures and densities: the pre-eruptive To-
during eruption, implying that it was too thick, or theconao magma was cooler (740°C) and more volatile rich
discharge rate too low, for the critical draw-down depth(6 wt % H2O) than the Atana magma (780°C; 2–3 wt %
to reach the Atana magma below. The relationshipH2O), and its density was lower (2·25 g/cm3 vs 2·50 g/
between discharge rate and draw-down depth can becm3). Evidence for convection in the Atana magma is
estimated by the method of Blake & Ivey (1986). Eruptionprovided by the remarkable mineralogical and chemical
rates of the Toconao ignimbrite are unknown but as-homogeneity of the Atana crystal-rich pumices, which
suming rates typical of ignimbrite eruptions (104–105 m3/show no significant variation with height in the flow unit
s), a thickness of at least 200–300 m for the Toconaoor distance from source.
magma is required to prevent draw-down reaching theIt has been suggested that magma chamber shape plays
Atana magma beneath.an important role in determining the effectiveness of

side-wall convective fractionation vs differentiation by
crystal settling in magma chambers (de Silva & Wolff,

Eruption triggers1995). Large-volume, homogeneous ignimbrites such as
the Atana ignimbrite are thought to erupt from magma Differences in pumice-type, pre-eruptive H2O contents

and temperatures of the Toconao and Atana ignimbrites,chambers with high aspect ratios (i.e. sill-shaped), in
which side-wall crystallization is considered ineffective, along with the presence of a plinian deposit at the base

of the Toconao but not the Atana, may indicate differentand significant zonation is not produced because crys-
tallization proceeds mainly in the main part of the eruption triggers for these two units. Toconao tube

pumices reflect eruption of a relatively viscous, volatile-convecting magma (Martin & Nokes, 1988, 1989; de
Silva & Wolff, 1995). rich, almost aphyric magma, whereas the Atana crystal-

rich pumices reflect eruption of dense, viscous, relativelyA schematic model for the La Pacana magma chamber
that takes into consideration these arguments is presented volatile-poor, crystal-rich magma.
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in both volume and volatiles in the felsic chamber. The
homogeneity of the Atana magma has already been
stressed, and no quenched mafic inclusions have been
found that would give evidence for recharge of a more
basic magma before eruption.

A reduction in confining pressure would occur by
disruption of the roof rocks, and an obvious mechanism
for achieving this is through the precursor eruption of
the Toconao ignimbrite. In addition, the evidence for
tectonic control on the caldera collapse is compelling: (1)
La Pacana has a half-graben geometry and the dis-
tribution of the Atana ignimbrite suggests a trap-door-
like collapse (Lindsay et al., 2001); (2) eruptive transport
of the magma to the surface appears to have been rapid,
as there are no reaction rims on hornblende: experiments
on dacites by Rutherford & Hill (1993) indicate that

Fig. 13. Water saturation curves for haplogranitic melts after Holtz
hornblende in contact with melt develops reaction rims& Johannes (1994) compared with estimated pre-eruptive temperatures

and pressures for the Atana and Toconao melts. At a pressure of within 4–20 days of decompression; (3) the lack of a
200 MPa, the Toconao melt with its 6 wt % H2O is water saturated; plinian deposit associated with the Atana ignimbrite
the Atana melt, with 3–4 wt % H2O, is not. implies an instantly collapsing eruption column, which

in turn suggests a large conduit; (4) a number of regional
faults pass through La Pacana caldera, the largest ofIgnimbrite-producing magmas are commonly thought
which is the NW–SE trending Calama–Olacopato–Elto erupt when volatile exsolution proceeds to a degree
Toro lineament (Fig. 1). All of these observations aresuch that magma strain rate overcomes magma relaxation
consistent with the hypothesis of an external, tectonictime and explosive fragmentation occurs (Dingwell, 1996;
trigger for the eruption of the Atana magma, with orPapale, 1999). For this to happen, a magma must be
without weakening of the roof rocks as a result of theoversaturated in volatiles (especially H2O) at pre-eruptive
Toconao eruption.pressures and temperatures, such that an overpressure

The inferred presence of an evolved cap of volatile-in the magma chamber can develop. We tested this
rich, crystal-poor melt in the La Pacana magma chambercondition by comparing the pre-eruptive temperatures
shows that large-volume, crystal-rich dacitic magmas can(740 and 780°C) and pressures (200 MPa) for the To-
significantly fractionate and develop a zoned magmaconao and Atana melts with experimentally determined
chamber, yet maintain their homogeneous character.water saturation curves for haplogranitic melts from
Other large-volume, crystal-rich, intermediate-com-Holtz & Johannes (1994), in Fig. 13. The experimental
position ignimbrites of the world (e.g. Galán Ignimbrite,curves suggest that 5–6 wt % H2O would be required
Francis et al., 1989; Fish Canyon Tuff, Lipman et al.,for water saturation at the inferred conditions of the
1978; Whitney & Stormer, 1985; Monotony Tuffs, BestToconao and Atana melts. The Toconao melt, with
et al., 1989, 1995) do not appear to be associated with6 wt % H2O, could have vesiculated at this depth,
underlying, crystal-poor, rhyolite tuffs. The Atana ig-thus increasing internal pressure and magma strain rate,
nimbrite is very similar to these ‘monotonous in-inducing fragmentation and eruption. This is consistent
termediates’, yet shows evidence for a felsic cap. Thewith the presence of the small plinian deposit at the base
reason for this may be related to their eruption trigger:of the Toconao ignimbrite. On the other hand, the
if crystal-rich, dacitic magma chambers experienced sig-Atana melt water contents were 3–4 wt %, too low for
nificant recharge or a tectonic event early in their evolu-vesiculation in the magma at 200 MPa. The experimental
tion, eruption may be triggered before significantcurves in Fig. 13 show that H2O saturation and exsolution
production of rhyolitic differentiates such as the Toconaoin the Atana magma, with melt H2O contents of 3–4 wt %,
ignimbrite.would occur if confining pressure were reduced to

Many crystal-poor, rhyolitic tuffs in the APVC are not100 MPa. The high viscosity and crystallinity and low
associated with crystal-rich, dacitic ignimbrites of similarH2O content of the Atana should prohibit it erupting as
age (e.g. Pampa Chamaca, Talabre, Patao, Caspana,an ignimbrite, according to the empirical model of Scaillet
Yerbas Buenas, Carcoté ignimbrites). These rhyolites areet al. (1998). Thus a mechanism is required to either
generally smaller in volume than the Toconao ignimbrite,increase internal magma pressure or reduce confining
and could come from smaller systems as proposed by depressure.
Silva (1991) and Siebel et al. (2000). Alternatively, theseOne mechanism of increasing internal magma pressure

is by recharge of basic magma, which leads to an increase ignimbrites may represent a portion of the evolved cap
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of a zoned system, in which the dacitic ‘Atana equivalent’ Identification of the crustal material involved in the
La Pacana magma source and the proportion of crustalremains unerupted. This is consistent with the in-

terpretation that the crystal-rich, dacitic Atana magma to mantle-derived material is extremely difficult because
of the heterogeneity of pre-Andean basement. The metal-would have failed to erupt if eruption had not been

triggered externally. uminous to weakly peraluminous bulk composition of
the La Pacana ignimbrites rules out an important role
of metapelitic rocks in the crustal source, as was argued

Source constraints for the La Pacana for the peraluminous Macusani ignimbrites in southern
Peru (Pichavant et al., 1988). The basement field plotted inmagma
Fig. 9 includes quartzo-feldspathic metaluminous gneissesThe Atana ignimbrite is typical of many large-volume,
and granitoids from the APVC region [Lucassen et al.crystal-rich ash flow tuff units in the APVC and in-
(1999) and references therein], and these are likely can-formation gained in this study can therefore be used to
didates for the crustal source. This does not imply thattest and refine existing models for the generation of this
the La Pacana ignimbrites derive from purely crustalimportant magma type. The consistency in physical and
melts. Indeed, if the crustal source is similar to thegeochemical characteristics of these ignimbrites was in-
Palaeozoic gneisses and granitoids at present exposed,terpreted by de Silva (1989a) to indicate a regionally
the ignimbrites cannot represent pure crustal melts. De-consistent process of magma generation. He noted the
hydration melting experiments (e.g. Patiño-Douce, 1996;correspondence between the timing of ignimbrite ‘flare-
Castro et al., 1999) show that biotite-bearing felsic proto-up’ at >10 Ma with crustal thickening in the Central
liths yield highly silicic, iron- and magnesium-poor, per-Volcanic Zone (CVZ) and with a period of high con-
aluminous compositions that do not match those of thevergence rate between the South American and Nazca
large-volume dacitic ignimbrites. Experimental meltingplates. The increased flux of subduction-related magma,
of quartz amphibolite yielded high-Si melts that alsocoupled with a thicker crust, was suggested to create
differ greatly from the compositions observed in theconditions favourable for crustal melting. This concept
APVC. Furthermore, if the ignimbrites are products ofis supported by modelling of Laube & Springer (1998),
either bulk or partial melting of Palaeozoic felsic crust,who explored the thermal consequences of arc andesite
their moderately radiogenic 87Sr/86Sr ratios (0·7094–magmas being ponded in the mid-crust and showed that
0·7131) demand a low time-integrated Rb/Sr ratio inthe input of heat and magmatic volatiles could cause
the source. This is not entirely consistent with the exposedcrustal melting on the scale required for the APVC
basement compositions and it is difficult to imagineignimbrite magmatism.
a source rich enough in biotite to generate abundantThe large-volume ignimbrites in the APVC and Cerro
dehydration melts and at the same time having a lowGalan (Fig. 1) have long been considered to have a
bulk Rb/Sr ratio. Therefore we suggest that the ig-crustal source based on their radiogenic isotopic com-
nimbrite source magmas are hybrids. The considerablepositions (e.g. de Silva, 1989a; Francis & Hawkesworth,
range in Sr isotopic ratios in both the Toconao and1994). Our Sr and Nd isotopic data (Fig. 9) show that
Atana ignimbrites probably reflects incomplete ho-the Atana and Toconao ignimbrites share these char-
mogenization of isotopic heterogeneity generated fromacteristics and are isotopically distinct from coeval arc
partial melting of a heterogeneous crust with an ad-stratovolcanoes in the CVZ, which themselves have
mixture of mantle-derived melts. Modelling the pro-undergone considerable crustal contamination (Davidson
portions of crustal and mantle-derived materials in theet al., 1990; Trumbull et al., 1999). The Sr and Nd isotopic
La Pacana source magmas is not attempted because ofratios are comparatively sensitive to mixing of crustal
the variation in basement data and almost total lack ofand mantle-derived magmas because the concentrations
information on the deeper crust. Ort et al. (1996) suggestedof Sr and Nd in both components are similar. This is
that the proportion of mantle-derived material in thenot the case for Pb isotopes, because of the very low Pb
source of the Panizos ignimbrite was as much as 50%.concentration in mantle-derived magmas compared with

There are no resorbed xenoliths or other clear petro-the continental crust. Therefore, the Pb isotope ratios of
graphic evidence in the Atana samples for interactionhybrid magmas should be dominated by the signature
with upper crust at the level of the La Pacana magmaof the crustal component. The Pb isotope ratios of La
chamber (780°C at 7–9 km) and large-scale crustal melt-Pacana ignimbrites show little variation, with 206Pb/204Pb
ing at this level can be ruled out from thermal constraintsand 208Pb/204Pb values of 18·91–19·00 and 38·06–39·15,
(Laube & Springer, 1998; Springer, 1999). Therefore therespectively. These values are similar to those reported
intensive parameters determined in this study reflectfrom the Panizos (Ort et al., 1996) and Galan ignimbrites
mineral equilibration at the storage level of a magma(Francis et al., 1989), and they correspond to the Southern
that was sourced from deeper in the crust. The depth ofAltiplano basement domain defined from Pb isotopes by

Aitcheson et al. (1995). crustal melting is elusive, but REE concentration ratios
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in the erupted rocks (chondrite-normalized La/Yb ratios (3) Mineral thermobarometry shows that the pre-
eruptive Atana magma equilibrated at temperatures be-are 9–12) are not consistent with significant garnet in

the source, which has high partition coefficients for the tween 770 and 790°C, and pressures between 190 and
230 MPa. Mineral barometers are lacking in ToconaoHREE. Patiño-Douce & Beard (1995) showed that garnet

is produced in biotite and amphibole melting reactions pumice, but thermometry indicates that the pre-eruptive
Toconao magma was somewhat cooler (730–750°C).in quartzo-feldspathic gneisses at pressures >1000 MPa,

and this would suggest that the zone of melting is above Water contents of the Atana and Toconao magmas are
estimated at 2–3 wt % and 6 wt %, respectively. Magmatic>30 km.

Support for the interpretation of large-scale melting in densities are lower in the Toconao (2·25 g/cm3) than in
the Atana (2·50 g/cm3). These pre-eruptive conditionsthe mid-crust is given by a number of geophysical

anomalies under the western Altiplano–Puna plateau, are consistent with the Toconao magma representing the
evolved cap of the Atana magma chamber.which suggest a zone of partial melting at>20 km depth.

Low seismic P- and S-wave velocities, high Vp/Vs ratios (4) H2O contents in the Toconao magma are consistent
with volatile exsolution triggering eruption at the inferredand high electrical conductivity have been interpreted to

indicate the presence of partial melt (Schilling et al., 1997; pre-eruptive pressure of>200 MPa. The Atana magma,
however, was not saturated in H2O at 200 MPa. This,Schmitz et al., 1997). Chmielowski et al. (1999) used

seismic receiver function analysis to delineate a zone at together with its high viscosity and crystal content, sug-
gests that the Atana magma required an external trigger19 km under the APVC with extremely low S-wave

velocities, which they also interpreted to indicate partial to erupt. Caldera geometry and association with regional
faults suggests a tectonic influence, perhaps on roof rocksmelting. This geophysical evidence therefore supports

our petrological arguments, and suggests that conditions weakened by the Toconao eruption.
(5) The similarity in geochemical and isotopic char-conducive to generation of a partially molten zone in the

CVZ crust at 4 Ma persist to the present day. acteristics between the Atana and other large-volume,
crystal-rich ignimbrites in the APVC implies a common
petrogenesis; we agree with current models that invoke
crustal melting as the predominant magma-generation

CONCLUSIONS process. Thermal constraints, together with a lack of
chemical or petrographic evidence for interaction withThe results of this geochemical and isotopic study of the
upper crust at the level of the La Pacana magma chamber,ignimbrites associated with the La Pacana caldera system
rule out large-scale crustal melting at this depth (7–9 km).lead to the following conclusions:
Petrological arguments imply a zone of melting above(1) the crystal-rich dacitic Atana ignimbrite (2500 km3)
>30 km. Geophysical anomalies beneath the westernand the crystal-poor rhyolitic Toconao ignimbrite
Altiplano–Puna plateau suggest a zone of partial melt at(200 km3) represent cogenetic magmas. Evidence for this
>20 km depth, suggesting that conditions conducive tois their similar geological distribution, their overlapping
generation of a partially molten zone in the CVZ crustages, concordant isotopic compositions and the fact that
at 4 Ma persist to the present day.Atana pumice glasses and rare crystal-poor rhyolite pum-

ices in the Atana ignimbrite are very similar in com-
position to typical Toconao tube pumices. The differences
in major and trace element composition between typical
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Viramonte, J. (1994). Variation of the crustal structure of theWashington, DC: National Academy Press, pp. 96–109.
Smith, R. D., Cameron, K. L., McDowell, F. W., Niemeyer, S. & Southern Central Andes deduced from seismic refraction in-

vestigations. In: Reutter, K.-J., Scheuber, E. & Wigger, P. J. (eds)Sampson, D. E. (1996). Generation of voluminous silicic magmas
and formation of mid-Cenozoic crust beneath north–central Mexico: Tectonics of the Southern Central Andes. Berlin: Springer, pp. 23–48.

Zandt, G., Velasco, A. A. & Beck, S. L. (1994). Composition andevidence from ignimbrites, associated lavas, deep crustal granulites,
and mantle pyroxenites. Contributions to Mineralogy and Petrology 123, thickness of the southern Altiplano crust, Bolivia. Geology 22, 1003–

1006.375–389.
Smith, R. L. (1960). Ash flows. Geological Society of America Bulletin 71, Zartman, R. E. & Haines, S. M. (1988). The plumbotectonic model

for Pb isotopic systematics among major terrestrial reservoirs—a795–842.
Smith, R. L. & Bailey, R. A. (1966). The Bandelier Tuff; a study of case for bi-directional transport. Geochimica et Cosmochimica Acta 52,

1327–1339.ash-flow eruption cycles from zoned magma chambers. Bulletin of

Volcanology 29, 83–103. Zuleger, E. & Erzinger, J. (1988). Determination of the REE and Y in
silicate materials with ICP-AES. Fresenius Zeitschrift für AnalytischeSpringer, M. (1999). Interpretation of heat-flow density in the Central

Andes. Tectonophysics 306, 377–395. Chemie 232, 140–143.

486


