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The SECs show unexpected compositional heterogeneity 
considering their spatial proximity. We present a detailed 
study of these SECs combining whole rock major and 
trace element concentrations, U-Th isotopes and olivine-
hosted melt inclusion major element and volatile contents 
to highlight the complex inter-relations in this small but 
active area. We show that heterogeneity preserved at indi-
vidual SECs relates to different processes: some start in the 
melting region with the input of slab-derived fluids, whilst 
others occur later in a centre’s magmatic history with the 
influence of crustal contamination prior to olivine crystal-
lisation. These signals are deduced through the combina-
tion of the different geochemical tools used in this study. 
We show that there is no correlation between composition 
and distance from the arc front, whilst the local tectonic 
regime has an effect on melt composition: SECs aligned 
along the LOFS have either equilibrium U-Th ratios or 
small Th-excesses instead of the large—fluid influenced—
U-excesses displayed by SECs situated away from this 
feature. One of the SECs is modelled as being generated 
from fluid-enriched depleted mantle, a source which it may 
share with the stratovolcano Villarrica, whilst another SEC 
with abundant evidence of crustal contamination may share 
its plumbing system with its neighbouring stratovolcano 
Quetrupillán, showing that polygenetic–monogenetic con-
nections are unpredictable. Such marked preservation of 
individual magmatic histories highlights the isolation of 
individual melting events even in complex and highly vol-
canically active areas.

Keywords  Southern Chile · U-Th isotopes · 
Heterogeneity · Monogenetic · Melt inclusions · Tectonics

Abstract  Small eruptive centres (SECs) representing 
short-lived, isolated eruptions are effective samples of man-
tle heterogeneity over a given area, as they are generally of 
basaltic composition and show evidence of little magmatic 
processing. This is particularly powerful in volcanic arcs 
where the original melting process generating stratovolca-
noes is often obscured by additions from the down-going 
slab (fluids and sediments) and the overlying crust. The 
Pucón area of southern Chile contains active and dormant 
stratovolcanoes, Holocene, basaltic SECs and an arc-scale 
strike-slip fault (the Liquiñe Ofqui Fault System: LOFS). 
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Introduction

Studies over the past decade of small volume volcanic 
events have shown that the erupted products are rarely 
homogeneous, or chemically ‘monogenetic’, despite fall-
ing into this category in terms of physical volcanology 
(e.g. Brenna et al. 2010; Haase and Renno 2008; McGee 
and Smith 2016; Rasoazanamparany et  al. 2015; Strong 
and Wolff 2003). Well-preserved, accessible volcanic 
sequences representing short-lived basaltic eruptions pro-
vide a snapshot in time of source compositions, melting 
and ascent processes over a small spatial footprint, and 
thus can provide important information regarding basaltic 
melt generation which cannot be obtained from longer-
lived, less accessible stratovolcano sequences. This asset 
can be utilised to great effect in tectonically complex 
areas such as continental margins, where the geochemi-
cal effects of the various subduction zone inputs may be 
interwoven with signals imprinted by regional structure.

Unlike intraplate fields of small eruptive centres 
(SECs) such as those found in New Zealand, Australia 
and central Europe, the interplay of local and arc-scale 
tectonic features in subduction settings can have a pro-
found effect on the composition of resultant melt batches 
in terms of source and slab inputs, time for fractional 
crystallisation and/or assimilation of crustal lithologies 
and ascent along compressive/extensional domains (e.g. 
Cembrano and Lara 2009). While numerous studies have 
focused on the geochemical attributes of basaltic erup-
tions of stratovolcanoes in continental subduction zones 
(e.g. Gamble et al. 1999; Leeman et al. 2005; Price et al. 
2010; Reagan and Gill 1989; Ruprecht et al. 2012), rela-
tively few have specifically targeted volcanic fields com-
posed of small volume volcanoes in such settings, e.g. the 
Chichinautzen volcanic field, Mexico (Siebe et al. 2004; 
Wallace and Carmichael 1999) and the Cascades range, 
USA (Borg et  al. 1997; Conrey et  al. 1997; Rowe et  al. 
2009). The advantage of focusing on small basaltic erup-
tions is that their geochemical compositions are more 
likely to represent the complexity of source and ascent 
processes and their environment. Additionally, their small 
size means that high resolution sampling is often possi-
ble through all stages of the eruption (e.g. Blondes et al. 
2008; Brenna et  al. 2012; Jordan et  al. 2015; McGee 
et  al. 2012), revealing features which may be missed in 
stratovolcanoes.

Many fields of Holocene basaltic SECs in Central and 
Southern Chile are situated in close proximity to active 
or dormant stratovolcanoes, and the connection between 
these two eruption types has been the topic of numerous 
recent studies both from a tectonic (Bucchi et  al. 2015; 
Cembrano and Lara 2009) and petrologic (Hickey-Vargas 
et al. 2002, 2016; Jacques et al. 2014; Jicha et al. 2007; 

Morgado et al. 2015; Wehrmann et al. 2014) perspective. 
It has been recognised that Chilean stratovolcanoes have 
different sources and inputs/processes to their neighbour-
ing SECs. Some of this is hypothesised as related to the 
physical location of the volcanoes and SEC fields (e.g. 
Hickey-Vargas et  al. 2016; Watt et  al. 2013; Wehrmann 
et  al. 2014). Our study, however, shows that there are 
differences even within small fields of SECs that cannot 
be related to position in the arc front, and that may be 
caused by competing tectonic and magmatic processes 
and how or if the chemical signals of these are preserved.

We present a large, high resolution dataset of eruption 
sequences from five Holocene basaltic SECs in the Pucón 
area of Southern Chile, which lie in close proximity to 
the active stratovolcano Villarrica. Whole rock major and 
trace element and U-Th isotopic analyses combined with 
olivine-hosted melt inclusion compositions reveal a com-
plex interplay between fluid-flux melting, overprinting with 
decompression melting signals and crustal contamination 
affecting individual centres. We show that although some 
geochemical signatures can be attributed to tectonics, there 
is no correlation between subduction component input, par-
tial melting degree and distance from the arc front, suggest-
ing that small volume melt batches are isolated along-arc 
and affected uniquely by melting and ascent-related pro-
cesses (such as mixing of melts, fractional crystallisation 
and crustal contamination). Similar geochemical ‘flavours’ 
are found in other areas of Southern Chile, suggesting that 
the heterogeneity observed in this one small region is pre-
sent on a larger scale, but the small size of the melt batches 
led to these being preserved in the individual SECs. Further 
support for this is in compositional similarities with Villar-
rica literature analyses which show that magmas forming 
the stratovolcano may have been affected by some of the 
same processes as the individual SECs but these are diluted 
or homogenised with time, increased magma volumes, and 
the effects of magma evolution.

Setting and background

The Pucón area of Southern Chile is within the Central 
part of the Southern Volcanic Zone (SVZ) of the Andes 
(33–46°S), a volcanic chain caused by subduction of the 
Nazca plate since 30 Ma beneath the South American plate. 
This area is well-populated with both stratovolcanoes and 
SECs which have been active throughout the Holocene. 
Several of these stratovolcanoes have been the subject of 
detailed geochemical studies and are used in the present 
study as a comparison to the Pucón area due to their close 
proximity, similar rock compositions (basalt to andesite), 
a similar underlying crustal thickness (30–40 km) and the 
same basement rock types. A brief summary is provided 
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here and their locations are shown on Fig. 1a. Volcán Lla-
ima (38.7°S) is one of the most historically active volca-
noes in South America and ended its most recent eruptive 
phase in 2009. Rocks produced are of basalt to andesite 
composition, and despite having little geochemical evi-
dence of crustal contamination in Sr–Nd–Pb–O isotopic 
ratios, U-series isotopic modelling by Reubi et  al. (2011) 
revealed assimilation of the plutonic roots of the com-
plex. Crustal contamination by basement (silicic intrusive) 
rock types was modelled as a dominant process at Volcán 
Mocho-Choshuenco (40°S); as with Volcán Llaima this 
was revealed not through Sr–Nd–Pb–O isotopic ratios but 
trace element ratio modelling, and corroborated by the 
presence of partially melted granitic xenoliths within lavas 
(McMillan et al. 1989). Volcán Lonquimay (38.2°S) lacks a 
detailed study, although has been included in several recent 
geochemical studies of the central SVZ who observed that 
rock compositions extend to trachyandesites (Jacques et al. 
2014), and that magmas may be produced from a depleted 
source similar to that of Villarrica, seen through low Cl 
contents in olivine-hosted melt inclusions (Wehrmann et al. 
2014). Such studies show the value of combining geochem-
ical techniques in order to elucidate complex magmatic 
processes. The stratovolcanoes Villarrica, Quetrupillán and 
Lanín lie on a northwest-southeast lineation with approxi-
mately 20 km between each. Quetrupillán and Lanín have 
erupted rocks with compositions ranging from andesite to 
dacite and basalt to high silica andesite, respectively, whilst 

Villarrica rock compositions are more mafic, ranging from 
basalt to andesite (Hickey-Vargas et al. 1989).

The area 15–20 km to the north and northeast of Villarrica 
volcano contains eight volcanic complexes of basaltic SECs: 
Caburgua, La Barda, Huelemolle, Redondo, Cañi, Relicura, 
San Jorge and Huililco (Fig.  1). Caburgua, La Barda and 
Huelemolle are all situated in-line with the approximately 
north–south orientated Liquiñe-Ofqui fault system (LOFS) 
(Cembrano et al. 1996), an intra-arc, transpressional strike-
slip fault that runs for approximately 1200 km in southern 
Chile; several SECs are aligned with this feature (Cembrano 
et  al. 1996; Cembrano and Lara 2009; Lara et  al. 2006; 
López-Escobar et  al. 1995). The SECs Relicura, Cañi and 
Redondo lie along a north-northeast—south-southwest line-
ament, whilst San Jorge and Huililco are not related to any 
regional or local structural feature. Caburgua and La Barda 
volcanic centres lie opposite each other, separated by the 
LOFS-orientated Lake Caburgua (Fig. 1).

The volcanic complexes take the form of small scoria 
cones with associated lava flows, ranging in volume from 
0.004 km3 (San Jorge) to 4.69 km3 (La Barda)—see Mor-
gado et al. (2015) for a full list of calculated dimensions of 
the SECs. Huelemolle, Caburgua and La Barda each consist 
of three small, overlapping cones which are aligned along 
possible short fissures (Fig.  1b). This alignment and the 
shapes of the cones suggest that all vents for each of these 
centres were active contemporaneously or erupted within 
a geological short space of time. San Jorge and Huililco, 
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Fig. 1   a Large-scale location map of the Central Southern Volcanic 
Zone of Chile showing the location of stratovolcanoes mentioned in 
this study. The study area is marked by the black box. b The location 
of the small eruptive centres (SECs) investigated in this study. The 
stratovolcanoes Quetrupillán and Villarrica and the Liquiñe Ofqui 

fault sistem (LOFS) are also shown. The white dashed line shows the 
arc front at 100 km slab depth, the solid white line shows 95 km slab 
depth (from Tašárová 2007). Maps were modified from the GeoMap 
app
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however, are each composed of a single scoria cone and 
lava flows (one single flow to the west in the case of San 
Jorge, and two north and south flows in the case of Huil-
ilco). The majority of the SECs overlie Cretaceous to Mio-
cene granitoids, although Paleocene volcanoclastic sedi-
ments and lavas crop-out in the east of the area, and may lie 
beneath Relicura. San Jorge appears to be situated on the 
contact between this unit and Cretaceous granitoids. Huil-
ilco is underlain by Miocene granitoids and possibly Plio-
cene volcanoclastic rocks which outcrop ca. 5 km south of 
the volcanic centre (Cembrano and Lara 2009). Villarrica 
has been active since the Pleistocene, and most recently 
erupted in 2015, 1984 and 1971. All SECs are Holocene 
in age as they show no effects of glacial erosion. Cabur-
gua, La Barda, Huelemolle and Redondo are thought have 
erupted sometime between the two main ignimbrite pulses 
of Villarrica at 4 and 14 ka (Hickey-Vargas et al. 2002), but 
ages are not constrained from the other SECs. The fresh, 
unweathered nature of the San Jorge fall deposits—along 
with its U-Th isotopic characteristics (see later)—suggests 
that this centre is relatively young (<6 ka).

Analytical methods

Table 1 summarises the data reported in this study. 67 new, 
whole rock major and trace element analyses were obtained 
on lapilli, scoria, bomb and lava samples collected in July 

2014, January 2015 and October 2015. These data are sup-
plemented in our figures and discussion with 19 analyses 
of lava samples from three of the SECs and the 1971 erup-
tion of the stratovolcano Villarrica previously reported in 
Morgado et  al. (2015), 16 analyses of lava samples from 
inter- and postglacial and historic eruptions of Villarrica 
previously reported in Hickey-Vargas et  al. (1989), and 
four Holocene to recent tephra samples from Wehrmann 
et  al. (2014). We use previously reported whole rock Sr–
Nd isotopic data for the SECs and Villarrica from Morgado 
et al. (2015) and Hickey-Vargas et al. (1989, 2002, 2016). 
We report the results of 19 new whole rock U-Th isotopic 
analyses for the SECs and the 2015 eruption of Villarrica. 
We do not use the U-Th analyses for Villarrica and nearby 
SECs reported in Hickey-Vargas et al. (2002) as these were 
analysed by a different method (alpha spectroscopy) and 
the ratios of individual centres cannot be resolved within 
the associated error bars. Melt inclusion analyses and asso-
ciated olivine major element data were obtained on three 
samples from three SECs (Caburgua, San Jorge and Huil-
ilco) specifically for this study.

Whole rock major and trace element analyses for this 
study were undertaken at the commercial laboratory Act-
labs Inc. (Canada) over three sessions (September 2014, 
April 2015 and October 2015). Major elements and the 
trace elements Sc, V, Ba, Sr, Y, Zr were analysed by fusion 
inductively coupled plasma (ICP) analysis. Samples were 
mixed with a flux of lithium metaborate and lithium 

Table 1   Summary of the data 
and sources used in this study

Italics denotes this study
a  Morgado et al. (2015)
b  Hickey-Vargas et al. (1989, 2002 or 2016)
c  Wehrmann et al. (2014)
d  Sigmarsson et al. (2002) (plotted in Fig. 5)

Volcano Whole rock data Melt inclusions

Majors and traces Sr–Nd isotopes U-Th isotopes

Huelemolle 5 lava, 3 froma 1a

1b
3 lava

Caburgua 15 scoria and bombs
a5 lava

1a

4b
3 lava 1 scoria

(LEM-CB-9)

La Barda 8 scoria
9 lava (4 froma)

1a

2b
1 scoria
2 lava

Huililco 5 scoria/lapilli
2 bombs
11 lava

2b 1 bomb
2 lava

1 lapilli
(PVM-15B)

San Jorge 12 scoria/lapilli
3 bombs
6 lava

1a

3b
2 scoria
1 bomb
3 lava

1 lapilli
(SJ-T-3a)

Villarrica a5 lava (1971)
b16 lava (interglacial to 1984)
c4 Holocene to recent tephra
1 spatter (2015)

5b d2 lava
1 (2015)
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tetraborate and fused in a furnace; the liquid sample was 
then mixed into a 5% HNO3 solution containing an internal 
standard, and analysed on a Thermo Jarrell-Ash ENVIRO 
II ICP mass spectrometer (MS). These solutions were then 
diluted and analysed for trace element content (Cr, Co, 
Ni, Cu, Zn, Ga, Rb, Nb, Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th, U) on a Per-
kin Elmer Sciex ELAN ICP MS. A method blank using the 
same reagents as for samples was analysed in every ses-
sion, and values obtained for all elements are below detec-
tion limit. The reference materials BCR-2 and BHVO-2 
were analysed and measured as unknowns within each 
session; these data are reported in the electronic appen-
dix. Accuracy for major elements in both standards is bet-
ter than 3% except for MgO in BHVO-2 which is 4.4%. Ta 
concentrations in the samples are very close to the detec-
tion limit and show a large amount of scatter, therefore this 
element is not plotted in any figure. Accuracy in the trace 
elements in BHVO-2 (n = 2) and BCR-2 (n = 3) is better 
than 10% except in Y (17 and 19%, respectively), Ni (12 
and 63%, respectively), Ga (13% for both) and Nb (14 and 
18%, respectively). In BHVO-2 Cr has an error of 20% and 
Gd an error of 13%, and in BCR-2 Cu has an error of 37%, 
Hf an error of 11% and Pb an error of 12%. The Pb refer-
ence value in BHVO-2 is below the limit of detection for 
Actlabs (5 ppm); therefore, the quality of the Pb analysis in 
this standard cannot be reported. Based on these statistics, 
we report but do not plot or interpret concentrations of Y, 
Ni, Cu, Ga or Pb. For all other elements with accuracy of 
>10% error, we take into account the maximum error bar 
in their interpretation. Three duplicates were prepared and 
analysed in session 1 and 1 in session 2, and are generally 
in excellent agreement with originals, with the exception of 
Pb in every session (values very close to detection limit), a 
difference of 20% in Cr, 11% in Nb, 15% in Hf, 33% in Y, 
of 12.5% in Zn and Rb and 14% in U in the first session. A 
difference of 40% in TiO2 and 70% in Th is reported in one 
duplicate from session 1, but as the other two duplicates 
show excellent agreement (1.3 and 0.1%, and 0%, respec-
tively) we suggest that this error is not present in the whole 
dataset for this session.

U and Th isotopic ratios were determined on bulk 
rock powders using the procedure employed by the U‐
series Research Laboratory at Macquarie University for 
volcanic rock samples. Samples were chosen to repre-
sent the most mafic samples of all phases of each erup-
tion, where possible (Table  1). Approximately, 0.3  g of 
powdered rock was spiked with a 236U-229Th tracer and 
digested in a mixture of concentrated acids (HF-HNO3). 
Separation of U and Th followed standard anionic resin 
chromatography as described in Turner et al. (2011). Ura-
nium and thorium concentrations, determined by iso-
tope dilution, and U-Th isotope ratios were measured 

separately on a Nu Instrument Multi-Collector ICP-MS 
at Macquarie University following the approach detailed 
by Turner et  al. (2011). The New Brunswick Laboratory 
(NBL) synthetic standards U010 and U005a were used 
at regular intervals to assess the robustness of instrumen-
tal corrections and to monitor drift. A standard-sample 
bracketing procedure for each sample analysed used the 
Th ‘U’ standard solution, and a linear tail correction for 
the 232Th tail on 230Th was applied. The rock standard 
BCR-2 was measured as (230Th/232Th) =  0.881 ±  0.002, 
and (238U/232Th)  =  0.885  ±  0.002 (the average of 
three separate digestions—see electronic appen-
dix) which are within error of values published in 
Turner et  al. (2011) [(230Th/232Th)  =  0.877  ±  0.005, 
(238U/232Th)  =  0.884  ±  0.018]. A duplicate run of the 
same solution of one of the samples gave an identical 
(230Th/232Th) ratio, and (238U/232Th) within 2% [HUEL-6: 
(230Th/232Th) = 0.962, (238U/232Th) = 0.952 and 0.949].

Olivine-hosted melt inclusion analyses are generally 
undertaken on fine-grained, primitive tephra samples to 
avoid the effects of post entrapment crystallisation (PEC) 
and re-equilibration (e.g. Rowe et  al. 2009). For this rea-
son, the most primitive sample of tephra from three SECs 
where there was a known tephra phase were chosen for 
analysis (San Jorge lapilli, Huililco lapilli and Caburgua 
fine scoria). Olivines were separated at the Universidad 
de Chile. Tephra samples were washed, dried and rough-
crushed before passing through a magnetic separator and 
heavy liquids, and washed with acetone then distilled 
water. Melt inclusions in separated olivines varied from 
containing glassy to partially crystallised inclusions. Melt 
inclusions were re-homogenised at 1 atm in a Deltech ver-
tical furnace following the procedure described by Rowe 
et  al. (2006). Inclusions were held at near-liquidus tem-
peratures, calculated from bulk rock compositions using 
COMAGMAT (Ariskin et al. 2012), for c. 10 min to ensure 
re-homogenisation, and then rapidly quenched. Olivines 
were bulk-mounted in epoxy and polished to expose the 
inclusions. Approximately 10 inclusions which were com-
pletely re-homogenised were chosen for analysis in each 
sample. Major elements and volatiles (S and Cl) were ana-
lysed on a Cameca SX-100 electron microprobe at Oregon 
State University. A 7  µm beam was used for the inclu-
sions, and a focused (~1  µm) beam for the host olivine 
grain. Beam conditions were 15  keV accelerating voltage 
and 30  nA (for glass) and 50  nA (for mineral phases). A 
zero-time intercept correction was applied for Na, K, and 
Si concentrations. The analytical procedure for glass was 
optimized for analysis of S (120  s peak count time) and 
Cl (120 s peak count time). Replicate analyses of VG-A99 
basalt glass standard were run to monitor instrument cali-
bration and VG-2 basalt glass standard was run as a sec-
ondary standard for accuracy and reproducibility over the 
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duration of the analytical session. Duplicate analyses were 
conducted on a single large melt inclusion, demonstrat-
ing inclusion homogeneity and analytical reproducibility. 
Because of the basic assumption of olivine-melt equilib-
rium, one of the challenges associated with olivine-hosted 
melt inclusions is identifying and correcting for post-
entrapment re-equilibration (Fe-loss) and crystallisation 
(Danyushevsky et  al. 2000). This is particularly true for 
rehomogenised melt inclusions in which temperatures of 
rehomogenisation may be slightly over/under-estimated. 
Rowe et al. (2011a) demonstrate a graphical technique for 
assessing these two competing processes in which meas-
ured melt inclusion FeO* and MgO concentrations are 
compared to olivine-melt KDFe−Mg. This approach is used 
here to evaluate the relative effects of melt inclusion-host 
re-equilibration and over/under heating and demonstrate 
that inclusions which are outside the range of 0.3 ±  0.03 
for olivine-melt KDFe−Mg (Roeder and Emslie 1970) are a 
result of slight overheating. Melt inclusion compositions 
were thus recalculated based upon the assumed equilibrium 
composition relative to their host olivine, by incrementally 
adding or removing olivine to the melt composition until 
an olivine-melt KDFe−Mg of 0.3 was reached (Roeder and 
Emslie 1970; Sobolev and Chaussidon 1996), see online 
appendix. 10% ferric iron was assumed for corrections. 
Calculations were remade at 15% to test the potential effect 
of oxidation and do not affect minor element abundances 
and ratios used in this work outside the error of analysis. 
For the Huililco and Caburgua samples (PVM-15b and 
CB-9, respectively) little correction was needed (less than 
5% in almost all cases), showing that the initial equilibrium 
conditions were well estimated, whilst the San Jorge sam-
ple (SJ-T-3a) required larger corrections (−12 to 6.4% oli-
vine adjustment by wt%). Only one analysis from naturally 
quenched melt inclusions from sample PVM-15b records 
significant degassing. In contrast, 50% of the rehomog-
enised inclusions originally analysed were degassed. Note 
that only intact melt inclusions (undegassed) are reported 
in this study to avoid potential chemical exchange between 
the melt and melt inclusion (Nielsen et al. 1998).

Samples and petrography

Previous studies of basaltic SECs have identified that 
geochemical heterogeneity is observed when all phases 
of the eruption are sampled and analysed (McGee et  al. 
2012; Rasoazanamparany et  al. 2015; Strong and Wolff 
2003), therefore all possible types of material were col-
lected where present, in situ and where provenance could 
be accurately determined. For San Jorge, lapilli were col-
lected through an exposed sequence, and lava samples 
were collected along the single lava flow. For Huililco, 

lapilli, bombs and lava from two short flows were col-
lected. Lava samples already existed for Caburgua and La 
Barda (Morgado et al. 2015); therefore, scoria and bombs 
only were collected from all three cones of the Caburgua 
eruptive centre, and scoria, spatter and some additional 
lava samples were collected from two of the cones of 
La Barda. No tephra phase is preserved for Huelemolle; 
however, two previously unanalysed lava samples col-
lected by E. Morgado were added to augment the pre-
existing data. A sample of spatter from the 2015 eruption 
of Villarrica was donated for this study.

All studied lavas contain olivine, clinopyroxene and 
plagioclase as phenocrysts and micro-phenocrysts, in a 
finely crystalline groundmass. Lapilli, scoria and bombs 
contain olivine as the major phenocryst phase, with plagi-
oclase and clinopyroxene occurring as micro-phenocrysts 
or groundmass phases. Cr-spinels are present as micro-
phenocrysts and within olivine crystals, and have particu-
larly high Cr values (up to 45  wt%) in San Jorge sam-
ples (McGee et  al. in prep). Cr-spinels as inclusions in 
olivines were observed in 1971 Villarrica lavas, although 
groundmass and microphenocrysts oxides are titanomag-
netite (Morgado et  al. 2015). Thus far, no hydrous min-
eral phases such as amphibole have been identified in 
eruptive phases from the SECs or Villarrica. Basalts and 
basaltic andesites from Villarrica contain the same phe-
nocryst phases as the SECs but with modally more pla-
gioclase (Hickey-Vargas et  al. 1989). The 2015 spatter 
sample is vesicle-rich and aphyric. An in-depth study of 
the petrography and textures of lavas erupted from Cabur-
gua, Huelemolle and San Jorge in comparison to the 1971 
lava flow of Villarrica was made by Morgado et al. (2015) 
in order to calculate pre- and syn-eruptive temperatures 
and pressures of these systems. The authors suggested the 
presence of a reservoir at the base of the lower crust for 
the SECs in comparison with Villarrica which requires at 
least two stages of crystallisation in deep and shallow res-
ervoirs, showing a profound difference in the plumbing 
systems of these neighbouring complexes. The petrology 
of Villarrica units has also been described by Costantini 
et al. (2011), Pioli et al. (2015) and Witter et al. (2004). 
A ubiquitous feature of the SECs is that the lava samples 
in all studied centres contain glomerocrysts of the above 
mineral phases, sometimes measuring up to several mil-
limetres. The crystals within these have the same com-
position as the phenocryst phases, with the exception of 
Huililco (Morgado, Brahm, Vinet and McGee unpub-
lished data). Huililco is anomalous petrographically in 
the SECs in this area, as it is the only centre in which 
crystals within lava samples display disequilibrium fea-
tures: plagioclase phenocrysts commonly have clean or 
sieve-textured cores and normally and reverse-zoned rims 
(Valdivia Muñoz, unpublished honors thesis).
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Geochemistry

Whole rock major and trace elements

Representative data are shown in Table  2 and were 
selected to show the range of compositions for each erup-
tive centre as well as type of erupted material. All data 
are presented in the electronic appendix. All studied 
rocks are alkali basalts to basaltic andesites with SiO2 
contents ranging from 48.9 to 54 wt%. The SECs exclud-
ing San Jorge have a restricted range in total alkalis 
(Na2O+ K2O, 3.62–4.70 wt%) and do not correlate with 
SiO2. San Jorge, however, does correlate positively with 
SiO2 at lower total alkali content (2.64–3.08  wt%). Vil-
larrica compositions also correlate positively with SiO2 
and have a greater range in total alkali content, spanning 
the range between the main SEC group and San Jorge. 
Huililco samples extend to the highest values of SiO2 
(Fig. 2a), and are also notably elevated in K2O (Fig. 2h). 
MgO values range between 4 and 8 wt% except for San 
Jorge, which has significantly higher MgO content (10–
12 wt% MgO) at similar SiO2 content to the majority of 
the SECs and Villarrica and has lower Al2O3, TiO2 and 
alkali element contents (Fig.  2b, c, g and h). There is 
little correlation between major elements with MgO or 
SiO2 in the SECs. Samples from La Barda and Caburgua 
have values which overlap in all major elements, with the 
exception of CaO (Fig. 2e), where La Barda samples plot 
somewhat higher.

Some individual SECs display intra-centre variations 
which are in some cases related to the type of material 
analysed (see Tables  1 and 2 and the electronic appen-
dix). This is notable between the scoria and lava samples 
of Huililco, San Jorge and Caburgua. In Huililco, the 
five samples representing the initial scoria cone building 
phase of the eruption extend to the highest MgO values 
within the centre and have lower SiO2, Na2O and K2O 
values than the lava samples (marked in Fig. 2h). Signifi-
cantly, they do not display the strong correlation between 
MgO and K2O that is observed in the lava samples. A 
difference between scoria and lava is also clearly seen 
in TiO2 and CaO in San Jorge samples (Fig.  2c, e). A 
vertical trend to high MnO is formed by some Caburgua 
samples, and these are identified as being not only scoria 
samples, but scoria solely from the second cone of this 
small complex; these same samples also display vertical 
trends in Al2O3 with MgO (Fig. 2b, f).

Inter-centre compositional differences are more pro-
nounced within trace element concentrations (Fig.  3). 
Chromium varies between 50 and 450 ppm for the major-
ity of rocks with the exception of San Jorge which has 
highly elevated concentrations (600–870 ppm, Fig. 3a). In 
all other trace elements San Jorge is depleted compared 

to all other rocks. Huililco samples are enriched in Rb, 
Zr and Th in relation to the rest of the field (Fig. 3c, e, 
f), and often plot with Huelemolle samples (notably in Zr 
and Ce, Fig. 3d, e). As in the major elements, Caburgua 
and La Barda generally display very similar major and 
trace element compositions. All centres display some-
what different characteristics in Sr vs. MgO (Fig. 3b).

Primitive mantle normalised multi-element values are 
typical of arcs, having prominent, low Nb–Ta values, posi-
tive Ba and Sr anomalies, and negative Ti anomalies. The 
centres can, however, be separated into three distinct com-
positional groups (Fig.  4a—representative samples with 
similar SiO2/MgO values of c. 8 were chosen, with the 
exception of San Jorge (c. 5) due to its much higher MgO 
values): (1) San Jorge and Villarrica: have almost identical 
patterns, and the most pronounced fluid mobile element 
(FME) concentrations for Sr, K, U and Ba of all the studied 
rocks, however, other incompatible elements are generally 
depleted resulting in characteristic high K/La and very low 
Nb and Ta normalised abundances, (2) Caburgua and La 
Barda: are similarly enriched in FMEs but with less distinct 
depletion in other elements, resulting in a less pronounced 
Nb–Ta trough and K/La ratios close to 1, (3) Huelemolle 
and Huililco: have the most trace element enriched patterns 
of the three groups, with less contrast between FMEs and 
high field strength elements, and a much less pronounced 
Nb–Ta trough. The patterns of the two centres differ in 
K-La, where Huelemolle has K  <  La and Huililco has 
K > La.

The three groups recognised on a primitive mantle nor-
malised multi-element plot are not observed on a chondrite 
normalised rare earth element (REE) plot (Fig. 4b). Huil-
ilco, Huelemolle, La Barda and Caburgua follow the same 
trend of general light rare earth element (LREE) enrich-
ment, with Huelemolle having somewhat higher values and 
La Barda the lowest. San Jorge and Villarrica samples are 
less enriched in LREEs but are similar to the other centres 
in normalised Heavy Rare Earth Element (HREE) values. 
Villarrica has a small negative Eu anomaly.

Whole rock Sr–Nd and U‑Th isotopes

Sr–Nd isotope ratios (from Morgado et  al. 2015 and 
Hickey-Vargas et al. 2002 and 2016, Table 1) in general 
vary over a small range: 87Sr/86Sr varies between 0.70371 
and 0.70406, and 143Nd/144Nd varies between 0.512812 
and 0.512913. Despite this, and within the reported 2SE 
error, the values define a triangle (Fig. 5a) in which the 
end points follow the same groupings as in the multiele-
ment plots: (1) most enriched Sr–Nd (San Jorge and Vil-
larrica), (2) least enriched Sr-mid Nd (Caburgua and La 
Barda) and (3) least enriched Nd-mid Sr (Huililco and 
Huelemolle). Higher 87Sr/86Sr in Villarrica, Huililco and 
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Table 2   Representative whole rock major and trace element analyses (see electronic appendix for all analyses)

Volcano San Jorge San Jorge San Jorge Huelemolle Huelemolle Caburgua Caburgua Caburgua

Sample aSJ-T-3a SJ-B-2A SJ-L-5 Huel-1* Huel-2 LEM-3 aCB-9 Cab1-1*

Material Lapilli Bomb Lava Lava Lava Lapilli Lapilli Lava

SiO2 51.65 50.26 51.4 49.96 51.28 50.98 51.51 50.26

TiO2 0.721 0.518 0.554 1.106 1.107 1.149 1.123 1.116

Al2O3 14.7 13.63 14.08 17.73 16.95 19.28 18.62 17.48

Fe2O3(T) 9.68 10.28 10.14 9.88 9.4 9.68 9.24 9.57

MnO 0.164 0.158 0.156 0.156 0.158 0.178 0.18 0.149

MgO 11.17 11.76 10.83 5.66 5.57 5.31 4.89 6.8

CaO 9.96 8.98 9.2 9.4 9.43 8.89 8.71 8.68

Na2O 2.37 2.31 2.56 3.17 3.18 3.36 3.21 3.3

K2O 0.36 0.36 0.41 0.82 0.8 0.66 0.68 0.75

P2O5 0.13 0.1 0.13 0.41 0.38 0.34 0.33 0.29

LOI 0.02 −0.06 −0.33 −0.16 0.22 1.09 0.71 −0.09

Total 100.9 98.3 99.13 98.13 98.48 100.9 99.2 98.3

Na2O + K2O 2.73 2.67 2.97 3.99 3.98 4.02 3.89 4.05

Sc 33 33 33 26 26 26 26 25

V 232 228 238 224 213 238 223 229

Ba 120 118 135 305 304 301 238 266

Sr 333 328 344 593 630 720 710 798

Y 12 11 12 21 21 19 18 17

Zr 46 46 51 132 132 90 87 79

Cr 770 870 720 100 90 80 40 200

Co 46 49 46 32 32 33 34 31

Ni 220 250 210 50 50 50 30 80

Cu 70 80 80 80 80 70 60 80

Zn 70 70 80 90 80 90 80 70

Ga 16 16 16 18 18 21 16 17

Rb 7 8 8 13 13 9 9 10

Nb 1 1 1 7 5 3 2 5

Cs 0.7 0.7 0.6 0.6 0.6 0.5 0.5 0.5

La 4.6 4.6 5.3 22.7 20.5 13.4 12.6 14.4

Ce 11 10.7 12.2 48.1 45.7 31.1 30.8 31.5

Pr 1.59 1.51 1.76 5.87 5.76 4.11 3.86 4.14

Nd 7.4 7.1 8.2 24 24 17.9 17 17.6

Sm 2 1.9 2.1 5.1 5.1 4 3.7 3.9

Eu 0.72 0.67 0.77 1.49 1.51 1.21 1.25 1.2

Gd 2.2 2.3 2.3 4.7 4.6 3.6 3.2 3.8

Tb 0.4 0.4 0.4 0.7 0.7 0.5 0.6 0.6

Dy 2.3 2.2 2.5 4.2 4.1 3.3 3.4 3.2

Ho 0.5 0.5 0.5 0.8 0.8 0.7 0.7 0.6

Er 1.4 1.5 1.5 2.5 2.3 2 2 1.8

Tm 0.21 0.21 0.22 0.36 0.35 0.29 0.29 0.26

Yb 1.4 1.3 1.4 2.3 2.2 1.9 1.9 1.7

Lu 0.2 0.2 0.22 0.36 0.32 0.28 0.3 0.28

Hf 1.2 1.2 1.3 2.6 2.8 2 2 1.7

Ta 0.1 0.1 0.1 0.4 0.2 0.2 0.2 2.2

Pb b.d.l b.d.l b.d.l 9 8 7 6 7

Th 0.5 0.5 0.6 2 1.7 1.9 2 2.7

U 0.4 0.3 0.3 0.6 0.6 0.6 0.6 0.7
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Table 2   continued

Volcano Huililco Huililco Huililco La Barda La Barda La Barda Villarrica  
(2015 eruption)

Granodiorite Granite

Sample PVM-04 aPVM-15B PVM-17 LEM-17 LEM-18 Barda2-3 Vill-15 LEM-7 Cord 1-1

Material Bomb Lapilli Lava Bomb Lapilli Lava Spatter Xenolith Xenolith

SiO2 52.62 52.87 53.56 49.82 47.14 49.57 52.69 59.06 70.39

TiO2 1.08 0.945 1.162 1.058 1.129 1.108 1.241 0.59 0.408

Al2O3 16.76 16.13 17.03 17.17 18.47 16.98 16.63 17.73 14.1

Fe2O3(T) 8.89 8.7 8.63 10.13 10.21 10.14 10.05 6.83 3.62

MnO 0.15 0.146 0.145 0.154 0.159 0.155 0.165 0.113 0.073

MgO 6.28 7.27 5.43 7.34 7.57 7.14 5.74 3.15 0.89

CaO 8.69 9.02 8.9 9.34 8.25 9.42 9.35 6.49 2.16

Na2O 3.1 2.79 3.12 3.12 2.63 3.02 3.28 3.54 3.67

K2O 1.1 0.89 1.18 0.63 0.47 0.67 0.79 1.77 3.74

P2O5 0.33 0.29 0.39 0.32 0.33 0.33 0.23 0.17 0.09

LOI −0.2 −0.19 −0.24 0.6 4.36 0.24 0.04 1.46 0.5

Total 98.81 98.86 99.31 99.66 100.7 98.76 100.2 100.9 99.64

Na2O + K2O 4.2 3.68 4.3 3.75 3.1 3.69 4.07 5.31 7.41

Sc 26 27 27 28 30 28 34 24 6

V 208 200 211 236 225 235 308 194 53

Ba 349 284 365 283 200 247 239 795 693

Sr 547 502 572 689 601 683 433 551 226

Y 20 18 23 16 17 18 25 19 14

Zr 130 107 137 86 96 91 107 74 182

Cr 190 300 130 290 260 190 150 30 <20

Co 35 37 31 33 36 32 33 16 5

Ni 90 130 50 80 80 70 80 20 <20

Cu 70 60 60 90 70 70 160 60 120

Zn 90 70 70 80 80 70 90 90 40

Ga 14 13 13 18 19 17 19 20 14

Rb 28 22 30 9 6 9 20 55 116

Nb 7 4 9 3 3 3 2 4 5

Cs 1.2 1.1 1.3 0.5 0.5 0.5 2 2.5 2.6

La 17.4 14.1 18.4 13.6 14.8 15.5 10.1 13.7 16

Ce 40.2 32.3 41.5 30.3 31.8 32.9 24.8 29.3 31.2

Pr 4.99 4.09 5.2 4.13 4.36 4.21 3.52 3.84 3.64

Nd 19.9 16.8 20.7 17.7 19.2 17.8 16.3 16.5 13.5

Sm 4.3 3.6 4.3 4 4.1 4 4.2 3.9 2.8

Eu 1.37 1.26 1.43 1.23 1.33 1.27 1.27 0.98 0.68

Gd 3.7 3.3 3.9 3.8 4.1 3.9 4.7 3.8 2.5

Tb 0.6 0.6 0.7 0.6 0.6 0.6 0.8 0.6 0.4

Dy 4 3.6 3.9 3.3 3.6 3.4 4.9 3.5 2.3

Ho 0.8 0.7 0.8 0.7 0.7 0.7 1 0.7 0.5

Er 2.2 2 2.3 2 2.2 2 2.9 2.1 1.5

Tm 0.32 0.29 0.33 0.29 0.32 0.29 0.41 0.32 0.23

Yb 2.1 1.9 2.1 1.9 2.1 1.8 2.7 2 1.7

Lu 0.33 0.32 0.34 0.29 0.32 0.29 0.41 0.3 0.32

Hf 3 2.4 3.2 2.2 2.4 1.9 2.7 2.1 4

Ta 0.5 0.3 0.6 0.2 0.2 0.1 0.1 0.2 9.6

Pb 8 6 7 6 7 7 9 7 14

Th 3.4 2.6 3.5 2 2.2 2.1 1.5 3.5 11.1

U 1 0.8 1 0.7 0.7 0.6 0.6 1 3.3

*Reported in Morgado et al. (2015)
a  Olivine and olivine-hosted melt inclusion analyses for these samples (Table 4)
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two Huelemolle samples is accompanied with higher 
SiO2 (also from the above data sources); this is not 
observed in the higher 87Sr/86Sr of San Jorge (Fig. 5b).

U-Th isotopic analyses for the Pucón SECs and Vil-
larrica (Fig.  5c; Table  3, standard data are presented in 
the electronic appendix) lie in fields of Uranium- (U-) 
excess (San Jorge and Villarrica), on the equiline (Huil-
ilco and Huelemolle and some La Barda samples) and 
Thorium- (Th-) excess (Caburgua and some La Barda). 
San Jorge samples have higher (238U/232Th) ratios than 
Villarrica (parentheses denote activity ratios): 1.136–
1.290, which are the highest thus far reported from the 
CSVZ of the Southern Andes (Fig.  5c), and additionally 
lie outside the general field of arc rocks of Lundstrom 
(2003). (238U/232Th) ratios between the SECs Huelemolle, 

Caburgua, La Barda and Huililco occupy a narrow range: 
0.842–0.955. (230Th/232Th) is more variable within these 
centres, ranging from 0.867 in Huililco to 0.964 in Hue-
lemolle. Individual SECs plot in their own groups, with no 
overlap between centres, with the exception of one sam-
ple each from La Barda and Caburgua. There is a negative 
trend from La Barda and Caburgua to Huililco, San Jorge 
and Villarrica trend in 87Sr/86Sr vs. (230Th/232Th), with the 
exception of Huelemolle which lies at higher (230Th/232Th) 
(Fig. 5e). In 87Sr/86Sr vs. (238U/230Th), however, San Jorge 
and Villarrica samples have high U-excesses at similar 
87Sr/86Sr to Huelemolle and Huililco, which lie in secular 
equilibrium, whilst Caburgua and La Barda samples are 
partially into the Th-excess field at slightly lower 87Sr/86Sr 
(Fig. 5f).
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Fig. 2   Major element compositions in wt% for the Pucón SECs and 
Villarrica. Villarrica data are from Hickey-Vargas et al. (1989), Mor-
gado et al. (2015) and Wehrmann et al. (2014). Dashed lines surround 
samples from particular phases of certain eruptions, as discussed in 
the text. Mineral vectors are mass balance calculations using analy-

ses of clinopyroxene (Cpx, line represents 10% crystallisation), pla-
gioclase (Pl, line represents 5% crystallisation) and olivine (Ol, line 
represents 10% crystallisation) from San Jorge lava from Morgado 
et al. (2015)
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Olivine and olivine‑hosted melt inclusion analyses

Representative melt inclusion data are shown in Table 4, all 
data (including host olivine) and standards are presented 
in the electronic appendix. Ranges of Fo# (forsterite) oli-
vine Fo# and whole rock Mg# (magnesium number) are 
calculated as [Mg/Mg + Fe] × 100 for the three samples 
studied are as follows: Caburgua 78-82, Huililco 77-87 and 
San Jorge 85-89. Using the KDFe−Mg values of Roeder and 
Emslie (1970), Caburgua olivines are within equilibrium 
with their host rock Mg# (55), some Huililco olivines are 
within equilibrium but the majority have too low Fo# for 
their host rock Mg# (66), whilst all San Jorge olivines plot 
slightly below equilibrium (host rock Mg#: 73). Melt inclu-
sions from all three samples are in equilibrium with their 

host olivines once corrected for post entrapment crystallisa-
tion (PEC) (Fig. 6a). We note that correction for PEC does 
not affect the minor elements and ratios that are used in this 
study.

Melt inclusions within olivines from the chosen three 
samples (see Table  1) were analysed for their major ele-
ment (in wt%), S and Cl (reported in ppm) contents. The 
three samples form distinct groups in almost all melt inclu-
sion compositions (Fig.  6). Note that comparative fields 
from the literature plotted in Fig. 6 are for melt inclusion 
data only. SiO2 contents for Caburgua and San Jorge melt 
inclusions are lower than the plotted whole rock data for 
each volcano, whilst K2O values overlap within each cen-
tres data (Fig.  6b). This is due to olivine crystallisation, 
as shown by model lines in Fig.  6b. In contrast, Huililco 

Fig. 3   Selected trace element 
concentrations in ppm plotted 
against MgO in wt%. Villarrica 
data sources are as in Fig. 2 and 
Table 1
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inclusions SiO2 and K2O values overlap with those of 
the whole rock. TiO2 values for Caburgua inclusions are 
slightly lower than whole rock values, whereas in Huililco 
inclusions have higher TiO2 than whole rock values. San 
Jorge inclusions overlap in TiO2 with whole rock values 
from the explosive phase only. Literature MI data from Vil-
larrica (Wehrmann et al. 2014) form two groups: one simi-
lar to whole rock values, the other trending to higher SiO2, 
K2O and TiO2, as in Huililco. In volatile content, all three 
centres exhibit relatively high S contents (960–2260 ppm, 
similar to other CSVZ monogenetic centres, Fig.  6e) 
with Caburgua standing out at the highest values (1337–
2260  ppm). Caburgua and Huililco display similar values 
of Cl (c. 700 ppm) whilst San Jorge lies at lower values (c. 
500 ppm). Cl values are lower than those found in olivine-
hosted melt inclusions for Volcán Apagado and Cabeza de 
Vaca (the former is a scoria cone with evidence of multi-
ple eruption phases, and the latter is a truly monogenetic 

volcano; note that these are labelled ‘CSVZ monogenetic’ 
on Fig. 6 as they are labelled thus in their respective data 
sources) at 1057–1637 ppm (Wehrmann et al. 2014). Anal-
yses from the present study form a curved negative trend in 
Cl/K vs. K2O/TiO2, from San Jorge at the highest Cl/K to 
Huililco at the lowest and with the greatest range in K2O/
TiO2 ratios (Fig. 6d, e). As in the major elements, literature 
volatile data for Villarrica melt inclusions form two groups: 
one which follows the trend of the SEC data, and one with 
a steeper decrease in Cl/K over K2O/TiO2.

Discussion

When compositions of the SECs and nearby stratovol-
canoes in the Pucón area are plotted with longitude it 
can be seen that heterogeneity cannot be correlated with 
distance from the arc front (Fig.  7). This conflicts with 
the findings of Watt et  al. (2013) who suggested that in 
strato- and monogenetic volcanoes further into southern 
Chile (at 42°S and 44°S) K2O and MgO contents increase 
with distance from the arc front, and degrees of melt-
ing decrease as slab-released water becomes less domi-
nant in the melting regime. The Pucón area is complex 
in that it contains an arc-scale fault (the LOFS) in addi-
tion to the scatter of SECs amongst stratovolcanoes in a 
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Fig. 5   Whole rock isotopic data. a Sr–Nd isotopes from Morgado 
et al. (2015) and Hickey-Vargas et al. (1989) and 2016 for the Pucón 
area (see Table 1). Southern Volcanic Zone (Chile) analyses were com-
piled from the Georoc database, filtered for MgO 4.5–12 wt%. ‘Pacific 
MORB’ is Pacific Mid Ocean Ridge Basalt (from a compilation by 
Stracke et al. 2003). ‘Chile sediment’ is trench sediment from Lucas-
sen et al. (2010). ‘M-C xenos’ are partially melted upper crustal gran-
ites from within lavas of Mocho-Choshuenco volcano 60 km south of 
Villarrica (McMillan et al. 1989), see Fig. 1a. Altered oceanic crust is 
from Jacques et al. (2014). b variation in 87Sr/86Sr with SiO2 for the 
same samples as in (a). The 2SE error bar marked ‘a’ is for Huililco 
and Villarrica data (Hickey-Vargas et  al. 1989) and the smaller 2SE 
error bar marked ‘b’ is for all other data; the annotated lines show 
possible explanations for the trends, which are discussed in the text. 
c U-Th isotopic data from this study; note that the Villarrica analysis 
is for a sample erupted in 2015. The CSVZ (Central Southern Vol-
canic Zone) data (excluding the stratovolcano Osorno, which lies at 
much lower (230Th/232Th), 0.72) are from Jicha et  al. (2007), Reubi 
et al. (2011) and Sigmarsson et al. (2002), and the grey field represents 
U-Th isotopic data for arc volcanoes from Lundstrom (2003). The 
isochron of possible fluid addition was calculated using the formula 
(−1/λ230Th) x Ln(1-m), where λ230Th is taken as 9.171E−6 (using 
the half-life of 230Th of Cheng et al. 2013) and m is the slope of the 
isochron, in this case 0.0754. d Shows elevated (238U/232Th) at similar 
Nb/U for San Jorge and Villarrica samples. e Shows the correlation 
between (230Th/232Th) and Sr isotopes, f shows the correlation between 
U-excess and Sr isotopes and the influence of fluid input. In e and f the 
maximum range is shown for each sample as U-Th isotopes are from 
this study and Sr isotopes are from the literature (see Table 1) on differ-
ent samples. Note also that e and f Villarrica data include two samples 
from the 1984 and 1971 eruptions from Sigmarsson et al. (2002) which 
are within the CSVZ field in c

▸
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NW-aligned chain related to inherited basement features 
(Moreno and Clavero 2006; Cembrano and Lara 2009), 
the latter representing longer lived magmatic systems and 
therefore more complicated plumbing systems (Fig.  1). 
Simple size- or location-related conclusions cannot be 
drawn from the data; for example, 87Sr/86Sr (highest in 
Villarrica, Quetrupillán, Huililco and San Jorge) can-
not be correlated with K2O (used as a proxy for crustal 
contamination, and highest in Quetrupillán and Huililco, 

lowest in San Jorge) or K/La (used as a proxy for slab 
fluid input due to the mobility of K over La, and highest 
in Villarrica, Quetrupillán and San Jorge, lowest in Hue-
lemolle). U-excess is roughly correlated with K/La (both 
are highest in Villarrica and San Jorge, Fig. 7), suggesting 
a similar fluid component for these centres despite their 
disparity in size (see later discussion). It is clear that the 
LOFS-aligned SECs have some geochemical characteris-
tics distinct from isolated SECs and the stratovolcanoes 
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(higher sulphur in melt inclusions from Caburgua, lower 
87Sr/86Sr in Caburgua and La Barda Fig.  7) suggesting 
that these may be related to their tectonic context. These 
brief conclusions alone show the competing dominance 
of magmatic and tectonic processes in producing compo-
sitional heterogeneity, the lack of trend with increasing 
distance from the slab (as evidenced by the large contrast 
between Huililco and San Jorge samples, Fig.  7), and 
importantly, the clear isolation of subsequent evolution of 
individual melt batches despite the volcanic centres’ close 
proximity in space and time (as also noted by Watt et al. 
2013).

Great heterogeneity is observed in the SECs of the 
Pucón area which highlight the variation in aspects of 
magma genesis and processing within this small area. Fig-
ure  8 shows examples of geochemical parameters where 
compositions from different SECs lie on different trajecto-
ries which are related to components in the system and can-
not be linked by mixing between the groups, or by one pro-
cess (such as melting). The following discussion uses the 
powerful combination of U-series isotopes, olivine-hosted 
melt inclusions and major and trace element models to elu-
cidate details of the magma plumbing system in Pucón and 
its connection to the active arc and tectonic features in the 
area.

Deep processes

Two distinct source compositions are identified 
through U‑series and trace element systematics

The fact that the three samples analysed for olivine-hosted 
melt inclusions plot as three distinct fields (Fig. 6) shows 
the generation of three distinct melts, and thus the isola-
tion of each melting event. Two patterns only, however, 
are observed in chondrite normalised-REE concentrations: 
a near flat pattern where LREE concentrations are only 
slightly higher than HREE concentrations (San Jorge and 
Villarrica), and a pattern at similar middle- and HREE 
concentrations as San Jorge but with comparatively higher 
concentrations of LREE (La Barda, Caburgua, Huililco and 
Huelemolle, with Huelemolle lavas extending to the high-
est La and Ce values) (Fig.  4b). These characteristics are 
indicative of a similar source for both groups melted to 
different degrees (affecting mainly the LREE). However, 
other parameters, such as the generally lower trace element 
content (Figs.  3, 4), lower whole rock Al2O3 and whole 
rock and melt inclusions TiO2 (Figs. 2, 6), suggest that the 
San Jorge source is more depleted—or has been subjected 
to previous melt extraction—compared to the source of the 
other SECs. This is corroborated by the distinctly different 
trend in Dy/Dy* vs. Dy/Yb space, with San Jorge and Vil-
larrica samples shifted in the direction of a LREE-depleted 
source (Fig. 8a), their offset from the main trend in Sr–Nd 
space (Fig. 5a) and the two broad groups of data in U-Th 
space (Fig. 5c, d).

Figure  9 shows modelled melt compositions for three 
possible sources (all parameters are given in the elec-
tronic appendix). The models show that melting of a 
primitive mantle composition (Hofmann 1988) contain-
ing 4% modal spinel creates a pattern with too little con-
trast between LREE and HREE for the majority of the 
SECs (Fig. 9a). This problem is also encountered when a 
depleted composition based on primitive mantle is used, 
and the pattern is highly dissimilar to all SECs with the 
exception of San Jorge. Clearly, a component containing 
garnet is required to melt in small proportions in order 
to explain the slight depletion in HREE which cannot be 
achieved with purely a spinel-bearing source. A garnet-
bearing source on its own cannot be a viable possibility 
as its presence depletes the HREE more than is observed 
in our dataset (Fig.  9a). Therefore, we model the source 
as being a mixture between small-degree melts of a gar-
net-bearing source and larger-degree melts of a somewhat 
depleted spinel-bearing source (Fig.  9b). The proportion 
of garnet source is always very small (no greater than 
20%). This indicates that melting begins deep in all cases, 
and progresses upwards where more substantial melting 

Table 3   U-Th isotopic analyses for selected Pucón SECs and the 
2015 eruption of Villarrica

Errors are 2SE (238U/232Th) analyses with no error listed had 
2SE < 0.001)

Volcano Sample (238U/232Th) (230Th/232Th) (238U/230Th)

San Jorge SJ-B-2A 1.290 0.870 ± 1 1.482 ± 3

San Jorge SJ-T-3 1.271 0.866 ± 2 1.468 ± 3

San Jorge SJ-T-6 1.178 0.861 ± 2 1.368 ± 4

San Jorge SJ-L-1 1.180 0.868 ± 2 1.360 ± 3

San Jorge SJ-L-3 1.174 0.868 ± 2 1.352 ± 3

San Jorge SJ-L-6 1.136 0.851 ± 2 1.334 ± 4

Huelemolle Huel-1 0.955 ± 1 0.961 ± 1 0.994 ± 2

Huelemolle Huel-3 0.953 ± 1 0.964 ± 2 0.989 ± 3

Huelemolle Huel-6 0.941 ± 1 0.955 ± 2 0.985 ± 3

Caburgua Cab1-1 0.842 0.900 ± 2 0.936 ± 3

Caburgua Cab2-1 0.869 ± 1 0.904 ± 3 0.961 ± 3

Caburgua Cab3-1 0.861 ± 1 0.901 ± 2 0.955 ± 3

Huililco LEM-10 0.869 0.867 ± 1 1.002 ± 2

Huililco PVM-04 0.856 0.875 ± 2 0.979 ± 2

Huililco PVM-06 0.863 0.876 ± 2 0.985 ± 3

La Barda LEM-19 0.908 0.910 ± 2 1.000 ± 2

La Barda LEM-24 0.907 ± 1 0.915 ± 2 0.990 ± 2

La Barda Barda1-2 0.884 ± 1 0.900 ± 2 0.982 ± 3

Villarrica (2015 
eruption)

Vill-15 1.072 ± 1 0.861 ± 1 1.245 ± 3
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occurs. The sources and the potential mixing are shown 
in (La/Yb)N vs. (Gd/Yb)N ratio modelling (Fig.  8b), 
although the trace element depletion in San Jorge rocks 
suggests that its mantle source is more depleted than that 
of the other SECs. While the melting and minor incor-
poration of a source containing garnet could explain the 
presence of small 230Th-excesses (Fig. 5c) as Th is more 
incompatible than U in garnet-bearing assemblages and 
thus concentrates in the melt, there are other means of 
generating such excesses which must be considered such 
as decompression melting, which could be related to the 
position of the SECs with Th-excess over the LOFS (e.g. 
Bucchi et al. 2015; Hickey-Vargas et al. 2016; Lara et al. 

2006), and dilution of U-excesses by assimilation of crus-
tal rock types (c.f. Jicha et  al. 2007; Reubi et  al. 2011) 
(see later sections).

A depleted source such as that modelled in Fig.  9b 
would not require such high degrees of melting for San 
Jorge as have previously been suggested by Hickey-Vargas 
et al. (2016) and Sun (2001) to explain the observed (La/
Yb)N and (Gd/Yb)N ratios, which is far more in-keeping 
with the monogenetic nature of this SEC (e.g. McGee and 
Smith 2016). However, we suggest that San Jorge was 
affected by greater degrees of melting than the other SECs 
due to a large fluid influence to the source, for which there 
is abundant evidence.

Table 4   Representative normalised anhydrous olivine-hosted melt inclusion analyses from three Pucón SEC samples. All analyses are in wt% 
except for Cl and S which are in ppm. All analyses including host olivines are presented in the electronic appendix

Volcano/sample San Jorge (sample SJ-T-3a) Caburgua (sample LEM-CB-9)

Inclusion SJ-T-3a-15 SJ-T-3a-8 SJ-T-3a-2 SJ-T-3a-5 CB-9-1 CB-9-6 CB-9-12 CB-9-17

SiO2 45.49 45.68 49.63 49.22 47.93 47.83 47.32 46.64

TiO2 0.60 0.70 0.75 0.74 1.01 1.17 1.08 1.05

Al2O3 12.76 14.00 15.40 15.27 16.39 16.72 16.65 16.11

FeO 14.18 11.74 9.35 9.09 12.89 12.01 11.58 14.06

Fe2O3 1.75 1.45 1.15 1.12 1.59 1.48 1.43 1.74

MgO 14.16 14.23 10.29 11.16 7.59 7.63 8.58 8.59

MnO 0.19 0.17 0.18 0.16 0.24 0.20 0.17 0.24

CaO 8.62 9.42 10.24 10.43 8.12 7.90 8.59 7.43

K2O 0.27 0.31 0.39 0.32 0.77 0.86 0.79 0.79

Na2O 1.88 2.14 2.44 2.32 3.03 3.65 3.33 2.89

P2O5 0.10 0.08 0.13 0.11 0.36 0.37 0.35 0.34

Cl (ppm) 424 506 538 550 746 915 853 730

S (ppm) 1122 1647 1119 1119 1720 2260 1858 2176

Total 100 100 100 100 100 100 100 100

Sample Huililco (sample PVM-15b)

Inclusion PVM-15b-3 PVM-15b-7 PVM-15b_n_3 PVM-15b_n_15 PVM-15b_n_12

SiO2 50.78 49.28 51.04 55.36 52.72

TiO2 1.30 1.20 1.17 1.37 1.24

Al2O3 14.88 15.17 18.53 15.97 15.97

FeO 11.26 12.77 6.24 7.51 9.00

Fe2O3 1.39 1.58 0.77 0.93 1.11

MgO 7.58 7.44 6.94 5.21 5.86

MnO 0.22 0.23 0.11 0.15 0.17

CaO 7.37 7.35 10.98 7.79 8.85

K2O 1.15 1.12 0.71 1.34 1.07

Na2O 3.62 3.49 3.05 3.86 3.49

P2O5 0.38 0.35 0.34 0.40 0.43

Cl (ppm) 832 734 738 904 831

S (ppm) 1209 1260 1260 1126 1085

Total 100 100 100 100 100
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Fig. 6   a Host olivine Fo vs. melt inclusion Mg# for San Jorge, 
Caburgua and Huililco samples. Data corrected for post entrapment 
crystallisation (PEC) (after Rowe et  al. 2011a) are shown as filled 
symbols, transparent symbols are before PEC correction. All points 
after PEC are in equilibrium of KD 0.3 (Roeder and Emslie 1970). 
b–e Whole rock (WR) and melt inclusion (MI) major and trace ele-
ment and volatile data for the three small eruptive centres compared 
to Villarrica WR data (Hickey-Vargas 1989 and Morgado et al. 2015), 
Villarrica MI data (Wehrmann et al. 2014), and literature MI data for 
other CSVZ monogenetic volcanoes (‘CSVZ mono.’) and stratovolca-
noes (‘CSVZ strato.’) (compiled from Bouvet de Maisonneuve et al. 
2012; Watt et al. 2013; Wehrmann et al. 2014) and Parícutin (Rowe 
et al. 2011b), the latter being the classic case study of crustal assimi-
lation prior to olivine crystallisation in a small eruptive centre. WR 

data for the Mocho-Choshuenco lavas (McMillan et al. 1989) are also 
plotted in (b) to show the validity of crustal assimilation at Huililco. 
The black arrows in (b) show olivine crystallisation for each sample, 
using the program COMAGMAT, assuming an anhydrous system 
and an oxygen fugacity of QFM, and plotting the liquid composition 
before the appearance of plagioclase or clinopyroxene. e Is a close-up 
version of (d) showing CSVZ MIs for specific volcanoes (references 
as above), and discussed in detail in the main text. Contamination is 
simply modelled as a straight A + B mixture using the upper crust 
average value (Cl: 0.037 ppm, K2O: 2.8 wt%, TiO2: 0.64 wt%) from 
Rudnick and Gao (2004) using a Huililco melt inclusion with one of 
the highest Cl/K values (marked in the electronic appendix). See text 
for discussion and Fig. 1a for stratovolcano locations
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Timing of fluid enrichment of the source in Southern Chile 
is seen through U‑Th isotopes

The San Jorge samples are marked by their low TiO2 
(Fig.  2c), depleted trace element content, large contrast 
between FMEs and High Field Strength Elements (HFSEs) 
(Fig. 4), high Cr (Fig. 3a) and comparatively high U-excess 
(Fig. 5c–e). These characteristics are similar to those that 
mark boninites (e.g. Arndt 2003; Cameron et  al. 1983; 
Stern et al. 1991), although San Jorge rocks are not classed 
as boninitic as they do not extend to high enough SiO2 or 
sufficiently low TiO2, and do not contain orthopyroxene 
(see references above for a discussion of these character-
istics). Their similarity, however, may help in elucidat-
ing their petrogenesis. It has already been shown in the 
modelling in Fig.  9 that these melts were produced from 
a depleted mantle, which we suggest had seen prior melt 

extraction compared to the sources of the other SECs. It is 
likely that this depleted source region was highly altered 
by fluids from the down-going slab. Fluid enrichment in 
San Jorge magmas is supported by elevated Ba/Th and K/
La ratios compared to the other SECs (Fig. 8c). Although 
it has recently been shown that U-excess is not necessar-
ily caused by fluid input to the source region and that it 
can in some cases be attributed to mantle in-growth and 
crustal input (Huang et  al. 2016), high 87Sr/86Sr observed 
in San Jorge samples correlating with high ratios of fluid 
immobile/fluid mobile elements such as Nb/U and elevated 
(238U/230Th) (Fig. 5d) provides clear evidence of this. San 
Jorge melt inclusions have some similarities with those 
from volatile-rich Tongan basalts in terms of their S, K2O 
and TiO2 contents, although Cl concentrations are much 
higher in the Tongan basalts (up to c.1000  ppm, Cooper 
et al. 2010). They also have similarities to Izu-Mariana arc 
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Fig. 7   Variation in compositional parameters with longitude, or 
distance from the arc front (see Fig. 1b). Villarrica whole rock data 
sources are as in Fig.  2, Quetrupillán whole rock data are from 
Hickey-Vargas et al. (1989). Villarrica melt inclusion sulphur data are 
from Wehrmann et al. (2014). Neither 87Sr/86Sr nor (238U/230Th) can 
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K/La (used as a proxy for slab fluid input) highlighting the complex-
ity of the compositional heterogeneity in this small area. The simi-
larity of Caburgua and La Barda compositions and their position on 
the Liquiñe Ofqui fault system (LOFS) suggests a structural/tectonic 
control in some SECs
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mantle values of Sun and McDonough (1989) and models of melting 
of garnet- and spinel-bearing sources from Fig. 9 are shown (see elec-

tronic appendix for parameters). d and e Modelling of end member 
components involved in the melting scenario in the Pucón area, using 
compositions of granite and granodiorite xenoliths found within the 
volcanic deposits (part of the Patagonian Batholith, see Sect.  2 and 
compositions in Table 2). Villarrica data sources are as in Fig. 2. d Cr 
vs. Zr discriminates between olivine fractionation and crustal assimi-
lation. The two lines leading from the granite xenolith composition 
have different starting compositions (one San Jorge-like, the other La 
Barda-like). Huililco and some Villarrica trends can be reproduced by 
assimilation of granite starting from a La Barda-like composition. f 
Th/La vs. Sm/La is used as a discriminator for addition of sediments 
after Plank (2005)
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basalt melt inclusions, particularly samples which repre-
sent a more primitive melt consisting of higher MgO, lower 
TiO2 and undegassed S, which are thought to mix with a 
more evolved melt before reaching the surface (Saito et al. 
2010). Water-rich components identified only in selected 
volcanic centres as we see in the Pucón area have been 
identified in numerous other arc basalts, such as in the 
melt inclusion study of Pagan volcano in the Mariana arc 
(Tamura et al. 2014) and SECs in the Cascades (Borg et al. 
1997; Rowe et  al. 2009). These signatures have in some 
cases been linked to physical location in the arc, as in back 
arc basin basalts of the Lau Basin, where water-rich com-
ponents were identified in whole rock analyses closer to the 
arc only, whereas basalts further away are more similar to 
Mid Ocean Ridge Basalt (Peate et al. 2001). Such a trend 
is not seen in the Pucón data (Fig. 7), suggesting that this 
feature is not universally linked to distance from the trench.

Regionally, the similarity in the melt inclusion Cl/K and 
K2O/TiO2 (Fig. 6e) and whole rock Sr–Nd isotopic compo-
sitions of San Jorge and Lonquimay samples (0.703952 and 
0.512880 Jacques et  al. 2014 for Lonquimay, see Fig.  5a 
for San Jorge range) lends further support for the presence 
of volatile-rich, depleted mantle as the source of San Jorge 
magmas. This is the first time that this source in Chile has 
been sampled by a monogenetic volcano. Lonquimay is a 
stratovolcano north of the Villarrica area (Fig. 1a) thought 
to be generated from high degree melts of a depleted, fluid-
enriched mantle source (Wehrmann et  al. 2014). We sug-
gest that this is a mantle source type that is more abundant 
in Southern Chile than previously recognised, and one 
which extends to further to the east of the arc than predicted 
from other studies (e.g. Peate et  al. 2001). On the scale 
of the SVZ this depleted, fluid-enriched source is clearly 
implicated in melting in other locations (see SVZ field in 
Fig.  8). Variations in melt inclusion Cl content between 
Villarrica and San Jorge (c. 500–600  ppm) and Lonqui-
may (900–1000 ppm, Wehrmann et  al. 2014) may be due 
to regional differences in the fluid composition or degree of 
melting. This fluid is likely to be from dehydrated oceanic 
crust as its Sr–Nd isotopic composition lies towards that of 
the altered oceanic crust of Jacques et al. (2014) (Fig. 5a). 
If the slight positive trend in (238U/232Th) vs. (230Th/232Th) 
is taken as an isochron rather than a mixing line (the lat-
ter is unlikely given the lack of linear trends in major and 
trace element contents, Figs. 2 and 3), the age of fluid addi-
tion can be calculated as approximately 8500  years ago 
(Fig.  5c) suggesting that melting and ascent was almost 
instantaneous after fluid addition to the source region (c.f. 
Turner et al. 2001). This shows that fluid-enriched mantle 
has the power to generate small volume magma batches 
which ascend sufficiently rapidly that it is relatively unaf-
fected by other processes.

Determining the effects of shallow‑level processes

Source and melting characteristics have been deduced from 
a combination of U-Th and Sr–Nd isotopes and REE mod-
els. However, some features remain unexplained by source 
processes which must have been gained once the individual 
magma batches left their melting region.

Fractional crystallisation

Major and trace element variations (Figs.  2 and 3) sug-
gest that while fractional crystallisation is clearly occur-
ring locally within the magma systems of individual SECs, 
broader correlations across the volcanic field require a 
more complex petrogenesis. The general linear trend in 
Cr vs. MgO (Fig. 3a) and vertical trend Cr vs. Zr (Fig. 8d) 
are evidence that olivine crystallisation has occurred, and 
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Fig. 9   REE melting model for the Pucón SECs and Villarrica (sam-
ples with the highest MgO (>7  wt% except Huelemolle (5.7  wt%) 
content plotted). All model parameters are given in the electronic 
appendix. All starting compositions are based on the primitive man-
tle composition of Hofmann (1988). Partition coefficients are from 
the Geochemical Earth Reference Model (GERM) website and 
Adam and Green (2011), and melting proportions are from Thirlwall 
et  al. (1994). a REE patterns cannot be reproduced by sole melting 
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patterns, with Huelemolle requiring a larger proportion of melt from 
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nel peridotite. See text for discussion of model
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this is also evident from comparison of whole rock and 
melt inclusion compositions as seen by the lower SiO2 
in the latter (Fig.  6b). Villarrica is the only centre where 
samples have a small negative Eu anomaly (Fig. 4b), sug-
gesting crystallisation of plagioclase, although major ele-
ment trends in Al2O3, Na2O and K2O are not particularly 
strong (see vectors on Fig. 2). Despite being represented by 
the fewest number of samples in the data set, Huelemolle 
lavas show a trend in the majority of the major elements 
(negative in SiO2, Al2O3, TiO2, Fe2O3, Na2O and K2O vs. 
MgO and positive in CaO vs. MgO, Fig. 2), which can be 
explained by the addition of a small percentage (<10%) of 
augite to its most ‘primitive’ starting composition (Fig. 2). 
This cannot, however, explain the increase of 1 wt% SiO2 
within Huelemolle samples at constant 87Sr/86Sr (Fig. 5b), 
as this would require the unrealistic addition of 75% augite. 
Clinopyroxene can also affect the middle-REEs, and the 
fact that the REE patterns for Huelemolle, Huililco, Cabur-
gua and La Barda are nearly identical suggests that the 
small amount of crystallisation suggested from clinopy-
roxene vectors in Fig. 2 does not affect the composition of 
these lavas to a large degree. The involvement of amphi-
bole as a crystallising or residual mineral is also refuted 
as middle-REEs do not show the characteristic depletion 
in the melt commonly associated with this (Fig. 4b), also 
shown by the Dy/Dy* vs. Dy/Yb pattern in Fig.  8b (e.g. 
Davidson et al. 2013).

The high MgO nature of San Jorge rocks compared 
to the other SECs and Villarrica could be interpreted that 
rocks erupted at this centre represent a parental melt, a 
hypothesis which could be supported by the fact that San 
Jorge and Villarrica samples often lie along the same tra-
jectory in major and trace element content. However, we 
observe that the olivine Fo# of San Jorge is slightly below 
what is expected for its whole rock Mg# (Sect.  5.3) sug-
gesting that olivine accumulation may have taken place, 
thus artificially increasing the MgO content. Despite this, 
we suggest that although SECs with lower MgO compo-
sitions (5  wt%) may represent minor evolution by frac-
tional crystallisation of olivine, San Jorge is unlikely to be 
parental to such melts due to its similarity in SiO2 content 
(Fig.  2a), and the fact that their Cr vs. MgO contents lie 
along different trajectories (Fig. 3a).

Resolving the effects of crustal contamination 
from sediment addition using trace element models 
and olivine‑hosted melt inclusions

Several lines of evidence indicate that Huililco magmas 
were significantly contaminated by the local basement 
rocks. As detailed in Sect. 2, basement rocks in the Pucón 
area are mainly Cretaceous granitoids, which are occasion-
ally found as small (1–2 cm), fresh, angular xenoliths in the 

fall sequences of some of the SECs. One granitic and one 
granodioritic xenolith found within tephra deposits 7  km 
east of La Barda and within the San Jorge tephra sequence 
(respectively) were analysed for major and trace element 
content (Table  2). The granodiorite xenolith (59  wt% 
SiO2) has moderate K2O content (1.78  wt%), relatively 
high total alkalis, Rb, Th (5.34, 55 and 3.5  ppm, respec-
tively) and very high Ba (795 ppm). The granite xenolith 
(71 wt% SiO2) has higher K2O (3.77 wt%), high total alka-
lis (7.47) and far higher concentrations of Rb and Th (116 
and 11 ppm, respectively). Either basement rock is, there-
fore, a potential contaminant to the Huililco magmas. Sim-
ple mass balance modelling was undertaken using elements 
(Cr and Zr, Fig. 8d) and element ratios (Sr/Th and Th/Ce, 
Fig.  8e) in which the SECs and Villarrica compositions 
form coherent trends with distinct trajectories. Two model 
lines are shown for mixing with granite, starting from San 
Jorge-like and La Barda-like compositions: Huililco com-
positions lie along a very similar trajectory to the latter 
mixing line (Figs. 8d, e). San Jorge compositions may lie 
partially on the mixing line with granite or granodiorite 
suggesting small amounts of assimilation, however, given 
the strong trends in major element concentrations for this 
SEC (Fig. 2), this is more likely to signify olivine fraction-
ation in the case of Cr vs. Zr (Fig. 8d) and the enrichment 
in fluid mobile elements in the case of the elevated Sr/Th 
(Fig. 8e). Caburgua and La Barda compositions show little 
evidence of being substantially altered by assimilation of 
either of these rock types.

Further compelling evidence for crustal contamination 
at Huililco is that high K2O and SiO2 values observed in 
whole rock compositions of this centre are also present 
in the olivine-hosted melt inclusion data. Huililco whole 
rock and melt inclusion data generally fall within the field 
of inclusion data for Chilean SVZ stratovolcanoes rather 
than monogenetic volcanoes, and furthermore, the trend 
to lower Cl/K with higher K2O/TiO2 suggests that crustal 
contamination occurred before crystallisation of olivine 
as in the case of Parícutin c.f. Rowe et al. (2011b). There-
fore, although the isotopic signature of granite xenoliths is 
similar to that of Chilean trench sediment (see Fig. 5a) we 
favour crustal contamination [c.f. Volcán Llaima, (Reubi 
et  al. 2011) and Volcán Mocho-Choshuenco (McMillan 
et  al. 1989)] rather than influence of sediments from the 
slab at Huililco as the latter is unlikely to be recorded in 
olivine phenocrysts. The effect of assimilation on compo-
sitions may in fact be significantly larger, as we note that 
the lava samples show far stronger indicators of crustal 
contamination compared to the scoria (see labelled samples 
in Figs. 2h and 3c). Villarrica melt inclusion literature data 
fall into two groups on these figures: one which is partially 
degassed (low K2O, S and Cl/K) and one which trends in 
the same direction as Huililco/Parícutin, which suggests 



Contrib Mineral Petrol (2017) 172:44	

1 3

Page 21 of 26  44

that at least some of the melts involved in the petrogenesis 
of Villarrica may have been crustally contaminated. This 
is also supported by some Villarrica samples lying along a 
negative trend in Cr vs. Zr—similar to data from Huililco—
indicating assimilation of crustal (granitic) rocks (Fig. 8a).

When the Chilean CSVZ data are looked at in closer 
detail in Cl/K vs. K2O/TiO2, it can be seen that Huililco 
has a similar trend to stratovolcano inclusion values for 
volcanic suites where contamination is documented as hav-
ing taken place: Llaima inclusions occupy a large area, but 
with a general negative trend which tapers towards Huil-
ilco values. It was proposed by Reubi et al. (2011) that the 
magmas ascending beneath this centre were assimilating 
the plutonic roots of the complex, leading to dilution of 
U-series isotopic signals; equilibrium U-Th ratios in some 
of the Pucón SECs could thus be achieved by assimila-
tion of the basement granites in the same way. This could 
suggest that Huililco and Huelemolle initially displayed 
small Th-excesses like their neighbours La Barda and 
Caburgua, which appear to have a far smaller crustal influ-
ence. The fact that Huelemolle and Huililco lie on a trend 
between secular equilibrium and Caburgua in 87Sr/86Sr vs. 
(238U/230Th) rather than towards the elevated (238U/230Th) 
values of San Jorge and Villarrica may support this 
(Fig. 5f). Melt inclusion analyses from Volcán Mocho-Cho-
shuenco follow an excellent mixing line in Cl/K vs. K2O/
TiO2 from the composition of Lonquimay melt inclusions 
to those from Huililco (Fig. 6e); this further strengthens the 
case for significant contamination by basement granitoids 
as these are present as partially melted xenoliths within 
its deposits (McMillan et al. 1989). Whole rock values of 
these lavas (from McMillan et al. 1989) additionally show 
a positive trend in SiO2 vs. K2O similar to Huililco whole 
rock and melt inclusion compositions (Fig. 6b).

Simple modelling between a less contaminated Huil-
ilco melt inclusion and bulk upper crust (using K2O, TiO2 
and Cl values given in Rudnick and Gao 2004, see Fig. 6 
caption) is performed and plotted on Fig. 6d. The mixing 
line produced explains well the trend seen in Huililco melt 
inclusions (and those from Mocho-Choshuenco (McMil-
lan et al. 1989) and Llaima (Bouvet de Maisonneuve et al. 
2012), see Fig. 1a for locations), however, the model pre-
dicts up to 50% assimilation. This percentage seems unre-
alistically large; however, two factors can be taken into 
account which are not portrayed by this simple model: 
(1) it has been shown in numerous examples that granites 
hosted in ascending magma are subject to disequilibrium 
melting whereby extreme trace element and isotopic com-
positions of partial melts can be obtained due to the selec-
tive fusion of some minerals over others, such as feldspars, 
(e.g. Grove et al. 1988; Knesel and Davidson 1999; McGee 
et al. 2015a; McLeod et al. 2012), which may explain the 
notable trend of the Huililco melt inclusion data to elevated 

K2O/TiO2 at lower Cl/K (Fig.  6d). This may be depend-
ent on, for example, the size and modal mineralogy of the 
xenolith, as well as the immersion time in the host magma 
(e.g. Shaw 2009). Support for this is that granite xenoliths 
at Mocho-Choshuenco are observed as being partially 
digested (McMillan et  al. 1989); and (2) assimilation is 
most likely not the only process occurring, as seen in the 
small amounts of fractional crystallisation of olivine crys-
tallisation occurring within the melt inclusions (see model 
lines on Fig.  6b). We have already shown that fractional 
crystallisation occurs concomitantly in Huelemolle and 
some Villarrica magmas, and we show in the following 
section that fluids are also involved in the petrogenesis of 
magma in this region, and in some centres this signal domi-
nates compositional characteristics.

The striking correlation between Sr/Th and Th/Ce 
(Fig.  8e) in Huelemolle samples is strongly indicative of 
crustal contamination, as is the similarity in Sr–Nd iso-
topic ratios to Huililco (Fig. 5a), and the elevated 87Sr/86Sr 
at similar SiO2 to Caburgua and La Barda in some Hue-
lemolle samples (Fig. 5b). However, the divergence of Hue-
lemolle compositions to higher (230Th/232Th) at 87Sr/86Sr 
ratios similar to San Jorge, Villarrica and Huililco (e.g. 
Hawkesworth et  al. 1997) (Fig. 5e) is evidence that these 
magmas contain an old component which has evolved to 
high (230Th/232Th) ratios (e.g. Reubi et al. 2011); this com-
ponent is not noticeably involved in the genesis of the other 
SECs or Villarrica. Despite the similarity of Sr–Nd isotopic 
composition of Chilean trench sediment (Lucassen et  al. 
2010) and granitic xenoliths from Mocho-Choschuenco 
(McMillan et al. 1989) (Fig. 5a), ratios of Th/La and Sm/
La for Huelemolle—which are expected to be enriched in 
sediments (c.f. Plank 2005)—are the lowest in the SVZ, 
which is evidence against incorporation of trench sediment 
being the explanation for this component and instead sug-
gests that it is something quite different.

Interaction between large scale tectonics and small 
scale volcanism

The composition of the individual SECs provides insights 
into the petrogenesis of the whole magmatic system in this 
area and highlights important interconnections with local 
tectonics and longer-lived magmatic systems.

Connection to the Liquiñe Ofqui fault system and the 
prevalence of decompression melting

Caburgua, La Barda and Huelemolle show a clear sub-
duction influence in their trace element compositions 
(Fig.  4a) yet lie on the equiline and partially into the 
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field of Th-excess (Fig. 5b), where U-excess is expected 
due to the fluid mobility of U. As shown from the REE 
modelling (Fig. 9), we do not invoke a large influence of 
residual garnet which could explain a slight Th-excess. 
Instead, this suggests the overlapping of the melting sig-
nature caused by fluid flux from the slab by a decompres-
sion melting signal probably due to the tectonic control 
of the LOFS in SECs aligned with this feature. This could 
mean that U-Th isotopic signatures indicative of decom-
pression melting become more dominant than those 
caused by fluids, perhaps in transient episodes of stress 
drop. Of all the SECs studied here, La Barda and Cabur-
gua show the greatest compositional similarity. This is 
likely to be due to their position on the LOFS (Figs.  1, 
7) as the secondary permeability provided by this fault 
system (e.g. Sánchez et al. 2013) allows repeated magma 
ascent through the main and secondary faults during a 
single eruptive episode, which could result in geochemi-
cal overprinting and a certain degree of homogenisation. 
Their lack of evidence of crustal processing (crystallisa-
tion or assimilation) is further support of this.

In their melt inclusion study of monogenetic and stra-
tovolcanoes of the SVZ Wehrmann et al. (2014) observed 
that compositions within monogenetic rocks aligned with 
the LOFS are less degassed and have higher volatile con-
tents (Cl and S), suggesting faster magma ascent of less 
evolved magmas than those feeding stratovolcanoes. This 
matches with the Pucón SECs from the present study, as 
although only Caburgua melt inclusions extend to the 
range seen in S, it is the only one in our melt inclusion 
dataset aligned with the LOFS (Fig.  7). Interestingly, S 
contents within olivine-hosted melt inclusions from the 
intraplate but rift-related Chaîne de Puys volcanic field in 
the Massif Central also extend to values beyond sulphide 
saturation (up to 1800 ppm, Jannot et al. 2005) suggest-
ing that in general magmas may be generated under more 
oxidized conditions or from more fertile sources (c.f. 
Rowe et al. 2009) than those that are fluid-enriched (such 
as San Jorge) or contaminated (such as Huililco), and 
that this may be related to the potentially decompression-
driven melting regime.

Eight samples from four of the SECs were analysed 
for major and trace element content and Sr–Nd–Pb iso-
topes by Hickey-Vargas et al. (1989) as part of a study of 
the chain of stratovolcanoes, and expanded on with the 
addition of uranium- (U-) series and 10Be/9Be isotopes 
and further Sr–Nd–Pb isotopes for Villarrica volcano 
and six of the SECs (Hickey-Vargas et  al. 2002, 2016). 
In the latter studies it was suggested that several of these 
SECs had incorporated ancient subduction-related basalts 
(pyroxenitised), and that this was distinct from the man-
tle source of San Jorge SEC and Villarrica. It was sug-
gested by Hickey-Vargas et  al. (2002, 2016) that the 

movement on the LOFS allowed the incorporation of 
this pyroxenite from previous subduction. We agree that 
Huelemolle magmas contain a unique component which 
may be stored on timescales longer than the U-Th decay. 
Although this can explain the trace element characteris-
tics which are distinct from the other SECs (e.g. low Th/
La Fig. 8f) and elevated (230Th/232Th) ratios (Fig. 5c, e) 
observed in these samples, we do not see evidence of this 
in other LOFS centres from the Pucón area, and do not 
attribute the equilibrium U-Th values of Huililco to this 
same component.

Connections to the stratovolcanoes Villarrica 
and Quetrupillán: Fluid‑flux melting vs. crustal 
contamination

Although in Sect. 6.2.1 we negate a parental link between 
San Jorge and the other SECs, we observe similarities in 
the composition of the former with the stratovolcano Vil-
larrica, in particular in its distinctive FME/HFSE ratios 
(Fig.  4) and its Sr–Nd isotopic content (Fig.  5). Major 
element compositions of Villarrica lavas in general lie 
along olivine crystallisation trajectories from San Jorge 
compositions (Fig. 2), although lower TiO2 and alkali ele-
ment concentrations in the latter suggest that this source 
may be more depleted than that of Villarrica, or that the 
latter may simply be a dilute, less extreme version of San 
Jorge-type melts due to longer-term evolution in a stable 
magma reservoir (e.g. Morgado et  al. 2015). The nota-
ble resemblance of the two compositions, however, sug-
gests that the Villarrica mantle source has experienced a 
similar fluid-enrichment process as San Jorge. High FME 
concentrations in Villarrica and Llaima are suggested 
by Wehrmann et  al. (2014) to result from the subduc-
tion and subsequent water release from lower oceanic 
crust which became hydrated due to seawater infiltration 
at the Valdivia Fracture Zone, a structural feature which 
coincides with these stratovolcanoes. A fluid-enriched, 
depleted source has also been identified under other SVZ 
volcanoes such as Lonquimay, which has olivine-hosted 
melt inclusion compositions similar to those of San 
Jorge (Fig. 6e). The San Jorge melting regime may have 
exploited a particularly fluid-enriched part of this which 
ascended rapidly, limiting the interaction with basement 
rocks or encouraging stalling of the magma body.

We note that melt inclusion and whole rock composi-
tions of Villarrica literature data fall into two groups: one 
has more degassed melt inclusion compositions and the 
other has melt inclusion compositions that are not degassed, 
lie towards the same trend as Huililco (Fig.  6) and show 
some trace element evidence of contamination by basement 
granite (Fig. 8d, e). It was noted in a previous melt inclu-
sion study of historic Villarrica eruptions by Witter et  al. 
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(2004) that the majority of the magma was degassed and 
that this was probably due to the presence of a lava lake 
(still present in 2016). As U-Th isotopes are only availa-
ble from the most recent eruptions of Villarrica (this study 
and Sigmarsson et al. 2002), it is not known how much this 
open system behaviour affects the isotopic disequilibria 
(c.f. Hughes and Hawkesworth 1999). However, the pres-
ence of a population of undegassed inclusions and some 
evidence of crustal contamination shows the likelihood that 
some closed system processes occur, and that these may be 
similar to those affecting the smaller melting events which 
give rise to the SECs.

The crustal contamination modelled for the Huililco 
magmas hints towards a different type of SEC-stratovol-
cano connection to that of San Jorge and Villarrica. The 
fact that sufficient heat was available for assimilation to 
occur and be recorded as contaminated melts within oli-
vine crystals (i.e. before any fractional crystallisation took 
place) suggests that Huililco—despite being an isolated 
SEC—may be connected to one of the larger magmatic 
systems, such as that of nearby Quetrupillán stratovolcano 
(Fig. 1) with which it shares the same Sr–Nd isotopic com-
position (Fig. 5a). The lower Fo# olivines which are out of 
equilibrium with the Huililco whole rock composition are 
further evidence of this (“Olivine and olivine-hosted melt 
inclusion analyses”), and this hypothesis also explains the 
presence of plagioclase crystals with disequilibrium tex-
tures (Sect.  4), a feature which is not observed in rocks 
from the other SECs.

The scale of heterogeneity: arc‑scale implications 
from small‑volume basalts

Detailed study of the Pucón magmatic system using a com-
bination of published isotopic data and new whole rock 
major and trace element, U-Th isotopic and olivine-hosted 
melt inclusion has shown important compositional varia-
tions linked to competing regional magmatic and tectonic 
controls. Despite being produced from a similar source 
we show that individual SEC compositions are the result 
of varying deep and shallow processes. Those aligned with 
a large scale strike-slip fault show evidence of ascend-
ing by decompression melting (La Barda and Caburgua), 
whilst other, isolated, centres are variably affected by crus-
tal contamination prior to olivine crystallisation (Huililco) 
and fluid input from the subducting slab which aided more 
extensive melting and rapid ascent (San Jorge).

The distinct compositional signatures of San Jorge and 
Huililco despite their proximity to each other and almost 
equal distance from the arc front shows that a general 
model of compositional changes across the arc cannot be 
applied to the Pucón system, or that such models cannot 

be applied to large datasets over small areas. We also show 
that connections between SECs and stratovolcanoes are not 
predictable: San Jorge and Villarrica may share the same 
source component and behaviour, whilst Quetrupillán and 
Huililco may share a plumbing system or magmatic history.

We have shown that compositions of mafic material 
erupted in SECs represent snapshots in time of mantle and 
crustal processes, which may be overprinted in larger vol-
canic systems or simply missed by under-sampling. Their 
heterogeneity also provides evidence for the isolation 
of small volume, short duration melting events and their 
ascent paths (McGee et al. 2015b; Rasoazanamparany et al. 
2015; Watt et  al. 2013), even if they do not rise rapidly 
from the mantle (as must be the case for the contaminated 
compositions of Huililco). The differences in major and 
trace element compositions highlighted in several centres 
within individual eruption sequences also shows that heter-
ogeneity is observed on the scale of a single melting event 
and possibly during ascent of the resultant magma batch. 
Further in-depth studies of individual sequences will be 
required to quantitatively ascertain on what timescale these 
may occur.

Compositional heterogeneity occurs at a variety of 
depths: from the initiating of melting by fluid and sediment 
input to the mantle wedge, decompression melting caused 
by large tectonic structures, to crustal contamination prior 
to crystal fractionation. A notable observation is that in 
most geochemical parameters the heterogeneity seen in the 
Pucón region is present in the whole of the SVZ of Chile, 
in monogenetic or polygenetic volcanoes. This is seen 
in the SVZ-wide data plotted in Fig.  5 (Sr–Nd isotopes), 
Fig. 6 (melt inclusions) and Fig. 8 (trace elements), where 
the data mirror the ‘end-members’ investigated in the pre-
sent study. Therefore, small eruptive centres are an effec-
tive probe of deep (source related) and shallow processes 
which are occurring on a larger, regional scale, and our 
approach combining several geochemical techniques has 
been effective in identifying these details.

We suggest that the smaller the magma batch, the greater 
the possibility of preserving details of the melting event. The 
fact that such a variety in geochemistry is observed for the 
Pucón area lies in the design of our study in selecting small 
eruptive centres rather than focussing on stratovolcanoes. 
Clearly there is a threshold size whereby above this limit 
certain geochemical signals are overprinted or homogenised 
(c.f. McGee et al. 2015b). Villarrica is an excellent example 
of this: detailed study of this small area has identified that 
this longer-lived, active stratovolcano has genetic similarities 
to the SEC San Jorge, although its distinctive depleted, fluid-
enriched signal (seen in (238U/232Th) Fig. 5c, f, and Dy/Dy* 
vs. Dy/Yb, Fig. 8a) has been modified by fractional crystal-
lisation (Fig.  2) and limited crustal contamination (seen in 
melt inclusions analyses of K2O vs. SiO2 and Cl/K vs. K2O/
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TiO2, Fig. 6b and d, and trace element modelling, Fig. 8d, 
e). In this way, understanding the genesis of small volume 
volcanoes in arcs provides us with vital information on how 
larger, long-lived volcanic systems form and evolve.
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