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Abstract. Lascar volcano, located in northern Chile, is among the most active volcanoes of the Andean Central
Volcanic Zone (CVZ). Its activity culminated in the last major explosive eruption in April 1993. Lascar andesites
which erupted in April 1993 have a phase assemblage composed of plagioclase, clinopyroxene, orthopyroxene,
Fe–Ti oxides, and rhyolitic glass. To better constrain storage conditions and mechanisms of magmatic differenti-
ation for andesitic magmas in a thick continental crust, crystallization experiments were performed in internally
heated pressure vessels at 300 and 500 MPa, in the temperature (T ) range of 900–1050 °C, at various water
activities (aH2O) and oxygen fugacities (logfO2 between QFM+1.5 and QFM+3.3 at aH2O = 1; QFM is
quartz–fayalite–magnetite oxygen buffer). The comparison of experimental products with natural phase assem-
blages, phase compositions, and whole-rock compositions was used to estimate magma storage conditions and
to reconstruct the magma plumbing system.

We estimate that Lascar two-pyroxene andesitic magmas were stored at 975± 25 °C, 300± 50 MPa, and
logfO2 of QFM+1.5± 0.5, under H2O-undersaturated conditions with 2.5 wt % to 4.5 wt % H2O in the melt.
The geochemical characteristics of the entire suite of Lascar volcanics indicates that a fractionating magmatic
system located at a depth of 10–13 km is periodically replenished with less evolved magma. Some eruptive stages
were dominated by volcanic products resulting most probably from the mixing of a mafic andesitic magma with
a felsic component, whereas compositional variations in other eruptive stages are better explained by crystal
fractionation processes. The relative importance of these two mechanisms (mixing vs. crystal fractionation) may
be related to the amount and frequency of magma recharge in the reservoir.

1 Introduction

The products of major volcanic eruptions related to subduc-
tion zone settings are the object of a considerable number
of studies to understand storage and migration of magma in
the continental crust. One of the most important contribu-
tions of petrology and geochemistry is to define the struc-
ture of the plumbing system and to establish the role and
timescale of magmatic processes such as fractional crystal-

lization, magma mixing, crustal contamination, and magma
recharge.

In continental-arc settings, primary mafic magmas are as-
sumed to be generated in the mantle wedge (e.g., Davies
and Stevenson, 1992). Well-studied volcanoes in this tec-
tonic environment have a complex magma plumbing system
with reservoirs located at various depths. For example, petro-
logical data for Mount St. Helens indicate that the primi-
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tive magma is emplaced in a crustal reservoir at depths of
7–14 km, feeding in this case the eruption of 18 May 1980.
All subsequent dome-building eruptions from 1981 to 1986
tapped magma stored at a shallower depth of less than
4.5 km, suggesting a close relationship with a deeper-seated
reservoir feeding this shallow magma reservoir (Cashman,
1992; Blundy and Cashman, 2005).

These well-studied examples and many other continental-
arc volcanoes are seated in a crust with a typical thickness of
∼ 30 km. Comparatively, the continental crust in the central
Andes can reach more than 2 times the thickness of a “typi-
cal” continental crust. The main cause for the rise of the An-
des is the compression of the western South American plate
due to the subduction of the Nazca plate, leading to maxi-
mum crustal thicknesses of 70–74 km under the Cordillera
Oriental and Cordillera Occidental (Beck et al., 1996). In
such environments, the geochemistry of volcanic rocks de-
pends highly on variations in the subduction style and on the
location of magma reservoirs in the crust. Variations along
the subduction zones are primarily related to the buoyancy
of the submerging oceanic crust (Gutscher, 2002). Within
the regions of steep subduction (angles of ∼ 30°), such as
at the trench of the Central Volcanic Zone (CVZ), primary
melts may form not only in the mantle wedge but also as
a result of the dehydration of the subducting oceanic plate,
resulting in different geochemical signatures. The depth of
magma reservoirs at which differentiation occurs also con-
trols the geochemical characteristics of volcanic systems. A
key phenomenon in a thick continental crust is that garnet
becomes a stable phase in the mineral assemblage of mag-
mas at the expense of plagioclase (Hildreth and Moorbath,
1988; Müntener et al., 2001; Lee et al., 2006). The pres-
ence of garnet (as well as amphibole and plagioclase) af-
fects the trace element signature of magmas generated in the
lower part of a thick continental crust (e.g., McMillan et al.,
1993). These processes are recorded by the rare earth element
(REE) distribution and especially by Sr /Y and Sm /Yb ra-
tios (e.g., Haschke et al., 2002; Mamani et al., 2010), since
Sr and Sm are preferentially incorporated into plagioclase
(Drake and Weill, 1975) and Y and Yb are incorporated into
garnet (Shimizu and Kushiro, 1975; Green et al., 1989). Low
Sr /Y and Sm /Yb ratios are indicative of the presence of
plagioclase and absence of garnet during magma genesis and
differentiation. Thus, these particular geochemical signatures
are crucial to determine the level of stagnation of magmas at
different crustal reservoir levels and may also be an indicator
of the degree of crustal contamination undergone by magmas
ascending from the mantle wedge.

Along the CVZ, most volcanic rocks have a typical
trace element signature of magmas that were in equilib-
rium with garnet-bearing systems, indicating a differentia-
tion and magma storage in deep levels of the crust. Among
the Quaternary eruptives from the CVZ, Lascar and the
Lazufre volcanic system represent two exceptions with very
low Sm /Yb and Sr /Y ratios (Mamani et al., 2010; Sm /Yb

of ∼ 2 and Sr /Y of ∼ 25 for Lascar), indicating that the
magma plumbing system may differ from other volcanoes.
Lascar’s low Sr /Y and Sm /Yb ratios may imply a shal-
low level of differentiation, meaning that mafic melts from
the mantle wedge migrated through the thick crust (∼ 70 km)
without major stagnation periods in deep crustal zones. Mag-
netotelluric and seismic surveys have confirmed the exis-
tence of a broad conductive zone characterized by seismic
velocity at depths of ∼ 20–40 km (Brasse et al., 2002), but
no magmatic reservoirs could be clearly detected directly
beneath Lascar, neither with magnetotellurics and three-
dimensional modeling (Díaz et al., 2012) nor with broadband
seismic monitoring (Gaete et al., 2019). Both approaches
were not able to reveal evidence of a major magma chamber
at depths of 6 km or below and were only able to detect hy-
drothermal systems. Therefore, the structure and the tempo-
ral and spatial evolution of Lascar’s magmatic plumbing sys-
tem are still not well understood. Based on thermobarometry,
the depth of the deepest magma reservoirs feeding the 1986–
1993 eruptive products were estimated to be 15 to 29 km (Ro-
bidoux et al., 2020). However, the applied thermobarometers
were mainly mineral–liquid pairs, which should be treated
with caution due to potential disequilibrium caused by mod-
ifications of melt compositions during ascent and crystal-
lization of microlites. Robidoux et al. (2020) also reported
disequilibria between minerals and liquid. This probably ex-
plains the extremely high temperatures estimated by Ro-
bidoux et al. (2020), which range between 1070 and 1180 °C.
This mineral–liquid disequilibrium is also expected to af-
fect the estimated pressure. Thus, other approaches based on
mineral–mineral thermobarometry and phase equilibria stud-
ies are necessary to better constrain magma storage condi-
tions.

The aim of this study is (1) to constrain the current depth of
magma storage region(s) beneath Lascar volcano and (2) to
identify pre-eruptive magmatic processes occurring within
the magma plumbing system. Magma storage conditions
were determined from the investigations of the chemistry
of natural-rock samples (bulk-rock and mineral chemistry)
and thermobarometric calculations using mineral pairs. The
geochemical analyses are complemented by phase equilibria
studies of a typical andesite which erupted in the recent 1993
eruption (experimental conditions of 900–1050 °C and 300–
500 MPa). The influence of oxygen fugacity was tested by
conducting experiments at moderately reducing conditions
(QFM+1.5, quartz–fayalite–magnetite oxygen buffer) and at
relatively oxidizing conditions (QFM+3.3).

2 Evolution of Lascar volcano

Lascar volcano is located at 23°22′ S, 67°41′W in the re-
gion of Antofagasta in northern Chile, east of the Salar de
Atacama and to the northeast of Laguna Lejía, and lies di-
rectly between the Altiplano and Puna plateaus. Lascar is the
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most active volcano of the Andean Central Volcanic Zone.
Its historic activity has been recorded since 1848, which
is characterized by continuous fumarolic emissions in the
form of a steam and SO2 column, typically 1 km high, with
intermitted short-lived volcanic explosions (Gardeweg and
Medina, 1994) and occasional sub-Plinian eruptions, like the
one in April 1993. The volcanic body consists of two con-
joined truncated cones with three ENE–WSW-aligned sum-
mit craters and several minor craters. The active center has
migrated from east to west, before switching back to the east
at ∼ 7 ka (Calder et al., 2000). Lascar volcanic rocks cover
the compositional range from basaltic andesites to dacites
(Mamani et al., 2010). The evolution of the volcano can be
subdivided in four major stages as described in detail by
Gardeweg et al. (1998). A brief summary of this evolution
is given here as a background for the interpretation of the
experimental and analytical results.

The volcanic activity started before the last glacial maxi-
mum but less than 50 kyr ago. Stage I began less than 43 kyr
ago with the eruption of blocky two-pyroxene andesitic lava
and three small-volume, coarse-grained pyroclastic flow de-
posits building a stratocone on the eastern side of the present
location. Ejecta from younger andesitic pyroclastic flow de-
posits from Stage I contain dacitic xenoliths.

Stage II (> 26.5–22.3 kyr ago) activity is characterized by
a migration of the active center to the west of the Stage I
stratocone and the development of a silicic andesite dome
complex, which has been widely destroyed. This unit, named
Piedras Grandes, consists of large blocks of andesites with
amphibole phenocrysts set in a welded ashy matrix. The
Piedras Grandes unit is followed by the Soncor eruption
(26.45± 0.5 kyr ago, dated by radio carbon geochronol-
ogy; Gardeweg et al., 1998), the largest explosive eruption
of the volcano, which produced 10–15 km3 of amphibole-
bearing andesitic-to-dacitic pyroclastic flow deposits and
large Plinian fallout deposits.

Stage III (22.3–9.3 kyr ago) began with the formation of
the andesitic and dacitic stratocone on the western side of
the recent location overlaying the Soncor eruption vent. This
western cone is composed of thick porphyritic, amphibole-
free silicic-andesite-to-dacite lavas and small andesite scoria
flow deposits.

Finally, Stage IV began 9.2 kyr ago with the Tumbre an-
desitic pumice fall and scoria flow eruption, shifting the ac-
tive center again eastwards to the currently active part of the
volcano. The deposits of this eruption consist of moderately
vesicular basaltic-andesite-to-andesitic scoria clasts and vol-
canic bombs, which are exposed on the northwest and west of
the volcano. The most significant eruption from Stage IV was
the amphibole-bearing Tumbre–Talabre lava (7.1 kyr ago),
which extends 8 km to the northwest of the volcano. This
andesitic blocky lava flow was truncated by the formation of
the first of three deep collapse craters that document a pro-
gressive westward migration of the active volcanic center.

Since 1984 the activity of the volcano has been inten-
sively monitored and described as a new eruptive phase with
four recurring periodic cycles (3–4 years), summarized by
Matthews et al. (1997). Cycles involve growth and subsi-
dence of lava domes and the crater system, followed by
explosive events in September 1986 and February 1990,
with the last major explosive eruption occurring on 18–
20 April 1993, which generated an eruption column of 5–
2 km height and pyroclastic flows reaching up to 9 km from
the vent on the northwestern side of the volcano. The overall
1993 eruption produced more than 0.1 km3 of volcanic ma-
terial (Matthews et al., 1997). Numerous smaller eruptions
occurred after 1993 and are listed by Tassi et al. (2009) and
Gaete et al. (2020). Presently the activity of Lascar volcano
is restricted to a permanent, sustained plume that is fed by
the fumarolic field in the active crater (Tassi et al., 2009). As
of today, the last eruption occurred on 10 December 2022.

3 Natural samples and melt inclusions

3.1 Bulk-rock compositions

Twenty-five rock samples were used to characterize the four
stages of Lascar eruptive history (Fig. 1, Table 1). The sam-
pled materials are representative of lava flows as well as of
different types of pyroclastic rocks. Major element and trace
element concentrations were determined by XRF and induc-
tively coupled plasma mass spectrometry (ICP-MS) analy-
ses. The major element compositions are listed in Table 1.
The trace element concentrations and details on analytical
methods can be found in the Supplement provided by Ma-
mani et al. (2010).

Compositions of the samples vary from medium-K
andesites (55.6 wt % SiO2, 5.4 wt % MgO) to dacites
(65.2 wt % SiO2, 2.6 wt % MgO). As shown in the binary
diagrams in Fig. 2, only Stage II covers the whole range
of compositions between the most primitive and the most
evolved end-members. The Stage I rocks have SiO2 contents
between ∼ 58 wt % and 62 wt % (Fig. 2) and MgO contents
between 4.8 wt % and 2.3 wt %, respectively. Eruptive mate-
rials from Stage II (this study and a large number of samples
collected by Matthews et al., 1999) cover the largest SiO2
and MgO range. To our knowledge, the most primitive mate-
rial collected from Lascar (lowest SiO2 content of∼ 56 wt %,
5.5 wt % MgO to 6 wt % MgO) was erupted during Stage II
(only few samples) and especially during Stage III. These
MgO-rich samples from Stage III, named Manquez agglu-
tinate (Gardeweg et al., 1998), are interpreted as the late
phase of the Tumbre eruption or may be associated with
the late cone on the eastern margin of the western strato-
cone. Rocks from Stage IV have a relatively narrow compo-
sitional range between ∼ 58 wt % SiO2 and ∼ 61 wt % SiO2
(3.5 wt % MgO–5 wt % MgO).
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Table 1. Whole-rock major (determined by X-ray fluorescence, XRF) compositions of Lascar (Stage I to Stage IV) lavas. All iron is expressed
as FeOtotal.

Sample SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 Total Mg#

Stage I LAS07-01 60.97 0.71 17.62 5.07 0.10 2.49 5.84 3.95 1.96 0.24 98.94 0.47
LAS07-04 60.68 0.71 17.69 5.10 0.10 2.51 5.89 3.92 1.94 0.24 98.79 0.47
LAS07-05 60.40 0.71 17.85 5.10 0.10 2.50 5.96 3.93 1.89 0.24 98.68 0.47
LAS07-06 60.57 0.71 17.66 5.07 0.10 2.51 5.83 3.93 1.94 0.25 98.57 0.47
LAS07-14 57.39 0.85 16.61 6.29 0.11 4.72 6.91 3.62 1.49 0.24 98.23 0.57
LAS07-16 56.86 0.96 17.06 6.67 0.11 3.96 7.14 3.38 1.50 0.24 97.87 0.51
LAS07-17 60.77 0.71 17.66 4.98 0.10 2.44 5.79 3.94 1.96 0.24 98.58 0.47

Stage II LAS07-02 61.50 0.66 16.34 5.01 0.10 2.84 5.24 3.59 2.26 0.21 97.75 0.50
LAS07-03 61.65 0.69 16.16 5.27 0.10 2.95 5.25 3.58 2.26 0.21 98.12 0.50
LAS07-18A 63.84 0.62 15.78 4.40 0.09 2.53 4.39 3.28 2.35 0.18 97.45 0.51
LAS07-18B 60.96 0.73 16.15 5.25 0.10 3.42 5.06 3.03 2.01 0.21 96.91 0.54

Stage III LAS07-11 56.87 0.94 17.01 7.06 0.12 4.27 6.90 3.62 1.54 0.24 98.57 0.52
LAS07-12 55.29 0.83 16.64 7.17 0.13 5.32 7.76 3.43 1.18 0.23 97.98 0.57
LAS07-13 55.86 0.84 17.08 6.96 0.13 4.92 7.77 3.54 1.25 0.24 98.57 0.56
LAS07-15 63.97 0.55 16.47 4.37 0.09 1.88 4.44 3.72 2.73 0.22 98.44 0.43
LAS07-22 57.73 0.88 17.14 6.35 0.12 3.74 7.14 3.70 1.54 0.33 98.67 0.51
LAS07-28 59.22 0.72 16.74 5.79 0.11 3.52 6.04 3.55 1.85 0.22 97.75 0.52

Stage IV LAS07-07 58.02 0.85 17.22 6.19 0.12 3.68 7.17 3.73 1.55 0.32 98.85 0.51
LAS07-08 57.39 0.86 17.18 6.21 0.12 3.67 7.09 3.64 1.54 0.33 98.03 0.51
LAS07-20 59.35 0.72 16.70 5.93 0.11 3.83 6.37 3.47 1.87 0.19 98.54 0.54
LAS07-21 58.07 0.76 16.42 6.46 0.12 4.88 7.28 3.39 1.57 0.19 99.14 0.57
LAS07-23 58.43 0.75 16.33 6.34 0.12 4.65 7.04 3.38 1.66 0.19 98.90 0.57
LAS07-24 58.41 0.76 16.42 6.45 0.12 4.79 7.20 3.39 1.61 0.19 99.34 0.57
LAS07-25 59.71 0.73 16.42 5.73 0.11 3.50 5.97 3.48 1.99 0.20 97.83 0.52
LAS07-26 58.46 0.75 16.01 6.51 0.12 4.70 6.91 3.29 1.68 0.19 98.61 0.56

Figure 1. Simplified geological map of Lascar volcano and sample sites (drawn after satellite images and field observations).
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Figure 2. Major element composition of Lascar volcanic rocks from all four stages plotted against MgO. Also shown are detailed bulk-rock
data from Stage II from Matthews et al. (1999). All data points normalized to 100 %.
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3.2 Mineral abundances and compositions of Stage IV
volcanic rocks

In the following section, we focus on further investigations
of rocks from Stage IV (samples LAS07-23, LAS07-24,
LAS07-26, LAS07-07) to be able to make possible state-
ments about the current state of the magmatic system beneath
the volcano.

3.2.1 Modal proportions

A modal analysis of minerals (calculated on a bubble-free
basis) in three samples from the 1993 eruptive material (Ta-
ble 2; samples LAS07-23, LAS07-24, LAS07-26) and in one
older sample (LAS07-07; 7.1 kyr old) from Stage IV was
carried out by point counting on selected thin sections. The
minerals were determined with a step size of either 300 or
350 µm (two directions), resulting in a number of points rang-
ing from ∼ 6000 to ∼ 9000. Approximately 40 % by area of
the thin sections is composed of phenocrysts. Results given
in Table 2 show that plagioclase, followed by clinopyroxene
and orthopyroxene, composes the main mineral assemblage.
The proportion of plagioclase and pyroxene phenocrysts is
∼ 27 %–28 % and 7 %–14 %, respectively (surface area). The
oxide proportions can vary strongly from∼ 2.5 % up to 14 %
by area.

Additional minerals present in the natural rocks are acces-
sory apatite microphenocrysts, as well as very rare olivine
(< 0.1 % by area) in only a few samples. Millimeter-sized
patches of lithic clasts can be found in some thin sections.
Amphibole is not present as major phenocrysts in 1993
rocks but can be found with various breakdown textures in
two older samples from Stage IV (LAS07-07, LAS07-08;
Tumbre–Talabre lava, 7.1 kyr old, Table 2).

It is worth mentioning that the modal abundance of amphi-
bole in Lascar rocks (if present) is usually very small (max-
imum of 8 % by area calculated on a vesicle-free basis in
the Piedras Grandes unit). Samples of older eruptive stages
(Stage I to Stage III), in particular the Piedras Grandes and
Soncor eruptions (21.0 kyr), contain amphibole and biotite in
some dacitic products.

Amphibole phenocrysts are ragged and partially or wholly
replaced to pyroxene and Fe–Ti oxides (Matthews et al.,
1994, 1999).

3.2.2 Mineral compositions

Mineral compositions were determined by electron probe mi-
croanalyzer (EPMA; see analytical conditions below). Pla-
gioclases from the 1993 eruption have a wide range of anor-
thite contents between An37 and An80 but with a clear max-
imum between An50 and An65 (see Fig. S1 and Table S1
in the Supplement). Rarely sieve texture in corroded, par-
tially resorbed plagioclase cores can be observed. Ortho-
clase components in the analyzed plagioclases range be-
tween ∼ Or0.5 and ∼ Or4.5, with most of the composi-

tions having ∼ Or1.0. Pyroxenes from Stage IV have a rela-
tively narrow range of compositions. Orthopyroxenes are cli-
noenstatite with enstatite components between En62 to En83
and Wo (wollastonite) of < 5 and with typical Mg numbers
(Mg# = 100 Mg/(Mg+Fe), in mol %) in the range of 66–86.
Clinopyroxenes are all high-Ca augites with Mg# in the range
of 71–89. The enstatite component ranges from En39 to En53
with wollastonite values from Wo38 to Wo45. It can be ob-
served that pyroxenes from the lava flow samples (LAS07-
07) have a narrow compositional field with En and Wo val-
ues varying by less than 5 mol %, whereas samples from vol-
canic ejecta erupted in 1993 reveal the largest variation in py-
roxene end-member components (up to 20 mol %). In order
to check whether the clinopyroxenes exhibit strong chemical
zoning, we selected three representative crystals for each of
the samples LAS07-07, LAS07-23, and LAS07-26 and car-
ried out profile measurements on the microprobe. The re-
sults are listed in Table S9. Overall, the pyroxene profiles
show a variation in Mg# of less than ±5 mol % for each se-
lected crystal. Among the nine analyzed crystals, four had no
significant zoning with an average Mg# of ∼ 80. The other
five minerals show more compositional variations but with-
out systematics, except that the rims have always Mg# in the
range of 0.80–0.84. Some crystal cores have a higher Mg#
(up to 0.9), whereas one has a slightly lower Mg# (down
to ∼ 0.75). The different compositional zonings demonstrate
that there is most probably different populations of clinopy-
roxene in the magmas and that the clinopyroxenes have a
complex history and may originate from different magma
reservoirs (or different parts of one reservoir). However, the
identical rim compositions indicate that all the phase were
re-equilibrated with a common surrounding for a short du-
ration prior to eruption. The homogeneous rim composition
also allows us to apply two-pyroxene thermobarometry based
on the composition of the rims of pyroxene crystals.

Rims of adjacent orthopyroxenes and clinopyroxenes from
different types of volcanic ejecta were analyzed to deter-
mine temperatures (and pressures) of the last equilibration
using the model of Andersen et al. (1993) for temperature
(Fig. S2 and Table S2) and the model of Putirka (2008) to
estimate temperatures (Eq. 36) and pressures (Eq. 38) (see
Fig. 3 and Table S3). Most of the clinopyroxenes have Mg#
close to 0.8, which confirms the observation made in clinopy-
roxenes selected for compositional profiles (see above). In
addition, the Mg# number of the large majority of the co-
existing orthopyroxenes and clinopyroxenes differs by less
than ±2 mol %–3 mol %, indicating that they were close to
equilibrium with each other (see also Mg# of co-existing
pyroxenes obtained experimentally, Table S6). Temperatures
calculated after Andersen et al. (1993) give average val-
ues between 980 °C for a pumice sample (LAS07-26) and
1030 °C for an andesitic lava flow sample (LAS07-07). Aver-
age temperatures calculated with the model of Putirka (2008)
are between 940 °C and 1010 °C, with maximum values of
1050 °C. These values are significantly lower than those de-
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Table 2. Modal phase proportions in Lascar’s Stage IV rocks gained from point counting (recalculated on a bubble-free basis).

Sample LAS07-07: LAS07-23: LAS07-24: LAS07-26:
type Stage IV andesitic 1993 eruption – 1993 eruption – 1993 eruption –

lava flow grey andesitic bomb black pumice white pumice

Matrix 59.35 57.20 56.25 45.31
Plagioclase 28.68 27.68 26.29 27.02
Pyroxene 7.52 11.44 10.52 13.91
Oxides 2.91 2.48 6.94 13.76
Amphibole 1.55 0.00 0.00 0.00
Lithic clots 0.00 1.19 0.00 0.00

Total 100 100 100 100

Vesicularity (%) 2.8 7.9 35.3 53.4

termined by Robidoux et al. (2020) based on mineral–liquid
pairs. Most pressures determined using this model are be-
tween 200 and 550 MPa, with two frequency maxima around
300 and 500 MPa. Maximum determined pressures are up to
1 GPa. The P–T range is not identical for each sample. For
example, the pressures obtained from the white-pumice sam-
ple (P > 550 MPa; LAS07-20) are higher on average when
compared to pressures determined from the black-pumice
sample (mostly 200 to 400 MPa; LAS07-08). The bulk com-
positions of these two samples are not very different, but for
a similar MgO concentration (3.7 wt %–3.8 wt %) the SiO2
content is ∼ 2 wt % higher in the white pumice when com-
pared to the black pumice (Table 1). It can be noted that
pressures > 500 MPa were also estimated by Robidoux et
al. (2020). In general, most pyroxene pairs predicting high
pressures (> 500 MPa) have the lowest Mg# values (∼ 0.75–
0.74 for clinopyroxene), whereas a large population of pyrox-
enes predicting pressures between 200 and 400 MPa have a
higher Mg# (∼ 0.80–0.79 for clinopyroxene). Since the large
majority of pairs yield a low pressure range and since the
compositional profiles indicate that the high Mg# of ∼ 0.80
may result from a last re-equilibration, the low-Mg# py-
roxenes predicting higher pressures may be inherited from
deeper reservoirs and may not have been re-equilibrated in a
low-pressure reservoir prior to eruption.

Magnetite and an additional Ti-rich oxide phase are
present in the five investigated samples. Small oxides some-
times show exsolution lamellae, whereas large phases are
homogeneous. Only homogeneous phases were selected for
microprobe analyses, and oxide pairs used for oxythermo-
barometry were always in contact with each other. In two
investigated samples (LAS07-23 and LAS07-27) the Ti-rich
oxide phases contained ∼ 40 wt % TiO2 and are clearly il-
menite (Table S4). In samples LAS07-07, LAS07-08, and
LAS07-20, the TiO2 is lower, varying between ∼ 29 wt %
and 36 wt %. Strictly, this phase is not ilmenite, but it still
belongs to ilmenite–hematite series. In our samples, this
phase always coexists with magnetite. Oxygen fugacities
and temperatures were calculated according to the method

Figure 3. Pressure–temperature (P–T ) estimates for repre-
sentative Stage IV lavas. P –T estimates are obtained using
the orthopyroxene–clinopyroxene (Opx–Cpx) geothermobarometer
(Eq. 36 for T and Eq. 30 for P ) from Putirka (2008). Only results
which are in the Kd(Fe–Mg) (partition coefficient) confidence in-
terval (1.09± 0.14) recommended by Putirka (2008) are shown.

of Andersen (1985) and Andersen and Lindsley (1988),
applying the ILMAT scheme of Lepage (2003), and are
shown in Fig. 4 (see Table S4 for details). Magnetite and
ilmenite were checked for equilibrium using Mg–Mn par-
titioning criteria after Bacon and Hirschmann (1988), and
only assemblages with equilibrium compositions, low com-
positional variability, and the absence of exsolution lamellae
were used following the suggestions of Hou et al. (2020).
The calculated logfO2 is in a relatively narrow field, rang-
ing from ∼QFM+1 to QFM+2, with temperatures between
880 and 940 °C (QFM is quartz–fayalite–magnetite oxygen
buffer). Considering that only two samples (LAS07-23 and
LAS07-27) contain end-member ilmenite compositions, the
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calculated logfO2 values using ILMAT are probably the
most reliable for these samples, with values in the range of
∼QFM+1± 0.2. One of these samples was selected as star-
ing material for the experiments (LAS07-23).

In summary, the applied Opx–Cpx thermobarometers
yield results, which span a relatively large P–T range
(Fig. 3), although only data which are in the Kd(Fe–Mg)
confidence interval recommended by Putirka (2008; 1.09±
0.14) were selected. Therefore, an additional approach based
on the experimental determination of phase relationships at
known P , T , and fO2 values was applied. Although this ap-
proach is time-consuming, it offers the advantage of bracket-
ing the meltwater contents.

3.2.3 Melt inclusions and interstitial glass

The glass inclusions in phenocrysts of Lascar lavas and
pyroclastics of the 1993 eruption were analyzed in sam-
ple LAS07-26. Phenocrysts of plagioclase, orthopyroxene,
and clinopyroxene contain entrapped and well-preserved
melt inclusions (MIs). To avoid possible compositional ef-
fects due to formation of daughter crystals after entrapment
(e.g., Roedder, 1979), rock cylinders were drilled and treated
at a high temperature to re-homogenize melt inclusions
prior to analysis following the approach of Botcharnikov et
al. (2008b). Homogenization was performed at a pressure of
200 MPa using a drilled cylinder of the rock sample with a
diameter of 4 mm and a length of about 15 mm. The rock
cylinder was placed in an Au80Pd20 capsule and was heated
in an internally heated pressure vessel (IHPV) pressurized
with an Ar–H2 gas mixture (see description of the apparatus
below) at 1000 °C and 200 MPa for 40 min. A relatively low
temperature of 1000 °C and short run duration were chosen
to minimize a possible reaction between the host mineral and
the trapped melts. A reducing atmosphere in the IHPV was
generated to prevent the loss of H2 and therefore an oxida-
tion of the trapped melts (e.g., Sobolev and Danyushevsky,
1994). The capsule was left open to prevent the formation of
water inside the capsule at reducing conditions and to mini-
mize physical stress on the sample. After the homogenization
process, the samples were rapidly quenched with a rate of ap-
proximately 150 °C s−1. The rock cylinder was cut along the
axis to access as many melt inclusions as possible.

The composition of the glasses in the inclusions was ana-
lyzed by electron microprobe (analytical details are given in
Sect. 3). Major element compositions and volatile contents
are given in Table S5. The inclusions are dacitic to rhyolitic
in composition and more differentiated than the host bulk
rocks (Fig. 5) and are within the same compositional range
than determined by Robidoux et al. (2020). The SiO2 con-
tents range from 65 wt % to 78 wt %, and the composition
of the most evolved bulk-rock sample from Stage IV is al-
most identical to the least evolved melt inclusion (∼ 65 wt %
SiO2 and ∼ 1.9 wt % MgO). The plagioclase composition in
the vicinity of the MIs ranges from An55 to An74. The MIs in

plagioclase cover a relatively small compositional range with
70 wt %–75 wt % SiO2 and 0.2 wt % MgO–0.7 wt % MgO. In
contrast, compositions of glass inclusions in both clinopyrox-
ene and orthopyroxene cover a broader compositional range
from dacitic to rhyolitic glasses. MgO concentrations are typ-
ically low (0.1 wt %–2.0 wt %) and correlate negatively with
SiO2. This negative correlation is also observed for Al2O3,
FeOtot, and CaO. K2O is the only major oxide showing
a positive correlation with SiO2. The water concentrations
in MIs can be estimated from the “by-difference” method
(100 % – microprobe analytical total) and range from 0 to
∼ 3 wt % H2O. However, these estimations should be inter-
preted with caution because of possible water loss during
eruption and during the re-homogenization process. Sulfur
concentrations are low with a maximum of ∼ 260 µg g−1.
Chlorine concentrations in the melt inclusions range from
∼ 300 up to ∼ 1700 µg g−1. Fluorine concentrations are up
to ∼ 1500 µg g−1.

Interstitial quenched glasses of Stage IV eruptive material
(1993 eruption and older lavas) were analyzed in areas with
large interstitial melt pools (> 100 µm) in which no quench
phases could be detected (e.g., plagioclase). However, many
other melt pools in the same sample contained a high propor-
tion of microlites, mainly composed of plagioclase. Glasses
were measured several times to ensure the homogeneity of
the matrix. Analyzes of the natural glasses are given in Ta-
ble 3. The natural quenched glasses have higher SiO2 con-
tents and represent the most evolved glass compositions with
∼ 75 wt % SiO2–77 wt % SiO2 and 0.3 wt % MgO–0.05 wt %
MgO (Fig. 5). However, the compositions of the interstitial
glasses need to be interpreted with caution considering that
microlites were formed.

4 High-temperature, high-pressure phase
equilibrium experiments

4.1 Starting material

The natural andesite sample LAS07-26 (Stage IV, April
1993 eruption) was chosen as starting material for the phase
equilibrium experiments. This sample represents one of the
most primitive compositions found at Lascar volcano with
58.9 wt % SiO2 and 4.7 wt % MgO (Fig. 2). Rock fragments
were crushed and ground in a rotary swing mill. After 90 min
of melting in a Pt crucible at 1600 °C and 1 atm in a chamber
furnace, the resulting melt was quenched in a water bath and
the obtained glass was ground in an agate mortar. The ho-
mogeneity of the silicate glass was verified by electron mi-
croprobe (see analyses in Table 4). Two fractions with grain
sizes of < 100 and 100–200 µm were mixed together in a ra-
tio of 1 : 1 to decrease the free volume between grains.
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Figure 4. Oxythermobarometry of Stage IV Lascar volcanic rocks: log oxygen fugacity (log fO2) versus temperature, calculated from
magnetite–ilmenite (Mt–Ilm) equilibria (Stormer, 1983) using the ILMAT calculation sheet (Lepage, 2003). Oxygen buffer curves (NNO: Ni–
NiO, QFM: quartz–fayalite–magnetite) are taken from Frost (2018).

Table 3. Composition of Stage IV natural matrix glass.

Sample n SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O Total

Stage IV LAS07-07 16 76.74 0.78 10.97 0.90 0.03 0.05 0.24 2.91 5.22 97.84
(0.53) (0.08) (0.26) (0.17) (0.05) (0.05) (0.09) (0.42) (0.11) (0.57)

LAS07-23 20 75.76 0.62 12.16 2.21 0.06 0.29 0.84 3.63 4.54 100.13
(0.43) (0.04) (0.21) (0.16) (0.06) (0.05) (0.08) (0.22) (0.11) (0.45)

LAS07-26 17 76.87 0.56 11.81 1.67 0.04 0.21 0.80 3.28 4.61 99.87
(0.45) (0.04) (0.21) (0.13) (0.04) (0.06) (0.11) (0.25) (0.15) (0.65)

4.2 Experimental strategy

We conducted crystallization experiments in which the
andesite was equilibrated with H2O–CO2-bearing fluids
at 300 MPa and at two oxygen fugacities corresponding
to QFM+1.5 and QFM+3.3 at H2O-saturated conditions.
However, the prevailing redox conditions also depend on the
activity of H2O in the system (see below). In addition, exper-
iments at 500 MPa and QFM+1.5 for H2O-saturated samples
were conducted to evaluate a possible pressure effect on the
phase relations.

First-order constraints for the experimental conditions
were gained from the thermobarometric calculations using
the natural pyroxene pairs (Figs. 3 and S2). The temperature
of the experimental runs was varied from 900 to 1050 °C (in
either 25 or 50 °C intervals), which is within the range of
940–1020 °C indicated by natural pyroxene pairs. The pres-
sure range of 300 to 500 MPa is in agreement with estimates
using the model of Putirka (2008) as shown in Fig. 3. The
fO2 conditions chosen for the high-pressure experiments
were estimated using compositions of coexisting ilmenite–
magnetite pairs from different types of eruptive material
(Fig. 4).

4.3 Experimental technique

The experiments were conducted in Au capsules, which were
approximately 15 mm long (inner diameter of 2.6 mm). Dif-
ferent proportions of H2O and CO2 were added to 50 mg
of glass powder to vary the composition of the fluid phase
in our experiments. The total volatile content (CO2+H2O)
was kept at ∼ 12 wt % of the total charge. Silver oxalate
(Ag2C2O4) was used as a source of CO2. In order to inves-
tigate the role of water activity on phase assemblages, the
initial mole fraction of H2O (Xfl

H2Oini) in the fluid phase was
varied from an Xfl

H2Oini value of 0.0 (nominally dry, pure CO2
in the fluid) to 1.0 (water-saturated), as listed in Tables 5 to 6.
This large variation was necessary because no preliminary in-
dication of possible meltwater content in the Lascar magmas
was available. The amount of added volatiles was sufficient
to produce a free fluid phase in all experimental runs, which
was verified using the weight-loss method after opening the
capsules.

The experiments were conducted in an IHPV. Total pres-
sure (P ) was measured and recorded continuously with an
uncertainty of about 1 MPa using a strain gauge manometer.
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Figure 5. Composition of homogenized melt inclusions in plagioclase, orthopyroxene, and clinopyroxene. Compositions of natural bulk-rock
and residual matrix glass. All data points normalized to 100 %.
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Table 4. Experimental starting compositions of re-molten andesite in phase equilibrium experiments (sample LAS07-26).

SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O K2O P2O5 Total

58.41 0.75 15.80 6.63 0.13 4.81 6.82 3.44 1.67 0.19 98.63
(0.59) (0.04) (0.28) (0.24) (0.09) (0.21) (0.24) (0.23) (0.08) (0.07) (0.74)

The variations in pressure during the experiments were ≤
5 MPa. Temperature (T ) was measured with four unsheathed
S-type (Pt–Pt90Rh10) thermocouples over a length of about
35 mm, and temperature variations between the two sample
thermocouples were below 5 °C. The IHPV was pressurized
with an Ar–H2 gas mixture for the experiments at reduc-
ing conditions (QFM+1.5 at H2O-saturated conditions). Hy-
drogen diffuses through the gold inside the capsules, and at
700 °C osmotic equilibrium is reached within∼ 2 h (Schmidt
et al., 1995). To control the fH2 prevailing at high P and T ,
the IHPV is equipped with a Shaw membrane made of Pt
(a detailed description of the apparatus is given by Berndt
et al., 2002). The fugacity of H2 in the experimental runs
was chosen to ensure redox conditions close to QFM+1.5 in
the capsules at H2O-saturated conditions. The calculation of
fH2 at certain P –T conditions is based on the equations of
Schwab and Küstner (1981). Since fH2 and fO2 are linked
by the equilibrium reaction for water formation (H2+ 1/2
O2↔ H2O), the prevailing oxygen fugacity in the individual
capsules varied with aH2O in the melt. The calculated fO2
for each experiment is reported in Tables 5–7.

The experiments at oxidizing conditions were performed
in another IHPV pressurized with pure Ar gas providing
high intrinsic oxygen fugacity within the vessel (close to
QFM+3.3 at H2O-saturated conditions; Schuessler et al.,
2008). The fO2 at H2O-undersaturated conditions can be es-
timated using the relation logfOcapsule

2 = log fO2 (at aH2O
= 1) +2 log aH2O (e.g., Botcharnikov et al., 2005), where
aH2O is determined from the water concentration in the melt
following the model of Burnham (2015). The overall error
in the determination of the fO2 in each experiment is es-
timated to be ∼ 0.2 log units (Botcharnikov et al., 2005).
The duration of all experiments varied from 2 to 7 d, with
a longer duration at lower temperatures. After the experi-
ment, all capsules were rapidly quenched with a quench rate
of about 150 °C s−1.

4.4 Analytical methods

Analyses of the experimental products were performed with
a Cameca SX100 electron microprobe at the Abteilung
Mineralogie, Institut für Erdsystemwissenschaften (IESW),
Leibniz Universität Hannover. Residual glasses were mea-
sured with a 5–10 µm defocused beam; a 4 nA beam current;
and counting times of 4 s for Na and K, 20 s for P, and 8 s for
the other elements. In samples with a low melt fraction, the
microprobe beam was defocused as much as possible. No

significant alkali loss (within the uncertainty) was detected
using these analytical conditions.

Minerals were analyzed with a 15 kV focused beam, a
15 nA beam current, and counting times for major elements
of 10 s. Na and K were analyzed first to minimize alkali loss.
Phosphorous was analyzed at last with counting times of 20 s.
Multiple measurements were made for each phase within a
sample to minimize possible analytical errors and check for
homogeneity.

The by-difference method was applied to determine
the H2O concentration in the quenched experimental
glasses. To improve the quality of the by-difference tech-
nique, hydrous standard basaltic and andesitic glasses with
well-characterized water contents from 0.28 wt % H2O to
8.81 wt % H2O (glasses characterized by Botcharnikov et al.,
2006, and Shishkina et al., 2010) were analyzed with the
same EPMA setting. The results were used to establish a re-
lation between the by-difference value and the H2O concen-
trations of the standard glasses. As an example, a typical re-
lationship obtained for an analytical session is H2Ocorrected

Melt =

0.9984× H2Oby-difference
− 0.3024. The typical error using

this approach is estimated to be ±0.5 wt % H2O. To further
constrain the accurate determination of H2O contents in the
experimental glasses, samples above the liquidus were mea-
sured with Karl Fischer titration (KFT) (for a detailed de-
scription of the method, see Behrens et al., 1996). H2O con-
centrations measured with KFT (see Table S7) are in a good
agreement (±0.5 wt % H2O) with the corrected values ob-
tained by an EPMA.

5 Experimental results

5.1 Phase assemblages

The experimental conditions and the produced phase assem-
blages are given in Tables 5, 6, and 7. Detailed compositions
of minerals and glasses are listed in Table S6. The phase
compositions were used to calculate mineral proportions, us-
ing a least-square fit of the starting composition, based on
the mass balance residual program PETMIX (Wright and
Doherty, 1970). Calculated values (wt %) are given in Ta-
bles 5, 6, and 7, together with the sum of the squares of the
fit (6R2). Results of most fits were satisfying with 6R2 val-
ues around 0.5. Nevertheless, some fits produced poor 6R2

(> 0.7 to max 1.77) for experimental products with high
crystallinity or for experiments in which the compositions
of the individual phases could not be analyzed correctly. In
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Table 5. Conditions of phase equilibrium experiments at 300 MPa, QFM+1.5, and phase assemblage in experimental products.

Sample aH2O (±0.05) Log fO2 1QFM H2O in glass Phase assemblages 6R2

calc wt % (1σ ) (proportions)

1040 °C; 300 MPa; 72 h

Las-45 1.00 −8.47 +1.50 6.82 (0.53) Gl (100.0) –
Las-46 0.86 −8.77 +1.19 5.89 (0.56) Gl (98.4) Ol (1.6) 0.90
Las-47 0.55 −9.54 +0.43 4.46 (0.32) Gl (93.2) Cpx (2.7) Opx (4.1) 0.78
Las-48 0.85 −8.78 +1.18 2.52 (0.18) Gl (89.5) Cpx (4.5) Opx (6.0) Ilm∗ 0.68
Las-49 0.09 −11.51 −1.54 1.00 (0.41) Gl∗ Cpx∗ Opx∗ Ilm∗ –

1025 °C; 300 MPa; 72 h

Las-17 1.00 −8.26 +2.07 7.91 (0.37) Gl (95.2) Ol (4.8) 1.09
Las-18 0.88 −8.37 +1.96 5.23 (0.39) Gl (99.0) Cpx (0.1) Opx (0.9) 0.54
Las-16 0.63 −8.65 +1.67 4.47 (0.47) Gl (96.1) Cpx (0.6) Opx (3.3) 0.39
Las-19 0.85 −8.40 +1.93 3.50 (0.64) Gl Cpx∗ Opx Ilm∗ –
Las-20 0.11 −10.22 +0.11 2.02 (0.78) Gl∗ Cpx∗ Opx∗ Ilm∗ –

1000 °C; 300 MPa; 96 h

Las-30 1.00 −9.35 +1.35 7.71 (0.17) Gl (97.0) Ol (2.9) Cpx (0.1) 0.82
Las-31 0.81 −9.54 +1.16 7.60 (0.40) Gl (95.9) Ol (2.6) Cpx (1.5) 0.63
Las-32 0.79 −9.56 +1.14 7.51 (0.53) Gl (95.5) Ol (2.3) Cpx (2.2) 0.64
Las-33 0.72 −9.64 +1.06 4.73 (0.52) Gl (80.8) Cpx (19.0) Opx (0.2) 1.44
Las-34 0.13 −11.13 −0.42 0.73 (0.42) Gl∗ Cpx∗ Opx∗ Pl∗ Ilm∗ –

975 °C; 300 MPa; 144 h

Las-55 1.00 −10.60 +0.49 8.10 (0.43) Gl (91.9) Ol (3.4) Cpx (4.7) 0.60
Las-56 0.88 −10.71 +0.38 7.03 (0.23) Gl (89.5) Ol (4.5) Cpx (5.9) Opx (0.1) 0.95
Las-57 0.75 −10.85 +0.24 6.26 (0.20) Gl (83.0) Cpx (7.7) Opx (9.2) 0.57
Las-58 0.74 −10.85 +0.23 3.83 (0.49) Gl (58.3) Cpx (8.5) Opx (12.2) Pl (20.9) 0.71
Las-59 0.08 −12.55 −1.46 – Gl∗ Cpx∗ Opx∗ Pl∗ Ilm∗ –

950 °C; 300 MPa; 144 h

Las-35 1.00 −10.04 +1.46 7.46 (0.23) Gl (87.3) Cpx (5.3) Opx (3.9) Amp (3.1) Mt (0.3) 0.66
Las-36 0.89 −10.14 +1.36 7.14 (0.32) Gl (82.8) Cpx (7.0) Opx (4.8) Amp (1.5) Pl (3.7) Mt (0.2) 0.77
Las-37 0.74 −10.30 +1.20 6.19 (0.27) Gl (74.4) Cpx (9.2) Opx (6.9) Amp (2.8) Pl (6.6) Mt (0.1) 0.16
Las-38 0.62 −10.45 +1.05 5.77 (0.07) Gl (55.3) Cpx (10.9) Opx (10.9) Pl (22.3) Mt (0.6) 0.30
Las-39 0.11 −11.98 −0.48 – Gl∗ Cpx∗ Opx∗ Pl∗ Mt∗ –

925 °C; 300 MPa; 168 h

Las-65 1.00 −10.47 +1.45 7.86 (0.41) Gl (76.6) Cpx (0.1) Opx (0.7) Amp (22.1) Pl (0.3) Mt (0.3) 0.47
Las-66 0.87 −10.58 +1.34 6.18 (0.34) Gl (63.7) Cpx (4.9) Opx( 7.7) Amp (10.7) Pl (12.2) Mt (0.8) 0.45
Las-67 0.79 −10.67 +1.25 5.43 (0.26) Gl (53.1) Cpx (9.4) Opx (12.5) Amp (4.5) Pl (22.0) Mt (0.6) 0.92
Las-68 0.65 −10.84 +1.08 4.40 (0.25) Gl (46.0) Cpx (10.0) Opx (14.2) Pl (29.0) Mt (0.8) 0.61
Las-69 0.18 −11.94 −0.02 – Close to solidus –

900 °C; 300 MPa; 240 h

Las-60 1.00 −12.11 +0.25 8.05 (0.28) Gl (70.8) Amp (26.6) Pl (2.0) Mt (0.6) 0.63
Las-61 0.90 −12.20 +0.16 7.20 (0.23) Gl (64.7) Amp (28.6) Pl (6.3) Mt (0.4) 0.55
Las-62 0.78 −12.33 +0.03 5.01 (0.26) Gl (50.8) Cpx (3.5) Opx (4.5) Amp (22.4) Pl (18.6) Mt (0.1) 0.44
Las-63 0.60 −12.56 −0.20 4.19 (0.19) Gl (35.5) Cpx (11.8) Opx (13.6) Pl (38.2) Mt( 1.0) 0.65
Las-64 0.10 −14.16 −1.80 – Close to solidus –
∗ Phase composition is not determined.

experiments where proportions are not given in the table, one
or more phases were too small to be analyzed accurately with
an EPMA.

Major crystalline phases identified in all three experimen-
tal series include plagioclase (Pl), clinopyroxene (Cpx), or-
thopyroxene (Opx), amphibole (Amp), and magnetite (Mt).
Phases observed in minor amounts are olivine (Ol), apatite
(Ap), ilmenite (Ilm), and ulvöspinel (Usp). Figure 6 displays
representative backscattered electron (BSE) images of a typ-

ical experimental series obtained at 1040 °C and 300 MPa.
Experiments conducted at high T and/or with high H2O con-
tents in the melt have low crystal contents and a homoge-
neous distribution of the mineral phases throughout the glass
matrix. Crystals are generally euhedral in shape and show no
detectable compositional zoning, which is an indication for
equilibrium in our experimental products. Some of the exper-
imental products with high crystallinity have a heterogeneous
crystal distribution (e.g., at 900 °C), which is probably due to
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Table 6. Conditions of phase equilibrium experiments at 500 MPa, QFM+1.5, and phase assemblage in experimental products.

Sample aH2O (±0.05) Log fO2 1QFM H2O in glass Phase assemblages 6R2

calc wt % (1σ ) (proportions)

1050 °C; 500 MPa; 72 h

Las-5-6 1.00 −8.31 +1.52 9.40 (0.70) Gl (100.0) –
Las-5-7 0.81 −8.50 +1.33 7.86 (0.42) Gl (100.0) –
Las-5-8 0.27 −9.42 +0.40 4.79 (0.36) Gl (93.2) Cpx (3.9) Opx (2.9) 0.38
Las-5-9 0.59 −8.77 +1.06 3.60 (0.77) Gl (90.6) Cpx (6.4) Opx (3.0) Ilm∗ 0.41
Las-5-10 0.31 −9.32 +0.51 2.14 (0.66) Gl Cpx Opx∗ Ilm∗ –

1025 °C; 500 MPa; 72 h

Las-5-32 1.00 −8.31 +1.88 7.64 (0.61) Gl (100.0) –
Las-5-31 0.83 −8.47 +1.71 6.77 (0.43) Gl (93.6) Cpx (4.4) Opx (2.0) 0.75
Las-5-33 0.76 −8.54 +1.64 5.80 (0.58) Gl (91.8) Cpx (5.3) Opx (2.9) 0.57
Las-5-34 0.74 −8.57 +1.61 4.60 (0.58) Gl (86.8) Cpx (8.2) Opx (4.9) 0.37
Las-5-35 0.19 −9.74 +0.44 – Gl∗ Cpx∗ Opx∗ Pl∗ Ilm∗ –

1000 °C; 500 MPa; 96 h

Las-5-1 1.00 −8.82 +1.74 9.14 (0.36) Gl (100.0) –
Las-5-2 0.88 −8.93 +1.62 7.93 (0.42) Gl (94.0) Cpx (4.8) Opx (1.1) 0.61
Las-5-3 0.79 −9.02 +1.54 4.99 (0.27) Gl (86.6) Cpx (8.9) Opx (4.5) 0.77
Las-5-4 – – – 2.91 (0.53) Gl (71.6) Cpx (25.4) Opx (1.7) Ilm (1.4) 1.77
Las-5-5 0.15 −10.44 +0.11 – Gl∗ Cpx∗ Opx∗ Pl∗ Ilm∗ –

975 °C; 500 MPa; 120 h

Las-5-26 1.00 −9.01 +1.93 9.02 (0.37) Gl (92.4) Cpx (6.2) Opx (0.1) Mt (1.3) 0.65
Las-5-27 0.89 −9.11 +1.83 8.02 (0.55) Gl (90.3) Cpx (7.0) Opx (1.3) Mt (1.4) 0.76
Las-5-28 0.86 −9.14 +1.80 5.47 (0.33) Gl (82.3) Cpx (9.8) Opx (7.5) Mt (0.4) 0.24
Las-5-29 0.80 −9.19 +1.74 4.58 (0.34) Gl (65.5) Cpx (20.3) Opx (13.0) Mt (1.2) 0.28
Las-5-30 0.20 −10.43 +0.51 – Gl∗ Cpx∗ Opx∗ Pl∗ Ilm∗ –

950 °C; 500 MPa; 120 h

Las-5-12 1.00 −10.09 +1.26 6.96 (0.24) Gl (81.5) Cpx (0.3) Amp (17.7) Mt (0.5) 0.32
Las-5-13 0.88 −10.2 +1.14 4.36 (0.73) Gl (76.0) Cpx (5.1) Amp (18.6) Mt (0.3) 0.42
Las-5-11 0.78 −10.3 +1.04 3.06 (0.58) Gl (66.0) Cpx (6.0) Opx (3.1) Amp (16.3) Pl (8.0) Mt (0.5) 0.34
Las-5-14 0.69 −10.4 +0.94 2.62 (0.42) Gl (60,0) Cpx (6.9) Opx (6.9) Amp (12.5) Pl (14.1) Mt∗ 0.23
Las-5-15 0.18 −11.57 −0.22 – Close to solidus –

925 °C; 500 MPa; 144 h

Las-5-21 1.00 −10.38 +1.38 8.61 (0.46) Gl (77.3) Amp (21.7) Mt (1.1) 0.97
Las-5-22 0.94 −10.43 +1.33 6.26 (0.29) Gl (75.6) Amp (23.8) Mt (0.6) 0.66
Las-5-23 0.90 −10.47 +1.29 4.60 (0.48) Gl (63.9) Amp (28.5) Pl (7.2) Mt (0.4) 0.46
Las-5-24 0.80 −10.57 +1.19 3.11 (0.50) Gl (51.3) Cpx (4.9) Opx (5.3) Amp (17.6) Pl (20.2) Mt (0.7) 0.28
Las-5-25 0.26 −11.55 +0.21 – Close to solidus –

900 °C; 500 MPa; 168 h

Las-5-16 1.00 −10.43 +1.77 8.68 (0.61) Gl (73.1) Amp (25.5) Mt (1.4) 0.91
Las-5-17 0.94 −10.49 +1.71 6.22 (0.49) Gl (73.2) Amp (24.8) Mt (2.0) 0.82
Las-5-18 0.90 −10.52 +1.68 4.42 (0.60) Gl (58.5) Amp (30.8) Pl (10.0) Mt (0.8) 0.49
Las-5-19 0.78 −10.64 +1.56 4.00 (0.57) Gl (47.1) Opx (2.3) Amp (28.9) Pl (20.9) Mt (0.7) 0.47
Las-5-20 0.24 −11.68 +0.52 – Close to solidus –
∗ Phase composition is not determined.

strong undercooling effects which may locally affect crystal
nucleation and growth.

Isobaric (300 or 500 MPa) stability fields and phase rela-
tions as a function of T (in the range of 900–1050 °C) and
H2O content of the melt (from ∼ 0.5 wt % H2O to ∼ 9 wt %
H2O) are illustrated in Fig. 7. As shown in several previous
studies using the same experimental approach (e.g., Dall’
Agnol et al., 1999; Botcharnikov et al., 2008a), oxygen fu-
gacity is not similar in each capsule of a single experimen-

tal run and depends on the prevailing water fugacity. Con-
ditions are more reducing at a lower Xfl

H2Oini and therefore
have lower water activity. For each experiment, the oxy-
gen fugacity calculated using the procedure described above
and taking the H2O content in the melt estimated by differ-
ence (or by KFT for liquidus experiments) is listed in Ta-
bles 5–7. In Fig. 7, black arrows and dashed lines have been
added to indicate the approximate oxygen fugacity range of
the experiments. Water-saturation curves in Fig. 7 have been
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Table 7. Conditions of phase equilibrium experiments at 300 MPa, QFM+3.3, and phase assemblage in experimental products.

Sample aH2O (±0.05) Log fOa
2 1QFM H2O in glass Phase assemblages 6R2

calc wt % (1σ ) (proportions)

1040 °C; 300 MPa; 48 h

Las-SH-18 1.00 −6.56 +3.55 6.92 (0.47) Gl (98.0) Opx (1.7) Mt (0.3) 0.35
Las-SH-19 0.79 −6.89 +3.22 6.07 (0.33) Gl (93.1) Cpx (2.1) Opx (4.6) Mt (0.2) 0.29
Las-SH-17 – – – 4.69 (0.32) Gl (90.8) Cpx (4.8) Opx (4.1) Mt (0.3) 0.15
Las-SH-20 0.27 −6.95 +3.16 2.00 (0.54) Gl Cpx Opx Uspb –
Las-SH-16 – – – Glb Cpxb Opxb Plb Uspb –

1000 °C; 300 MPa; 72 h

Las-SH-12 0.90 −7.52 +3.17 5.49 (0.23) Gl (80.8) Cpx (13.6) Opx (2.1) Mt (3.6) 0.67
Las-SH-11 0.72 −7.68 +3.01 4.30 (0.51) Gl (71.1) Cpx (7.8) Opx (5.8) Pl (12.2) Mt (3.1) 0.25
Las-SH-13 0.58 −7.86 +2.86 2.82 (0.42) Gl (44.7) Cpx (9.0) Opx (9.3) Pl (33.6) Mt (3.4) 0.17
Las-SH-15 – – – – Glb Cpxb Opxb Plb Uspb –

950 °C; 300 MPa; 120 h

Las-SH-07 1.00 −7.90 +3.56 7.61 (0.55) Gl (82.2) Cpx (3.1) Amp (12.1) Mt (2.6) 0.46
Las-SH-06 0.79 −7.96 +3.50 7.42 (0.37) Gl (80.3) Cpx (4.5) Amp (12.9) Mt (2.3) 0.43
Las-SH-08 0.56 −8− 67 +2.79 3.71 (0.64) Gl (37.7) Cpx (11.1) Opx (10.7) Pl (37.0) Mt (3.5) 0.38
Las-SH-09 0.47 −8.81 +2.65 3.08 (0.37) Gl (32.3) Cpx (10.8) Opx (12.0) Pl (41.3) Mt (3.5) 0.38
Las-SH-10 0.17 – – – Close to solidus –

900 °C; 300 MPa; 168 h

Las-SH-02 1.00 −8.82 +3.48 7.23 (0.30) Gl (65.6) Amp (23.6) Pl (8.0) Ap (−0.3) Mt (3.1) 0.37
Las-SH-01 0.84 −8.88 +3.42 6.65 (0.51) Gl (54.5) Amp (25.1) Pl (17.2) Ap (0.0) Mt (3.1) 0.50
Las-SH-03 0.74 −8.94 +3.36 6.13 (031) Gl (54.6) Cpx (3.6) Amp (23.0) Pl (16.1) Ap (−0.3) Mt (3.1) 0.33
Las-SH-04 0.61 −9.16 +3.14 4.92 (0.04) Gl (41.2) Cpx (7.3) Opx (4.8) Amp (10.8) Pl (32.2) Apb Mt (3.7) 0.39
Las-SH-05 0.39 – – – Glb Cpxb Opxb Plb Apb Mtb –

afO2 calculated using the model of Burnham (2015) for experiments with aH2O < 1.00. b Phase composition is not determined.

Figure 6. Backscattered electron images of experimental products, obtained at 300 MPa and 1040 °C after 48 h with different water contents
in the glass (7 wt %, 6 wt %, 4.5 wt %, and 2.0 wt % H2O). Scale is the same in all pictures.

drawn on the basis of the experimental results and data from
Botcharnikov et al. (2006).

5.1.1 Experimental set 1 (300 MPa, reducing conditions)

Olivine is the first crystallizing phase in our composition
(Fig. 7a) and is only stable at high H2O concentrations in the
melt (∼ 6–8 wt % H2O) and at high T (975–1040 °C). Cpx
and Opx crystallize after Ol at lower T . For lower H2Omelt
(< 5 wt % H2O) both types of pyroxenes are also observed at
≤ 1040 °C. The Ol-out and Opx-in curves in Fig. 7a almost

overlap, indicating that Ol stability field is limited by a peri-
tectic reaction involving the formation of Opx. Cpx and Opx
are not stable at low T (< 950 and 925 °C, respectively, and
H2Omelt > 6.0 wt %).

At water-saturated conditions, Pl starts to crystallize be-
low 950 °C. With decreasing H2O content in the melt, the
crystallization of Pl is shifted to higher temperatures and is
at 1040 °C for nearly dry melts (< 1 wt % H2Omelt). Ilm and
Mt stability fields are controlled mainly by the prevailing
redox conditions of the experiments and not by water ac-
tivity (e.g., Snyder and Carmichael, 1992; Toplis and Car-
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Figure 7. Phase equilibria of Lascar andesite LAS07-26 studied
at (a, b) 300 MPa and (c) 500 MPa as a function of water con-
tent in the melt and temperature. The nominal redox conditions
are (a, c) QFM+1.5 and (b) QFM+3.3, with fixed hydrogen fugac-
ities at aH2O=1. Black arrows and vertical dotted lines represent
estimated redox conditions in the experiments (in1QFM notation).
Ol: olivine; Plag: plagioclase; Cpx: clinopyroxene; Opx: orthopy-
roxene; Amp: amphibole; Mt: magnetite; Ilm: ilmenite; Usp: ul-
vöspinel; Ap: aptite. Continuous lines outline the stability fields
of mineral phases. Dashed lines mark the disappearance of phases.
The grey-shaded area represents the phase equilibrium assemblage
fitting to the natural two-pyroxene samples of Lascar (e.g., LAS07-
26; 1993 eruption). The water solubility curve is estimated from
experiments conducted with Xfl

H2Oini = 1.

roll, 1995; Botcharnikov et al., 2008a). Mt is stable below
975 °C, independently of H2Omelt. Both Fe phases, Mt and
Ilm, do not coexist in a single experiment. Amp is only sta-
ble at low T (< 975 °C) and high H2Omelt (> 4.0 wt % H2O),
as already observed in experimental studies performed with
similar compositions (e.g., Botcharnikov et al., 2008b; Costa
et al., 2004; Andújar et al., 2017).

5.1.2 Experimental set 2 (300 MPa, oxidizing conditions)

Compared with the phase diagram of experimental set 1 at
300 MPa and reducing conditions, the topology of the sys-
tem and phase stability fields for major minerals are not im-
pacted by fO2 (Fig. 7a and b). However, at high fO2 the
crystallization of Ol is completely suppressed and Mt is the
liquidus phase. At low H2Omelt (< 2.5 wt % H2O) and rela-
tively high T (> 1000 °C) Usp is the Fe–Ti phase, replacing
Ilm at these redox conditions. Ap was detected in all exper-
iments at 900 °C, which contrasts with the experimental re-
sults of sets 1 and 3 in which this mineral is absent at the
same temperature.

5.1.3 Experimental set 3 (500 MPa, reducing conditions)

At 500 MPa, the field above liquidus is enlarged compared to
both experimental sets at 300 MPa (Fig. 7c). In contrast to the
300 MPa data, Ol was never observed. These results are in
agreement with studies on basaltic andesites from Bezymi-
anny volcano, Kamchatka (Almeev et al., 2013a). Almeev
et al. (2013a) also observed the replacement of Ol by Opx
(and later Opx+Cpx) with increasing pressure (compare
Fig. 7a and c). Liquidus phases are Cpx and Opx, crystal-
lizing nearly together below 1000 °C at H2O-saturated con-
ditions (∼ 9.0 wt % H2O). Stability fields for oxide phases
are similar to the ones in experimental set 1 (Fig. 7a), with
Mt crystallizing below 1000 °C, independently of H2Omelt.
Ilm crystallizes in a field at relatively low H2Omelt (1.0–
2.5 wt % H2O), when fO2 is below QFM + 0.75. As for
experimental set 1, Mt and Ilm were not found as co-existing
phases. The Pl-in curve is shifted towards lower H2Omelt and
lower temperature in the 500 MPa experimental set, begin-
ning at ∼ 6 wt % H2Omelt at 900 °C and ∼ 1 wt % H2Omelt
at 1025 °C. This is in agreement with general knowledge on
the effect of pressure on plagioclase stability (e.g., Almeev et
al., 2012). Compared to the 300 MPa experiments, the stabil-
ity field of Amp is enlarged to lower H2Omelt (2.5 wt % H2O)
at 500 MPa. The temperature at which Amp starts to crystal-
lize at high H2Omelt is not dependent on pressure and is in
the temperature range of 950–975 °C.

5.2 Crystallinity

Calculated phase proportions are listed in Tables 5–7. At a
given temperature, the proportion of crystalline phases in-
creases with decreasing H2Omelt for all investigated experi-
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mental charges (Fig. 8). As expected, the crystal fraction in-
creases with decreasing T at a given H2Omelt. In the high-T
range, the variation is ∼ 10 wt % for a T change of 50 °C.
At low experimental T (between 950 and 900 °C) and low
aH2O, the crystal fraction increase is more pronounced, es-
pecially at conditions at which Pl is crystallizing. At 900 °C
the melt fraction decreases by ∼ 35 wt % (from 70 wt % to
35 wt %) with a decrease in H2Omelt from 8 wt % to 4 wt %.
Comparing experiments at different oxygen fugacities per-
formed at 300 MPa, it is noticeable that the experiments at
more oxidizing conditions have generally a slightly higher
crystal fraction of about 5 wt %. However, this variation re-
mains within the error of the determination of crystal frac-
tions by mass balance and should be interpreted with cau-
tion. In particular, there is no systematic change in the Pl
proportions when comparing experiments at QFM+1.5 and
QFM+3.3 at similar values of T and H2Omelt (Fig. 9). These
results are in agreement with a study of Botcharnikov et
al. (2008a) for ferrobasalts where no detectable or only a
small effect of fO2 on the proportions of melt, Cpx, and Pl
has been observed. At a given H2Omelt there is also no sig-
nificant variation in the melt fraction when comparing exper-
iments at 300 MPa and 500 MPa in the high-T runs (1050–
1000 °C). At lower T (950–900 °C), experiments at 500 MPa
have a significantly higher melt fraction than at 300 MPa,
which is most probably due to the depression of the Pl stabil-
ity field with decreasing P . Figure 9 displays the amount of
Pl in the run products (wt % calculated by mass balance) as
a function of H2Omelt, T , P , and fO2. An increase from 300
to 500 MPa with similar H2Omelt results in ∼ 20 wt % less Pl
at 900 °C.

5.3 Phase compositions

5.3.1 Olivine

Olivines are only present in experimental set 1 (300 MPa;
QFM+1.5). The forsterite content (Fo=Mg/[Mg+Fe], in
mol %) of Ol varies only little from Fo79 to Fo84 (Table S6),
which is due to the small stability field of Ol (Fig. 8). A slight
decrease in the Fo content from Fo82 to Fo79 can be observed
with decreasing water content in the melt at 1000 °C.

5.3.2 Plagioclase

Plagioclase analyses without contamination from surround-
ing glasses were difficult to obtain due to their poor contrast
with the residual glasses in backscattered electron (BSE) im-
ages and the small sizes of the crystals at low temperatures
and low H2O concentrations in the melt (usually < 5 µm
below 950 °C and H2Omelt < 4 wt %). Pl compositions are
listed in Table S6 and shown in Fig. 10 as a function of T and
H2Omelt at different P and fO2 values. As shown in previous
experimental studies on andesites (e.g., Martel et al., 1999;
Botcharnikov et al., 2008a; Almeev et al., 2013a), the An

Figure 8. Variation in melt fraction versus water content in the
melt, temperature, and fO2. Light-grey-shaded area represents the
proportion of groundmass in natural Lascar andesites. Dark-grey-
shaded field represents the experimental phase assemblage field of
Plag, Cpx, Opx, and Fe–Ti oxides with respect to H2Omelt. red.: re-
ducing; oxi.: oxidizing.

content increases with increasing H2Omelt at a constant tem-
perature (Fig. 10; up to ∼ 25 mol % variation in this study).
In experiments at low-T and H2O-saturated conditions, max-
imum An contents of about 76 mol % were determined. In
agreement with observations of Martel et al. (1999), no sys-
tematic effect of fO2 on the compositions of plagioclase
in andesitic systems is observed. The orthoclase component
in the Pl varies from 0.4 to 5.1 mol %. Lower K2O concen-
trations at similar temperatures are observed in plagioclases
from experiments with high H2Omelt (Table S6). The rela-
tively high concentration of minor elements such as MgO and
TiO2 (below 1.0 wt %) as well as FeO (0.7 wt % to 1.9 wt %)
is difficult to interpret and is most probably due to the pres-
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Figure 9. Variation in plagioclase fraction (in wt %) versus water
content in the melt, temperature, and fO2. Light-grey-shaded area
represents the proportion of plagioclase in natural Lascar andesites.
Dark-grey-shaded field represents the experimental phase assem-
blage field of Plag, Cpx, Opx, and Fe–Ti oxides with respect to
H2Omelt.

ence of small oxides in Pl or to contamination by the glass
matrix.

5.3.3 Pyroxenes

The compositions of pyroxenes are given in Table S6 and
plotted in Fig. 11. The change in pressure from 300 to
500 MPa does not influence the experimental pyroxene com-
positions significantly. Comparing both sets at 300 MPa at
different fO2 values (Fig. 7), it can be noted that Opx
compositions at oxidizing conditions (QFM+3.3) are clearly
shifted towards higher enstatite components (En84 to En71).
Opx obtained at more reducing conditions contains fewer En
components with En80 to En59 values. The wollastonite com-

Figure 10. Variation in anorthite content in experimental plagio-
clase versus water content in the melt, temperature, and fO2. Light-
grey-shaded area represents the range of anorthite content of the
natural Stage IV plagioclases of Lascar andesites (see histogram in
Fig. S1). Dark-grey-shaded field represents the experimental phase
assemblage field of Plag, Cpx, Opx, and Fe–Ti oxides with respect
to H2Omelt.

ponent in the Opx is not influenced by fO2 and is between
Wo3 to Wo5 in both sets (300 and 500 MPa). Experimental
Cpx in both sets with reducing conditions has a relatively
wide range of compositions with En40 to En50 and Wo35
to Wo44. In contrast, Cpx obtained at 300 MPa and oxidiz-
ing conditions has a narrow compositional field with En43 to
En46 and Wo40 to Wo44 values. Finally, it is emphasized that
the compositions of the experimental Opx and Cpx at high
T are in reasonable agreement (±100 at 300 MPa) with the
thermobarometer of Putirka (2008), as shown in Fig. 12. At
300 and 500 MPa, the calculated pressures for the low-T ex-
periments (900–975 °C) are in reasonable agreement with the
experimental pressures. In contrast, the calculated pressures
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for the high-T experiments (1000–1050 °C) are underesti-
mated using Eq. (39) (using the experimental T as a temper-
ature input) from Putirka (2008), especially for the 500 MPa
experiments.

5.3.4 Amphibole

Experimental amphiboles are euhedral, unzoned tscher-
makites (Table S6) according to the classification of Leake
et al. (2004). The Mg# of the crystallized Amp (calculated
with all iron as FeOtot) increases with increasing H2Omelt. In
agreement with previous experimental studies (e.g., Sisson
and Grove, 1993, for basalts, and Martel et al., 1999, for an-
desites) AlIV increases with increasing T , whereas the num-
ber of Si atoms in the tetrahedral position of the amphibole
formed at 975 °C is lower than that of Amp obtained at lower
T .

5.3.5 Fe–Ti oxides

Due to the small size of the experimental oxide phases (Mt,
Usp, Ilm), analyses of these phases are difficult and often
contaminated by the surrounding glass as illustrated by the
high and changing SiO2 contents. Ilmenite needles were usu-
ally too thin to obtain correct data, but an identification was
possible with energy-dispersive X-ray (EDX) spectroscopy,
allowing us to constrain the upper stability field in the phase
diagrams (Fig. 7). Analyses of Mt given in Table S6 must
be treated with caution and cannot be used to calculate pure
end-member compositions or to compare with natural prod-
ucts.

5.3.6 Glass

Residual experimental glasses have compositions ranging
from andesitic through dacitic to rhyolitic, depending on the
experimental conditions (Fig. 13, Table S6). In all cases,
compositions proved to be homogeneous within the ana-
lytical uncertainty, shown by the relatively small standard
deviations of the measurements (Table S6). As expected,
glass compositions show systematic compositional variations
and are more evolved with an increasing crystal fraction as
a result of decreasing temperature and H2Omelt. SiO2 and
K2O increase with decreasing MgO, while Al2O3, CaO, and
FeOtot decrease. Na2O shows no systematic variation or only
a slight increase. Comparing experimental sets 1 and 2, both
at reducing conditions but different pressures, no changes in
general differentiation trends could be observed and the data
at 500 MPa are not reported in Fig. 13 for clarity. A detailed
analysis of FeOtot and TiO2 concentrations shows that there
are major differences depending on the prevailing oxygen
fugacity (by comparing experiments at the same P and T ).
At reducing conditions TiO2 increases with decreasing MgO
content from 5 wt % to 1 wt %, indicating that the amount of
oxides and especially Ilm remains low with increasing crys-

tallinity. In contrast, at oxidizing conditions TiO2 decreases
with decreasing MgO content due to the higher proportion
of Mt crystallization. FeOtot decreases with decreasing MgO
content in the melt at both investigated redox conditions.
However, the decrease is more pronounced in the oxidizing
experiments, which is related to the presence of Mt. At a con-
stant MgO content in the melt, the FeOtot value can be up to
∼ 2 wt % higher at reducing conditions. The compositional
differences as a function of fO2 are also very clear in a dia-
gram of FeOtot /MgO vs. SiO2 (Fig. 14). The FeOtot /MgO
ratio increases more strongly with increasing SiO2 in the re-
ducing experiments when compared with the oxidizing ex-
periments. In evolved residual melts, the FeOtot /MgO val-
ues at reducing conditions cross the boundary from the calc–
alkaline to the tholeiitic field (Miyashiro, 1974), as shown
previously (e.g., Toplis and Carroll, 1995; Sisson and Grove,
1993; Andujar et al., 2015).

6 Discussion

6.1 Comparison with previous work

The present work is in general agreement with previous
experimental data sets performed on intermediate volcanic
rocks and with the same experimental approach based on the
determination of T –aH2O phase equilibrium diagrams (Mar-
tel et al., 1999, 2018; Scaillet and Evans, 1999; Costa et al.,
2004; Botcharnikov et al., 2008a; Parat et al., 2008; Almeev
et al., 2013a; Andújar et al., 2016, 2017). The main stable
phases in andesitic magmas are Pl, Opx, Cpx, Amp, and Fe–
Ti oxides. The decrease in the stability field of Pl with in-
creasing pressure is in agreement with studies of Sekine et
al. (1979) and Maksimov et al. (1978). Ol has a restricted
stability field in andesitic systems, and this field is increas-
ing with H2Omelt. Ol was only found to be present at reduc-
ing conditions (QFM+1.5) at 300 MPa, which is also shown
by Botcharnikov et al. (2008a) at 200 MPa but is not stable
in any experiments at 500 MPa (QFM+1.5) or at 300 MPa
(QFM+3.3). Opx and Cpx tend to be stable in the water-
poor part of the phase diagrams with a maximum extension
to high H2Omelt between 850 to 950 °C as shown in exper-
imental sets 1 and 2. This behavior is in very good agree-
ment with studies from Scaillet and Evans (1999) and Costa
et al. (2004). The compilation of all studies as well as of ad-
ditional data for more basaltic or dacitic compositions (Dall’
Agnol et al., 1999; Freise et al., 2009; Feig et al., 2010) indi-
cates that the stability fields of Cpx and Opx always reach a
maximum in terms of H2Omelt at an intermediate T of around
850–1000 °C. At lower T , Amp becomes the predominant
Fe–Mg-bearing phase and reduces the stability field of the
other mafic phases. Amp stability requires at least 4 wt % of
water in the melt at 300 MPa, which is in good agreement
with all mentioned previous studies. Data at 200 MPa in-
dicate that H2Omelt above 5.5 wt % H2O may be necessary
to stabilize Amp in andesitic systems (Martel et al., 1999).
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Figure 11. Natural pyroxene pairs and experimental pyroxene pairs as a function of fO2. Connecting lines between the markers represent
corresponding pairs. Only 300 MPa data are plotted to highlight the compositional difference at oxidizing and reducing conditions. Data at
500 MPa were only obtained at reducing conditions and are not reported. En: enstatite; Wo: wollastonite; Fs: ferrosilite.

Figure 12. Experimental pressures vs. calculated pressures from
experimental pyroxene pairs using Eq. (39) from Putirka (2008).
Experimental T is included in the calculation.

Considering our 300 and 500 MPa data, the Amp stability
field seems to expend towards lower H2Omelt at higher P
(compare Fig. 7a and c). This observation, which needs to be
confirmed, would imply that amphibole breakdown not only
may occur in the low-P range (100 MPa and below) when
the water solubility in the melt is below ∼ 4 wt % H2O but
also takes place during decompression in the range of 500–
100 MPa.

6.2 P –T–fO2–H2O constraints on storage of the 1993
andesite

The crystallization experiments using an andesitic bulk com-
position confirm that T , fO2, and dissolved H2O signifi-
cantly influence the crystallization sequence, the composi-
tion of minerals and their modal abundance, and therefore the
chemistry of the residual melts. There is no evidence of a dis-
equilibrium between the rim of the main mineral phases and
the matrix glass (e.g., dissolution features, reaction rims),
indicating that the mineral assemblage existing in natural
phases can be used as a proxy to constrain pre-eruptive melt-
water contents.

The phase diagrams at 300 MPa (Fig. 7a and b) show that
the natural phase assemblage can only be reproduced within
a restricted field of H2Omelt and T (grey field in Fig. 7).
The lack of Amp phenocrysts and the presence of Pl in the
Lascar volcanic rocks from the recent 1993 eruption (sam-
ples LAS07-23 and LAS07-26) and also in eruptive rocks
from previous stages with a very similar phase assemblage
(e.g., sample LAS07-12 from Stage III) restrict conditions to
the low-H2Omelt side of the phase diagrams in Fig. 7, with
T in the range of 950–1000 °C and with H2Omelt contents
of < 5 wt %. One anhydrous mineral phase having a compo-
sition particularly sensitive to the H2O content in the melt
is Pl (e.g., Sisson and Grove, 1993; Almeev et al., 2012).
Thus, the pre-eruptive H2Omelt and T can be more accurately
bracketed by the comparison of the melt fraction, Pl com-
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Figure 13. Compositional evolution of experimental melts as a function of MgO (wt %) content (all comparisons are normalized to 100 %).
The natural bulk rocks plotted on this figure are only samples from our field campaign (Table 1). For clarity, literature data (see Fig. 2) are
not plotted. All data points normalized to 100 %.
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Figure 14. SiO2 versus the FeOtot /MgO ratio. Classification di-
agram for Lascar lavas and experimental residual glasses. Subdi-
vision line after Miyashiro (1974). All data points normalized to
100 %.

position, and Pl abundance between the experimental prod-
ucts and the eruptive material (Figs. 9 and 10). Within the
field reproducing the natural phase assemblage, the compo-
sitions of natural Pl phenocrysts (An50 to An70) were ob-
tained under water-undersaturated conditions (aH2O 0.75–
0.56) with H2Omelt of ∼ 2.8 wt %–4.5 wt % in the T range
of 950–1000 °C (300 MPa). The amount of melt, estimated
from the proportion of groundmass and phenocrysts (Ta-
ble 2), was also reproduced for this range of water con-
tents at 950 to 1000 °C (Fig. 8). The experiment at 300 MPa,
1000 °C, and ∼ 2.8 wt % H2Omelt (sample no. Las-SH-13;
with Cpx Mg# of 0.98, Opx Mg# of 0.94, and An# of 0.71)
led to the same crystal /melt ratio of that observed in the Las-
car 1993 eruptive material, including all major phases of the
natural rocks. These T and H2Omelt constraints are obtained
assuming that all the Pl observed in the natural rock crystal-
lized from the investigated bulk composition. If part of the
phenocrysts, especially those with high An contents, are in-
herited (magma mixing or inherited from a crystal mush), the
H2Omelt should be slightly higher and the temperature should
be slightly lower. Thus, the estimated H2Omelt is a minimum
value, and the estimated temperature is a maximum value.
On the other hand, the H2Omelt contents cannot be higher
than 4 wt %–5 wt % since Amp is not present.

The pre-eruptive pressure is more difficult to assess accu-
rately. Results of the two-pyroxene barometer suggest a min-
imum pressure of crystallization of 300 MPa. But pressures
of up to 500 MPa may be realistic (Fig. 3) using the model of
Putirka (2008). However, the experimental T –H2Omelt field
in which the natural phenocryst assemblage is reproduced
shrinks significantly at 500 MPa (Fig. 7) and is shifted to-
wards very low H2Omelt concentrations (< 2.5 wt %). In this

field the natural Pl compositions and their abundance can-
not be reproduced (Figs. 9 and 10). In addition, the field in
which crystal /melt proportions observed in the natural lavas
and ejecta are reproduced does not overlap with the field
of the natural phase assemblage at 500 MPa (Fig. 8), sug-
gesting that crystallization pressure needs to be considerably
lower than 500 MPa. This relatively low pressure contrasts
with calculations from Opx–Cpx pairs reported in Fig. 3 for
some samples. However, taking into account the comparison
between the model of Putirka (2008) and our experimental
data (see above), pressures in the range of 500–1000 MPa
calculated from Opx–Cpx pairs may be significantly overes-
timated.

The prevailing fO2 is best constrained by pyroxene com-
positions. Pyroxene pairs from experiments at oxidizing con-
ditions and relatively reducing conditions were compared
with natural pairs (Fig. 11) from the andesitic lava flow (sam-
ple LAS07-07, which also contains small amounts of Amp)
and the white pumice (sample LAS07-26), which were used
as starting material for the experiments.

Most of the pyroxene pairs produced from the experimen-
tal set at 300 MPa and high logfO2 (QFM+3.3 at aH2O=1)
match the compositions of natural pairs from the andesitic
lava flow and white pumice. Thus, a relatively high fO2 is
necessary to obtain Fe /Mg ratios such as those observed in
natural pairs. On the contrary, most of the Cpx and Opx from
experiments at lower fO2 values (QFM+1.5 at aH2O= 1)
are clearly shifted towards higher hedenbergite and ferrosilite
components, indicating that experimental redox conditions
may have been reducing too much. In general, the calculated
logfO2 values for the experiments reproducing the Opx–
Cpx pairs at oxidizing conditions are between QFM+2.7
and QFM+3.0 (Fig. 7, Table 7). These values are approx-
imately one log unit higher than those calculated from the
natural Mt–Ilm pairs. However, Opx and Cpx compositions
can also match natural phases for some reducing experiments
performed at relatively high H2Omelt levels and 975 °C (e.g.,
Las-56 and Las-57), but in these experiments Pl is missing,
so the phase relations do not fall into the natural phase as-
semblage (experiments are outside the grey field in Fig. 7).
It is emphasized that coexisting Mt–Ilm pairs could not be
analyzed in our experiments. Thus, intermediate redox con-
ditions between the two phase diagrams in Fig. 7a and b
(reducing and oxidizing conditions) are the most realistic.
Based on the phase diagrams conducted at 300 MPa, a field
in which Mt and Ilm as well as Pl, Opx, and Cpx coexist (T –
H2Omelt field covering the natural phase assemblage; grey
fields in Fig. 7) is expected to be in the range of QFM+0.5
to QFM+1.5, which is consistent with the data from natural
samples (Fig. 4).

In addition, the combination of experimental results and
mineral chemistry of natural phases indicates that the pre-
eruptive temperature prevailing in the magma reservoir of the
Lascar 1993 andesites can be constrained to be 975± 25 °C
(Figs. 3 and 7). The pressure constraints obtained from
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Figure 15. Composition of natural bulk rocks; experimental melts in equilibrium with Stage IV mineral assemblage (Plag, Cpx, Opx); matrix
glasses; and homogenized melt inclusions in Plag, Cpx, and Opx. All data points normalized to 100 %.
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the general phase assemblages and phase proportions in-
dicate that the pressure of the magma reservoir cannot be
much higher than 300 MPa. This pressure is confirmed by
compositions of natural Opx–Cpx pairs of some samples
(e.g., LAS07-07 and LAS07-08; Fig. 3). However, it cannot
be ruled out that part of the pyroxene assemblage observed
in some samples (e.g., LAS07-20, LAS07-23 and LAS07-
26; Fig. 3) may have crystallized in a deeper reservoir. For
example, Cpx and Opx crystallizing at 400 MPa from a com-
position similar to that used in this study (Tungurahua an-
desite from Andujar et al., 2017) at ∼QFM+1 have compo-
sitions close the natural assemblage at 400 MPa and 1000 °C
for H2Omelt of ∼ 6 wt %. However, at these conditions, Pl
is not reproduced in our 500 MPa experiments. In our experi-
ments, there is a restricted field in which Pl coexists with Cpx
and Opx (MG# of 0.98 for both) at relatively low H2Omelt
(< 3 wt %). A pressure of 300 MPa was estimated to be the
main pre-eruptive magma reservoir in the plumbing system
in recent investigations of Robidoux et al. (2020) based on
Opx–liquid, Cpx–liquid, and Opx–Cpx thermobarometry. It
can be noted that the temperatures estimated by Robidoux
et al. (2020) are generally higher (1050–1175 °C) and not
representative of the main 300 MPa magma reservoir. One
possible explanation for these high temperatures may be re-
lated to the choice of the liquid composition, which was de-
termined from the analysis of matrix glasses. However, the
matrix contains microlites and may not be representative of
melt co-existing with Opx and Cpx.

At a pressure of 300 MPa, H2Omelt of 2.5 wt % to 4.5 wt %
is necessary to obtain the natural phase assemblage, but the
crystal /melt ratio and the phase compositions are best repro-
duced for an H2Omelt value of 2.5±0.5 wt %. Thus, the min-
eralogy of the investigated sample is best reproduced for ex-
periments Las-SH-08 and Las-SH-09 conducted at 300 MPa
and 950 °C (compare Tables S2 and S6) with Mg# relatively
close to 0.90 for Opx and Cpx and with an An# value of 0.86–
0.70 for Plag. The corresponding logfO2 is in the range of
QFM+2.75± 0.25. As mentioned above, natural pyroxene
compositions match with experiments better at slightly lower
fO2, and natural Ilm–Mt pairs also indicate a logfO2 which
could be in the range of QFM+1.5±0.5. However, note that
the corresponding temperature for natural Mt–Ilm pairs is
880–920 °C, which is lower than the T estimated experimen-
tally from Pl and pyroxene compositions.

Additionally, pre-eruptive conditions for Amp-bearing
samples can also be constrained on the basis of the presented
phase equilibrium experiments. A somewhat higher H2Omelt
content (4 wt %–5 wt % at 300 MPa) would favor the crystal-
lization of Amp from a two-pyroxene andesite. In this case
the pre-eruptive temperature can be bracketed even more pre-
cisely due to the upper thermal stability of Amp at around
960 °C and the small stability field in which Plag, Cpx, Opx,
Mt, and Amp are present (see Fig. 7).

6.3 Lascar andesitic magmas: differentiation vs. magma
mixing

The Lascar rocks have a wide range of bulk compositions
(55.6 wt %–65.2 wt % SiO2), and the observed compositional
variations, including all eruptive phases as well as melt inclu-
sions, cannot be interpreted by assuming a unique differen-
tiation process during the whole volcanic history. The Las-
car bulk-rock compositions do not follow a single evolution
trend, indicating that complex interactions between various
differentiation processes control the compositional evolution.
Strong linear correlations for oxides pairs (e.g., SiO2, TiO2,
FeO, CaO vs. MgO) on variation diagrams, which are not
expected in the case of crystal fractionation processes, can
be found for Stage II eruptions (Figs. 2 and 15, grey dots),
although those for the alkalis (in particular Na2O) tend to be
more scattered. The large variation in Al2O3 for a given MgO
concentration and linear compositional variations in some
binary diagrams in Fig. 2 indicate that the whole evolution
trend cannot be explained by fractional crystallization only.
These features could be interpreted as evidence of magma
mixing of at least two end-members during Stage II mag-
matic processes. Blum-Oeste and Wörner (2016) and Wörner
et al. (2018) for example propose that a majority of cen-
tral Andean compositions can potentially be explained by
highly variable mixing proportions of three ubiquitous end-
members. In contrast, the bulk compositions of Lascar ejecta
from Stage I and in particular Stage III do not plot along a
straight line in the binary variation diagrams (Figs. 2 and 15),
indicating that fractional crystallization may control the dif-
ferentiation for these samples. This is supported by the ex-
perimental data showing the compositional evolution of se-
lected residual melts coexisting with the mineral assemblage
Pl+Cpx+Opx (Fig. 15).

The different differentiation processes (magma mixing vs.
crystal fractionation) are also confirmed by the field obser-
vations. Typical features indicating magma mixing, like por-
phyritic or equigranular mafic inclusions in the andesitic and
dacitic ejecta as can be found frequently at other CVZ vol-
canoes (e.g., Taapaca, Banaszak, 2014), were only found
in one sample of the 1993 eruption (LAS07-19) and are
mostly found in Stage II rocks as described by Matthews
et al. (1999). However, the compositional-zoning patterns in
some plagioclases from Stage IV (e.g., oscillatory reverse
zoning in plagioclase and/or sieve-textured plagioclase) also
indicate that the formation of these crystals involves com-
plex processes such as repeated recharge and mixing with
less evolved melts and possibly degassing events. The dif-
ferent P –T ranges given by pyroxenes from different sam-
ples from the same 1993 eruption also indicate that part
of the pyroxene crystal cargo may have crystallized in the
deeper magma plumbing system before being transported in
the magma chamber at 300 MPa.

In addition to mixing processes, changing redox condi-
tions in the magma reservoir may lead to different crystal
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Figure 16. Ni vs. Rb in Lascar rocks. Curved line is a fractional
crystallization path; straight lines are mixing lines (both schematic).

fractionation trends in the natural samples, as illustrated by
the liquid lines of descent determined experimentally (com-
pare grey squares and grey triangles in Fig. 15). Experiments
at reducing and oxidizing conditions at the same P and T
conditions show that the most reducing melts follow a more
bent trend in the variation diagrams. This not only is notice-
able for redox-sensitive oxides such as FeO but also can be
observed in diagrams with SiO2, Al2O3, CaO, and K2O vs.
MgO. The crystal fractionation trends obtained at different
pressures (300 and 500 MPa) and at the same oxygen fugac-
ity do not show noticeable differences (within the error of
the analytical techniques). Therefore, small variations in the
major element trends of natural samples can be explained by
minor variations in the oxygen fugacity.

Our general observations, indicating that eruptive samples
may result from the complex interaction of mixing and crys-
tal fractionation processes, are confirmed by the trace ele-
ment distribution in whole-rock analyses. For example, the
diagram of Ni vs. Rb (Wörner et al., 1988) in Fig. 16 un-
derlines that magma mixing is a major factor controlling the
compositional variation in Stage II. The majority of samples
from Stage IV also follow also a typical mixing trend in the
diagram of Ni vs. Rb, even though no clear petrographic ev-
idence for mixing was found in some of these samples. Data
of Ni vs. Rb show that crystal fractionation processes may
dominate for other stages, such as Stage I and Stage III, but
must be a contributing factor to the geochemical evolution in
all four stages in the eruptive history of Lascar.

The detailed investigation of the mineralogy of samples
from Stage IV also indicate that magmas which erupted
within one eruptive event may record different differentia-
tion processes. Although the majority of Stage IV samples
do not plot along a fractionation trend, two samples, LAS07-

07 and LAS07-26, follow the fractionation trend (Fig. 16).
They correspond to the andesitic lava flow (7.1 kyr ago) and
white-pumice samples (1993 eruption).

The detailed investigation of the mineralogy of samples
of the 1993 eruption also indicate that the geochemistry of
magmas erupted within one eruptive event may record differ-
ent differentiation processes, some being controlled by crys-
tal fractionation and others by magma mixing. The magmas
erupted in the current Stage IV represent a more mafic, hot-
ter, and drier system compared to previous stages.

7 Conclusions

Andesitic magma genesis and a magma reservoir model

A variety of models for andesitic magma genesis were pro-
posed based on various approaches including experimental
work (e.g., Martel et al., 1999; Sisson and Grove, 1993),
melt inclusion studies (e.g., Reubi and Blundy, 2009), clas-
sic petrological studies (Almeev et al., 2013a), and geo-
chemical modeling (e.g., Annen et al., 2006; Almeev et
al., 2013b). Based on the experimental and analytical con-
straints gained in this study, the differentiation processes and
magma-mixing processes occurred mainly in the upper part
of the crust at pressures of ∼ 300± 50 MPa, corresponding
to a depth of 10–13 km, assuming a density of the surround-
ing material of 2.8 g cm−3 (Lucassen et al., 2001). This is in
agreement with the very low Sr /Y (∼ 25) and Sm /Yb (∼ 2)
ratios for Lascar eruptives, suggesting that these processes
did not occur in the lower crust due to the lack of a garnet
signature, which would lead to higher Sr / y and Sm /Yb ra-
tios (Mamani et al., 2010). This also implies that, even for the
environment of a thickened continental crust, mafic magmas
from the mantle migrated upwards into shallow magma reser-
voirs without major stagnation times in lower-crustal reser-
voirs.

Several studies have suggested storage at lower pressures
of about 150± 50 MPa for more silicic ignimbritic eruptions
in the Altiplano–Puna Volcanic Complex (APVC) in the cen-
tral Andes (Lindsay et al., 2001; Schmitt et al., 2001; Muir et
al., 2014). Our phase equilibrium experiments and geobaro-
metric calculations indicate that Lascar andesites are stored
deeper (∼ 300 MPa). It is interesting to note that magnetotel-
luric measurements in combination with 3D modeling (Díaz
et al., 2012) as well as seismic investigations (Gaete et al.,
2019) fail to detect a magma reservoir beneath Lascar at a
depth of 10–13 km. Magnetotelluric results point towards a
very shallow conductive layer observed directly beneath the
volcanic edifice, which is interpreted to be caused by flu-
ids from the hydrothermal system rather than by very shal-
low magma reservoirs. A large, highly conductive anomaly
was found beneath the Puna plateau, ∼ 80 km to the east
of Lascar, starting at ∼ 20 km depth and probably expend-
ing to a greater depth (Díaz et al., 2012). The presence of
such an anomaly fits well with previous conductivity mod-
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els obtained beneath the Altiplano to the north (Brasse et al.,
2002; Brasse and Eydam, 2008). In addition, seismic data
identify a regional low-velocity zone, which is proposed as
the magma source for many eruptions in the Altiplano region
(Chmielowski et al., 1999; Schmitz et al., 1997). However, it
is not clear if this region has a direct connection to a mag-
matic reservoir beneath Lascar.

The erupted material of the Stage IV magmas contains a
large number of phenocrysts (Plag, Cpx, Opx,) with dacitic-
to-rhyolitic MIs, indicating that these minerals were stored in
a magma reservoir at relatively low temperature (and prob-
ably high crystallinity) before being entrained in the an-
desitic magma. Based on our results constraining tempera-
ture and meltwater content, the melt and mineral composi-
tions of the 1993 andesitic magma were best reproduced at
975±25 °C, 300±50 MPa, and a logfO2 of QFM+1.5±0.5,
under H2O-undersaturated conditions with 2.5 wt % H2O to
4.5 wt % H2O in the melt. The stability field of coexisting
Plag, Cpx, and Opx significantly shrinks at higher pressure
and shifts towards lower water concentrations in the melt,
but pressures up to 400–500 MPa cannot be excluded. Tak-
ing the observations made for the Stage IV lavas into ac-
count, the geochemical characteristics of the entire suite of
Lascar volcanics indicates that a fractionating magmatic sys-
tem located at a depth of 10–13 km is periodically replen-
ished with less evolved magma. It has to be noted that ex-
periments at P < 300 MPa have so far not been conducted.
Thus, a shallower magma reservoir cannot be excluded. Ad-
ditional experiments would be needed to test this hypothesis.
However, the Opx–Cpx thermobarometric results as well as
magnetotelluric investigations do not indicate the presence of
such a shallow reservoir.

Some eruptive stages, such as Stage II, were dominated by
products resulting most probably from the mixing of a mafic
andesitic magma with a felsic component, which could be
the silicic melt of a highly crystalline mush. The experiments
confirm that residual melts after 40 %–55 % crystallization
(with 25 %–30 % plagioclase) already match the composition
of the silicic MIs (compare grey squares and triangles with
MI compositions marked by open circles in Fig. 15). In this
model, part of the phenocrysts present in the eruptive prod-
ucts may also be inherited from this low-temperature end-
member. On the other hand, the compositional variation in
some eruptive units such as Stage III can better be interpreted
in terms of crystal fractionation. The change in one domi-
nant mechanism to the other mechanism (mixing vs. crystal
fractionation) may be related to the amount and frequency
of magma recharge in the reservoir. Long episodes without
significant recharge favor crystal fractionation, whereas fre-
quent recharge events may favor mixing processes.
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