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Abstract
In April 2015, an unpredicted rapid-onset eruption occurred at Calbuco Volcano, Southern Andes of Chile. This event 
consisted of two, sub-Plinian eruptions separated by a few hours. By analysis of Fe–Ti exchange between ilmenite and 
titanomagnetite crystals in samples of erupted material, we determine timescales of pre-eruptive heating experienced at 
the partially solidified chamber base and constrain the magma residence time for the bulk of the carrier magma. Analysis 
of the Fe–Ti oxide pairs from a sample retrieved from a pyroclastic density current deposit (Cal-160) shows that it was 
affected by a significant heating event (recording 70–220 °C of heating), while other collected samples did not record this 
late heating. This sample is interpreted to represent a piece of crystal mush located at the bottom of a prolate, ellipsoidal 
mush reservoir, mobilised < 4 days before the eruption by a triggering pulse of mafic magma considerably hotter than the 
typical magmatic temperature of the reservoir. Another two fall deposit samples (lapillus, Cal-149Tb and Cal-155) of the 
eruption are interpreted to represent resident, eruptible magmas that did not interact with any magma recharge immediately 
prior to or during the eruption. We infer that these magmas had been at eruption temperature for some years based on their 
extensively equilibrated Fe–Ti oxides.
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Introduction

Forecasting eruptions and tracking the evolution of mag-
matic systems are fundamental goals for volcanology. Before 
many eruptions, geochemical and geophysical time-series 
data are consistent with changes in magmatic conditions 
over months to years (e.g., Carapezza and Federico 2000; 
Brenguier et al. 2008; Madonia et al. 2013; Delgado et al. 
2014; Einarsson 2018; Ebmeier et al. 2018). Some explosive 
eruptions, however, are preceded by unrest of only hours 
to days (e.g., El Reventador volcano in 2002, VEI 4, Hall 
et al. 2004; Rabaul volcano in 1994, VEI 4, Roggensack 
et al. 1996; Chaitén volcano in 2008 (VEI ~ 5), Castro and 
Dingwell 2009), although the certainty with which we can 
identify such events is limited by the availability and tem-
poral resolution of monitoring data.

During April 2015, two sub-Plinian eruptive events (VEI 
4, Romero et al. 2016; Van Eaton et al. 2016) occurred at 
Calbuco Volcano, Southern Chile, after ~ 54 years of quies-
cence (since the last major eruption, in 1961). Calbuco is a 
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Late Pleistocene–Holocene composite stratovolcano (López-
Escobar et al. 1992; Sellés and Moreno 2011) located in the 
Central Southern Volcanic Zone of the Chilean Andes and 
is currently rated the third most hazardous of Chile’s 90 
active volcanoes (SERNAGEOMIN 2016, 2017). The 2015 
Calbuco eruption was notable for being preceded only by 
seismic unrest of a very short duration. A 2-h long swarm 
of ~ 140 volcano-tectonic (VT) earthquakes began about 3 h 
before the first eruptive event, while the first long-period 
(LP) seismicity began just 1.5 h prior to the beginning of 
the first eruptive event (SERNAGEOMIN 2015a, b). Inter-
ferometric synthetic aperture radar (InSAR) measurements 
demonstrate that no significant deformation occurred in the 
months leading up to eruption at least up until 36 h before 
the eruption when the last pre-eruptive InSAR image was 
acquired (Delgado et al. 2017). Both subsequent satellite 
radar (Delgado et al. 2017; Nikkhoo et al. 2016) and tilt-
meter measurements (Valderrama et  al. 2015) captured 
co-eruptive subsidence during the first eruption consistent 
with a contracting source at depths of 8–11 km below the 
summit. Seven hours after the beginning of the first erup-
tive event (1.5 h duration), a second eruptive event started, 
following further LP and hybrid seismicity (Valderrama 
et al. 2015). The eruption produced pyroclastic density 
current (PDC) and fall deposits with bulk compositions of 
basaltic andesites (54–56 wt%  SiO2) with scarce andesites 
(~ 58 wt%  SiO2; Castruccio et al. 2016). The mineral phases 
present are: plagioclase (two groups:  An46–79 and  An80–92), 
clinopyroxene  (En43–47Fs9–15Wo40–45), orthopyroxene 
 (En67–71Fs26–31Wo2–3), amphibole (edenite and pargasite), 
titanomagnetite (two groups:  Xusp0.10–0.17;  Xusp0.42–0.46), 
and ilmenite  (Xilm0.77–0.85) (Castruccio et al. 2016; Morgado 
et al. 2019). A recent study (Morgado et al. 2019) identified 
a heating event that affected a mush reservoir as a potential 
trigger of this rapid-onset eruption, based upon tempera-
tures of up to 1070 °C recorded in the rims of Fe–Ti oxide 
(ilmenite–titanomagnetite) crystal pairs (~ 120 °C above the 
ambient magma) using the thermoxybarometer of Ghiorso 
and Evans (2008).

We collected nine samples from fall and PDC deposits, 
three of which contain scarce (< 0.1 vol%) titanomagnetite 
and ilmenite grains in contact with each other (Cal-149Tb, 
Cal-155, and Cal-160). Significant compositional zoning and 
exchange are only recorded at the interface of Fe–Ti oxide 
pairs in the highly crystalline sample Cal-160 (~ 60% crys-
tallinity, obtained via image processing of pseudo coloured 
images through the freeware Jmicrovision), erupted during 
the second eruptive stage (Fig. 1). This sample has been asso-
ciated in earlier work with the base of the prolate spheroid 
shape (Delgado et al. 2017) of the magma reservoir based on 
considerations of differences in whole-rock chemistry, crys-
tallinity, and recorded heating (Morgado et al. 2019). In the 
rest of the samples (~ 40% crystallinity, obtained via the same 

method as Cal-160), erupted during the first and second erup-
tive pulses, Fe–Ti oxide pairs exhibit relatively homogene-
ous compositional profiles and, therefore, do not record the 
same late-stage heating (Morgado et al. 2019). These samples 
were associated with middle levels of the mentioned reservoir, 
and represent a mobilised, eruptible magma. In this work, we 
investigate the detailed timescales of heating in Cal-160 just 
before the eruption using Fe–Ti interdiffusion chronometry 
in ilmenite–titanomagnetite phenocryst pairs. In addition, we 
calculate minimum timescales of re-equilibration in ilmen-
ite–titanomagnetite phenocryst pairs from samples Cal-149Tb 
and Cal-155, to better constrain the history of the erupted 
magma.

Diffusion chronometry has often been used to calculate 
magmatic timescales associated with mush reservoir processes 
(e.g., Nakamura 1995; Martin et al. 2008; Hartley et al. 2016). 
The rapid interdiffusivity of Fe–Ti in ilmenite and titanomag-
netite, in comparison to ionic diffusion in silicate mineral 
phases (Freer and Hauptman 1978; Rutherford et al. 1993; 
Van Orman and Crispin 2010) at the same intensive magmatic 
conditions (P, T, and fO2), allows us to use Fe–Ti oxides to 
understand processes occurring shortly before eruption (Naka-
mura 1995; Coombs et al. 2000; Devine et al. 2003; Chertkoff 
and Gardner 2004; Tomiya et al. 2013).

Thermometry and oxygen barometry

Ilmenite solid solution (hematite and ilmenite end members, 
 Fe2O3 and  FeTiO3, respectively) and titanomagnetite solid 
solution (magnetite and ulvöspinel end members,  Fe3O4 and 
 Fe2TiO4, respectively) are suitable for Fe–Ti thermometry 
and oxygen barometry when grains are in contact with each 
other. The thermometry models are based on the temperature-
dependent exchange  Fe2+ + Ti4+ ↔ 2Fe3+ (e.g., Ghiorso and 
Sack 1991; Ghiorso and Evans 2008; Sauerzapf et al. 2008) 
according to the equation

The oxygen barometer reported by Ghiorso and Evans 
(2008) is based on the redox equilibrium of hematite–mag-
netite with ulvöspinel buffer according to the equation:

and the oxygen barometer reported by Sauerzapf et  al. 
(2008) is based on the redox equilibrium of hematite–mag-
netite buffer according to the equation:

All the methods used here to calculate intensive 
variables are based on the measured compositions of 

(1)
Fe2O3 (hematite) + Fe2TiO4 (ulvöspinel)

↔ Fe3O4 (magnetite) + Fe3TiO3 (ilmenite)

(2)6Fe2O3 (hematite) ↔ 4Fe3O4 (magnetite) + O2 (gas)

(3)
6FeTiO3 (ilmenite) + 2Fe3O4 (magnetite)

↔ 6Fe2TiO4 (ulvöspinel) + O2 (gas)
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ilmenite–titanomagnetite grains that are in contact with 
each other. Equilibration is mediated via the kinetic process 
of diffusion, meaning that compositional changes occur at 
the boundary between the two oxide grains as a response 
to changes in both temperature and oxygen fugacity (fO2), 
which must then propagate by diffusing gradually into crys-
tal interiors (see details in Lasaga 1983). Whilst compo-
sitional re-equilibration between minerals upon heating is 
rapid at the interface, and represents the intensive conditions 
immediately before the eruption, it can be possible to ascer-
tain from the crystal cores the intensive conditions present 
before any re-equilibration process took place (pre-heating 
conditions, see details in Lasaga and Jiang 1995) (Fig. 1).

In Cal-160, temperatures and oxygen fugacity condi-
tions prior to heating were calculated using ilmenite and 

titanomagnetite core compositions and correspond to an 
average temperature of 870 °C (σ = 18 °C); and an average 
oxygen fugacity of + 0.6 ΔNNO (σ = 0.18 ΔNNO; Morgado 
et al. 2019). The compositions of ilmenite–titanomagnetite 
pairs close to the interface record the late-stage equilibrium 
in terms of the temperature and oxygen fugacity conditions 
experienced during the heating of the system just prior to 
eruption (average temperature: 1018 °C, σ = 45 °C; average 
oxygen fugacity: + 0.48 ΔNNO, σ = 0.16 ΔNNO; Morgado 
et al. 2019). The composition of the traverses measured from 
ilmenite to titanomagnetite represents only diffusion and 
are not significantly affected by measurement convolution 
effects or secondary fluorescence (details in next section).

In Cal-149Tb and Cal-155, the temperature and oxy-
gen fugacity conditions were calculated using ilmenite and 

ilm
Ti-mgt

(c)

ilm

Ti-mgt

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0 5 1510 2520 3530 4540

Distance (µm)

ILMENITE TITANOMAGNETITE

X
ilm

, X
us

p

Intensive conditions (rim):
1,068 ± 15 ºC

0.64 ± 0.03 ΔNNO

Intensive conditions (core):
865 ± 15 ºC

0.5 ± 0.06 ΔNNO

error error

ilm
Ti-mgt

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0 5 1510 2520 3530 4540

Distance (µm)

ILMENITE TITANOMAGNETITE

X
ilm

, X
us

p

error error

Intensive conditions (rim):
922 ± 21 ºC

0.23 ± 0.12 ΔNNO

Intensive conditions (core):
903 ± 17 ºC

0.21 ± 0.11 ΔNNO

(a) (b)

(d)(c)

Fig. 1  Backscatter images of in-contact ilmenite–titanomagnetite 
pair from the sample Cal-160 (a) and from the sample Cal-155 (c), 
the arrows represent the direction of the profiles measured by elec-
tron probe micro-analysis (EPMA); EPMA profile across in-contact 

ilmenite–titanomagnetite pairs from a (b) and from c (d). Core and 
rim (represented by the star) temperature and oxygen fugacity condi-
tions were reported by Morgado et  al. (2019), the associated errors 
come from measurement uncertainties
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titanomagnetite core compositions and correspond to an 
average temperature of 933 °C (σ = 35 °C); and an average 
oxygen fugacity of 0.3 ΔNNO (σ = 0.14 ΔNNO) (Morgado 
et al. 2019). The compositions of ilmenite–titanomagnetite 
pairs close to the interface yielded no significantly different 
magmatic intensive conditions.

The core compositions of ilmenite–titanomagnetite pairs 
show fairly constant compositional profiles, the crystal pairs 
passed the Mg–Mn equilibrium chemical test (Fig. 2; Bacon 
and Hirschmann 1988), and there are no resorption textures. 
These features suggest that all the Fe–Ti oxides in contact 
were in equilibrium before heating. For this study, we use 
all the in contact ilmenite–titanomagnetite grains within 
the compositional and temperature range in which the ther-
moxybarometers were calibrated (Ghiorso and Evans 2008; 
Sauerzapf et al. 2008).

Diffusion modelling: a tool to obtain 
magmatic timescales

Modelling approach

The profile shapes observed in Fig. 1 of ilmenite–titanomag-
netites from the sample Cal-160, suggest that the minerals 
are responding to the heating event, governed by Eqs. 1, 2, 
and 3. In practice, this leads to Ti enrichment in the titano-
magnetite bordering ilmenite (Loomis 1983). Fe–Ti interdif-
fusion within titanomagnetite can be described and modelled 
using Fick’s second law and the composition-dependent 
form of the diffusion equation:

where C is composition, t is time, x is distance, and D∗
Ti

 is the 
diffusivity ( m2 s−1 ). This diffusivity (or Fe-Ti interdiffusiv-
ity) is calculated via Eq. 5 (Aragon et al. 1984):

where D0
0
 , D0

V
 , and D0

I
 are internal diffusion coefficients 

(details in Supplementary Material 2); E0 , EV, and EI are 
internal activation energies (cal mol−1; details in Supple-
mentary Material 2); T is temperature (K); R is the universal 
gas constant (cal mol−1 K−1), fO2 is oxygen fugacity (atm), 
X is the factor (from 0 to 1) representing the composition of 
the titanomagnetite solid solution ( (Fe3O4)1−X(Fe2TiO4)X ). 
An example of diffusion modelling in ilmenite–titanomag-
netite pairs from the sample Cal-160 is shown in Fig. 3a.

The ilmenite–titanomagnetite pairs in samples Cal-
149Tb and Cal-155 display compositional profiles with 
only weak zonation, and they are considered as largely 
equilibrated pairs that retain only weak disequilibrium. 
Although paired cores do consistently return tempera-
tures lower than paired rims, the values are well within 
the uncertainty of the thermometry technique (see Supple-
mentary Material 1). If we consider that previous heating 
has occurred, and that these crystals have been largely re-
equilibrated, then minimum timescales of re-equilibration 
can be estimated in equilibrated pairs. Equally, the lack of 
any significant deviations between interface and cores can 
be taken to signify that conditions have been stable for a 
considerable length of time. We can use Fe–Ti interdiffu-
sion chronometry to constrain re-equilibration timescales 
in titanomagnetite grains following Eqs. 4 and 5. In per-
forming these calculations the initial core composition has 
to be assumed, as no part of the profile has escaped modifi-
cation. Using a low value of XTi, comparable to the lowest 
value found in the system would in theory yield the longest 
answer; using the highest value of XTi for the core would 
theoretically yield the shortest answer as it would require 
less modification. We have used the latter parameter, based 
upon the value XTi = 0.14, from the Cal-160 crystals, to 
place a minimal constraint for the long re-equilibration 
time of crystals in Cal-155 and Cal-149Tb. We would note 
that the curvature of the profile is such that it is actually 
relatively insensitive to the choice of initial condition.
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Fig. 2  Ilmenite–titanomagnetite Mg–Mn chemical equilibrium test 
(Bacon and Hirschmann 1988) of the cores of the studied Fe–Ti oxide 
pairs. Red circles correspond to pairs from samples Cal-149Tb and 
Cal-155, while green circles correspond to pairs from sample Cal-160 
(details in Supplementary Material 1)
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Compositional equilibrium in grain boundaries

The propagation of a re-equilibrating boundary composi-
tion during ionic exchange between ilmenite and titano-
magnetite can be considered as similar to the Arrhenius 
kinetic formula for thermally activated processes (cf. 
Lasaga 1979; Loomis 1983). Thus, we use Fick’s sec-
ond law for non-steady state diffusion (Eq. 4) and diffu-
sivity following Aragon et al.’s (1984) equation (Eq. 5) 
to determine the timescale in which the composition in 
equilibrium with the new intensive physical condition is 

reached in the grain interface. Even ignoring the signifi-
cant diffusion enhancement in the grain interface inferred 
by Hammond and Taylor (1982), we can calculate that 
compositions within 10 nm of the interface will attain a 
new equilibrium in less than 1 s for all the ilmenite–titano-
magnetite pairs. The results are shown in Table 1 and form 
a basis for assuming instantaneous compositional equi-
librium on the interface in subsequent modelling. Such 
models, where equilibrium is reached instantaneously at 
the boundary have been used successfully in previous stud-
ies (cf. Lasaga 1979; Venezky and Rutherford 1999). In 
addition, the asymmetric shape of the composition profiles 
suggests that ionic exchange at the crystal boundary is the 
dominant process. We, therefore, interpret that a buffered 
exchange between the two minerals dominates the pro-
file shapes, rather than infiltration of a third component 
(e.g., melt) along the grain boundary. Videos representing 
the evolution of compositional re-equilibration in grain 
boundaries are available in Supplementary Material 4.

Uncertainties

We obtain the uncertainties of diffusivity from the error 
propagation of temperature (T), oxygen fugacity (fO2), and 
composition of titanomagnetite (X) following Eq. 6 (details 
are available as Supplementary Material 1). Finally, we 
consider the intrinsic experimental uncertainty in the cal-
culation of D∗

Ti
 (0.1 log units, reported by Aragon et al. 

1984).
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Fig. 3  Examples of Fe–Ti interdiffusion, showing the evolution of 
molar composition (XTi = Ti/(Ti + Fetot)): a profile of titanomagnetite 
over time from the sample Cal-160, representing the bottom of the 
magma reservoir (Table 1 and Supplementary Material 1) and b re-

equilibration profile of titanomagnetite over time from the sample 
Cal-149Tb, representing the middle of the magma reservoir (Table 2 
and Supplementary Material 1)

Table 1  Time necessary to reach equilibrium conditions in crystal 
boundaries of sample Cal-160

Pair name Boundary eq. time (s) Resolution (µm)

f1_p1 0.3 0.01
f1_p2 0.2 0.01
f1_p3 0.5 0.01
f13_p2 0.2 0.01
f17_p1 0.1 0.01
f17_p2 0.1 0.01
f17_p4 0.4 0.01
fb_p1 0.5 0.01
fe_p1 0.3 0.01
ff_p1 0.3 0.01
ff_p2 0.6 0.01
fh_p1 0.1 0.01
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We use the sum of the squares of the differences (SSD) 
to assess the best-fitting curve. We consider the uncertainty 
of the curve fitting on the diffusive length scale (cf. Gualda 
et al. 2012) as negligible, because the measured profiles 
show high precision and low noise (details in Supplemen-
tary Material 5).

Do the measured profiles represent diffusion?

We can be confident that the profiles measured from ilmenite 
to titanomagnetite from the sample Cal-160 represent only 
diffusion and are not significantly affected by measurement 
convolution effect for the following reasons:

1. Modelling of electron–sample interactions with the 
software CASINO (Hovington et  al. 1997; Drouin 
et al. 2007) suggests that, at the analytical conditions of 
15 keV accelerating potential and a 30 nA focused beam, 
the interaction volume in the samples is of ~ 2 µm width, 
which we use as the analytical point spacing. In addi-
tion, the vertical interaction is < 1.5 µm length (details 
in Supplementary Material 6).

2. We can rule out secondary fluorescence effects from 
analysis of ilmenite–titanomagnetite pairs from the sam-
ple Cal-160, because in Cal-149Tb and Cal-155, where 
equilibrium appears to be reached, compositional pro-
files do not show the characteristic enrichment/depletion 
effects that we see close to the interfaces of those com-
positional profiles from Cal-160, which suggests that 
these data represent true disequilibrium profiles.

Timescales from heating to eruption

The calculated timescales obtained from the sample Cal-
160 are associated with the recording of a heating event up 
to 4 days before the eruption (Table 2; Fig. 4). On the other 

hand, the results of minimum re-equilibration diffusion mod-
elling in the crystal pairs from the samples Cal-149Tb and 
Cal-155 yield timescales of the order of years. All the time-
scales are consistent with those calculated using Aggarwal 
and Dieckmann’s (2002a, b) equations for Fe–Ti (inter)dif-
fusivity in titanomagnetite.

Cal‑160

Our modelled timescales between the heating event and the 
eruption (at the bottom of the magma reservoir, represented 
by the sample Cal-160) are consistent with the seismic sig-
nals detected just before this rapid-onset eruption (SER-
NAGEOMIN 2015c; Valderrama et al. 2015; Fig. 4). The 
absence of deformation until at most 1.5 days before the 
first eruptive pulse (Valderrama et al. 2015; Delgado et al. 
2017) suggests that there were no major volumetric changes 
related to an ascent of volatiles or increased magma supply 
into the reservoir prior to the eruption. In addition, 67% of 
the calculated timescales lie within a 36-h window prior 
to the eruption, suggesting that most of the heating of the 
sample Cal-160 is recorded during that period. Furthermore, 
the peak density of the modelled timescales representing the 
heating of the reservoir coincides with the occurrence of the 
seismic swarm, starting around 3 h before the first eruptive 
event (Fig. 4).

Neither tilt nor interferograms that span the 36 h prior to 
the eruption, nor the co-eruptive period, show any evidence 
of major volume increase during the heating event (Val-
derrama et al. 2015; Delgado et al. 2017). Our results are 
consistent with the triggering mechanism of a small mafic 
injection proposed by Castruccio et al. (2016), and similar to 
short-timescale processes suggested for large magmatic sys-
tems by Burgisser and Bergantz (2011), during which magma 
recharge adds heat and volatiles with the latter stalling below 
the mush reservoir causing crystal mush disaggregation, 
magma remobilisation (rheological unlock-up point of crystal 

Table 2  Fe–Ti oxide rim 
intensive conditions (during 
heating) and associated 
timescales of ilmenite–
titanomagnetite pairs from 
sample Cal-160

Pair T (°C) Error fO2 (ΔNNO) Error Xusp Error D
∗
Ti

Min t (h) Time (h) Max t (h)

ff_p1 1073 23 0.21 0.09 0.55 0.011 2.29 × 10−16 2 3.8 7
f17_p1 1029 19 0.4 0.07 0.47 0.009 1.09 × 10−16 6.9 12.2 21.7
fe_p1 1015 18 0.43 0.06 0.46 0.009 8.51 × 10−17 5.3 8.7 14.9
f13_p1 1013 16 0.61 0.05 0.42 0.009 8.54 × 10−17 6.5 10.9 18.4
f17_p2 1048 14 0.75 0.03 0.42 0.009 1.66 × 10−16 2.4 3.8 6.1
fh_p1 1068 15 0.64 0.03 0.45 0.009 2.25 × 10−16 10.1 16.2 26.2
ff_p2 947 19 0.27 0.09 0.42 0.009 2.2 × 10−17 10.5 19.7 36.2
fb_p1 952 18 0.32 0.09 0.42 0.009 2.44 × 10−17 14.8 26.7 45.8
f1_p1 1067 17 0.5 0.05 0.47 0.009 2.12 × 10−16 20.2 33.8 56.7
f1_p3 1005 15 0.56 0.05 0.42 0.009 7.3 × 10−17 45.6 75.8 126.2
f1_p2 1041 14 0.55 0.04 0.45 0.008 1.4 × 10−16 41.1 65.9 105.5
f17_p4 963 17 0.47 0.08 0.40 0.008 3.17 × 10−17 31.7 58.3 91.2
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mushes, cf. Vigneresse et al. 1996; Petford 2003; Huber et al. 
2011; Parmigiani et al. 2014) and eruption. Although bub-
bles can ascend via infiltration or volatile-rich plumes with 
minor (or null) contents of attached new (presumably mafic) 
underlying magma (Phillips and Woods 2002; Bachmann and 
Bergantz 2006), there is no direct evidence of syn-eruptive 
magma mixing, liquid mingling or resorption features from 
the new, hotter magma. This is consistent with the models 
that indicate crystal mush and volatile systems would act as 
a rheological barrier to the inputs of new, presumably more 
mafic magma (Girard and Stix 2009; Huber et al. 2009, 
2010). In absolute terms, the rims of the Fe–Ti oxide pairs 
from Cal-160 are much more oxidised, two to three orders 
of magnitude in absolute fO2 values, than the cores of the 
same sample. The bulk of this change in fO2 is close to the 
NNO buffer trend and represents the effect of heating that 
the crystals record. These variations could be real, and could 
represent a degree of heterogeneity in the magma system, 

potentially related to volatile distributions, or could be an 
artefact of the difficulty of obtaining reliable measurements 
of fO2. The obtained values of fO2 buffer from the Cal-160 
Fe–Ti oxide pairs correspond to + 0.48 ΔNNO (σ = 0.16 
ΔNNO) and are comparable to uncertainties published in 
other articles (e.g., Borisov and Shapkin 1990; Ghiorso and 
Evans 2008). Regarding volatile phases during the eruption, 
Pardini et al. (2018) proposed the existence of exsolved vola-
tiles  (H2O,  CO2, Cl, and  SO2) before the onset of the first 
eruptive event, thus the recognised triggering heating event 
could be associated with a terminal input of volatiles. This 
could, in turn, be regarded as consistent with an increase in 
seismic activity (Linde et al. 1994).

Cal‑149Tb and Cal‑155

The absence of significant variations in both temperature and 
oxygen fugacity recorded in the ilmenite–titanomagnetite 

Fig. 4  a Plots of modelled time-
scales from heating to eruption 
of 12 in-contact ilmenite–titano-
magnetite pairs with associated 
errors based on temperature, 
oxygen fugacity and intrinsic 
diffusivity uncertainties; b ker-
nel density estimation of prob-
ability distributions of all data, 
probabilities of several ranges 
of time are shown (details in 
Supplementary Material 5); c 
summary of geophysical signals 
at Calbuco in 140 h preceding 
the second phase of the eruption 
at 4:00 (UTC) on 23 April. 
Sentinel-1a interferograms show 
no deformation in the months 
before and at least up until 36 h 
before eruption onset (descend-
ing, track 83, 21/04/2015, 09:57 
UTC). VT swarms began 3 h 
before the first eruptive pulse 
(18:11 UTC; SERNAGE-
OMIN 2015c; Valderrama et al. 
2015). A thermal anomaly was 
detected by NOAA’s Geosta-
tionary Operational Environ-
mental Satellite (GOES-13) 
20 min prior to the first eruptive 
pulse (20:45 UTC; Global Vol-
canism Program 2015)
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pairs of the lower crystallinity samples (~ 40% crystallinity, 
i.e., all except Cal-160) suggest that the heating effect was 
at a local scale, only occurring in a relatively small volume 
of the magma reservoir at the base of the reservoir and not 
thermally affecting the rest of the reservoir (Morgado et al. 
2019). Our modelled re-equilibration timescales of > 1 year 
(Table 3) represents the minimum duration over which 
temperature and fO2 conditions for the bulk of the erupted 
magma reservoir beneath Calbuco volcano were stable, prior 
to the 2015 eruption.

Our calculated timescales, considering all the samples, 
suggest that the heating event, which triggered the April 
2015 Calbuco eruption only significantly affected the bottom 
of the system over a maximum period of 4 days, but did not 

affect the upper levels of the reservoir. The middle of the 
reservoir was not affected by that heating or by any other 
event, and had already been established for over a year prior 
to the eruption. All the compositional profiles and videos of 
examples of diffusion are available as Supplementary Mate-
rials 1 and 7, respectively.

Concluding remarks

As a consequence of the rapid rate of Fe–Ti interdiffusion 
in Fe–Ti oxides, these minerals can be used for the deter-
mination of short-timescale magmatic processes. In this 
study, magmatic timescales ranging from 2 h up to 4 days 

Table 3  Fe–Ti oxide rim intensive conditions and associated timescales of re-equilibration of ilmenite–titanomagnetite pairs from samples Cal-
149Tb and Cal-155

Pair T (°C) Error fO2 (ΔNNO) Error Xusp Error D
∗
Ti

Time (years) Min t (years) Max t (years)

Cal-149Tb_fig14b_p1 966 22 0.45 0.09 0.44 0.01 3.6 × 10−17 8 5 13
Cal-149Tb_fig14_p2 961 22 0.36 0.1 0.46 0.01 3.2 × 10−17 1 0.5 1.5
Cal-155_fig3_p1 903 20 0.21 0.11 0.40 0.01 8.6 × 10−18 6 3.5 8.5
Cal-155_fig24_p1 902 21 0.17 0.1 0.39 0.01 8.2 × 10−18 4 2.5 7
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Fig. 5  a Before the hotter magma arrival (before the heating transfer 
event), the ilmenite–titanomagnetite profiles from the bottom of the 
crystal much are flat, they record temperature and oxygen fugacity; 
b at the moment of the heat transfer, Fe and Ti exchange between 
ilmenite and titanomagnetite instantaneously modifies compositions 
in the boundary between the two crystals from the base of the crys-
tal mush. The internal diffusion within crystals starts at the same 

moment of the elemental exchange; c due to the heating, remobili-
sation and stirring of the system starts, overpressure increases and 
the eruption is triggered. At the moment of the eruption, temperature 
decreases and net diffusion ceases to be significant, so that the crys-
tals from the bottom of the crystal mush recorded timescales from 
heating to eruption. Modified from Morgado et al. (2019)
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are calculated via Fe–Ti interdiffusion profiles observed 
between ilmenite–titanomagnetite crystal pairs of the sample 
Cal-160 (the sample that represents the bottom of the reser-
voir), under known temperature and fO2 conditions. These 
timescales represent the time elapsed between local-scale 
heating at the base of the magma reservoir and the begin-
ning of the rapid-onset 2015 Calbuco eruption (Fig. 5). We 
interpret these to represent the underplating of a high-tem-
perature mafic melt, considerably hotter than the overlying 
magma body that would form the bulk of the erupted mate-
rial during the eruption. There is seemingly no evidence for 
the mafic magma input to have directly erupted, and thus it 
would suggest that the eruption could have been triggered by 
a critical, physical failure related to overpressure following 
intrusion, rather than magma mixing or chemical interac-
tions. Our results suggest that the peak of pre-eruptive activ-
ity occurred just ~ 3 h prior to the eruption, coincident with 
the timing of a seismic swarm before the eruption onset.

By contrast, examination of Fe–Ti interdiffusion in the 
Fe–Ti oxides of the carrier magmas suggest minimum re-
equilibration timescales of > 1 year in the samples Cal-
149Tb and Cal-155, interpreted to represent the middle of 
the reservoir (Morgado et al. 2019). This minimum timescale 
suggests that the bulk of the erupted magma has resided in a 
stable thermal and oxidation state for at least the year prior 
to the April 2015 Calbuco eruption and that the bulk of the 
magma residing into the reservoir was not thermally affected 
by the intrusion.

In summary, the 2015 Calbuco eruption involved an 
established magma body persisting under relatively stable 
conditions over the years-to-decades timescale, surrounded 
by a crystal mush envelope of similar origins. That system 
was disrupted and invaded by a pulse of mafic magma which 
did not produce any measurable surface deformation. This 
provided additional heat to the base of the magma system, 
disrupting a mush horizon, fragments of which would be 
incorporated into subsequent PDC deposits as materials like 
the sample Cal-160. Within hours to days of the intrusion 
event, VT earthquakes and subsequent LP seismicity were 
the heralds of the eruption commencing as the resident mag-
mas ascended to the surface. The existence of a robust moni-
toring system at Calbuco strongly shows us that the run-up 
time to eruption at Calbuco was very short, giving us greater 
confidence in the relative lack of precursory activity com-
pared to other, historical eruptions of the region. We hope 
that these results provide valuable insight into understand-
ing the mechanism of rapid-onset explosive eruptions and 
potential methods by which to explore other, similar events 
for the purpose of eruption prediction and hazard mitigation.
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