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ARTICLE INFO ABSTRACT

Keywords: Understanding the conditions and timescales of storage and remobilization of magma bodies in the upper crust is

Geochemistry key to interpreting the signals of potential reawakening at active volcanoes. In this paper, we provide the first

g&aochronology volcanological and petrochronological characterization of the Singkut caldera, a young volcanic system located
1rcon

in northern Sumatra (Indonesia), in close proximity to Medan, one of the country’s most popoluous cities.
Singkut formed at ~44 ka during a VEI 6 explosive eruption that deposited at least ~26 km?® of tephra (dense
rock equivalent, DRE). The cataclysmic eruption was preceded by >200 ky of mostly effusive pre-caldera activity
and followed by effusive to mildly explosive post-caldera activity. The lavas and pumices have high crystallinity
(up to 62% crystals) with andesitic to dacitic bulk-rock composition and rhyolitic glass. Mineral textures and
matrix glass compositions indicate resorption of quartz, plagioclase and zircon. Zircon crystallization ages show a
complete overlap with the eruption ages in pre-caldera lavas, while a time gap in zircon crystallization (>50 ky)
is identified in the caldera-forming tuff and post-caldera lavas. Ti-in-zircon thermometry shows that the Singkut
magma body experienced a temperature increase starting approximately upon eruption of the pre-caldera lavas
(~254 ka). Such thermal perturbation determined progressive melting of mineral phases in the cumulate crystal
mush, caused the resorption of the youngest zircon domains before the caldera-forming eruption, and hampered
zircon crystallization between the caldera-forming eruption and the effusion of the post-caldera lavas (~16 ka).
Our data demonstrate how cumulate melting processes played a key role in leading the volcanic system towards a
caldera-forming eruption and controlled the transitions in eruptive style between the effusive phases and the
explosive climactic eruption.

Caldera cycles

U-Th zircon dating

U-Pb zircon dating
(U-Th)/He zircon dating

state (e.g., Bachmann and Huber, 2016; Cooper and Kent, 2014;
Edmonds et al., 2019; Ward et al., 2014). Zircon geochronology and

1. Introduction

Caldera-forming eruptions represent the most violent expression of
silicic volcanism on Earth.

Understanding the physico-chemical conditions that control the
growth and storage of the large silicic reservoirs that feed these erup-
tions, and the timescales over which magma evolutionary processes
operate, is a difficult task. Over the decades, petrological studies and
geophysical investigations have significantly improved our under-
standing of the architecture and character of silicic magma reservoirs
suggesting that magmas spend most of their life in a high-crystallinity

thermal modeling have shed light into the longevity of such magmatic
systems revealing that they can survive and evolve over timescales of
hundreds of thousands of years (Bohrson and Reid, 1997; Karakas et al.,
2017; Szymanowski et al., 2017; Townsend et al., 2019). Detailed
geochemical analyses of erupted magmas have shown that crystal
accumulation leading to the generation of cumulate crystal mushes and
extraction of supernatant crystal-poor melts from their mushy counter-
part, play a pivotal role in controlling the chemical evolution and
growth of large silicic magma bodies in the upper crust (Hildreth, 1981;
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Bacon and Druitt, 1988; Bachmann and Bergantz, 2004; Hildreth and
Wilson, 2007; Cooper, 2017; Wolff et al., 2020). Injection of more mafic,
hotter, and volatile-rich magmas of deeper origin can facilitate eruption
of the crystal-poor and highly buoyant melts and exerts a major control
on the eruptibility of the more crystalline and sluggish portions of
magma reservoirs during large explosive eruptions (Sparks et al., 1977;
Pallister et al., 1992; Wark et al., 2007; Molloy et al., 2008; Ellis et al.,
2023). Such behavior has been described in great detail in ignimbrite
sequences where compositional and crystallinity gradients are present
and interpreted as the expression of zoned magma reservoirs progres-
sively tapped during eruption, from a more evolved and crystal-poor top
to a more mafic and crystalline bottom (Wolff and Storey, 1984; Wolff
et al., 2015; Forni et al., 2016; Di Salvo et al., 2020; Foley et al., 2020;
Keller et al., 2021). On the contrary, the mechanisms that control the
defrosting of large monotonous crystal-rich magma bodies to produce
caldera-forming eruptions are more elusive due to the remarkable
compositional homogeneity of the erupted magmas that may mask
subtle geochemical variations (Bachmann et al., 2005; Cooper and
Wilson, 2014; Watts et al., 2016; Sliwinski et al., 2017; Repstock et al.,
2018). Additionally, the time elapsed between cumulate mush reac-
tivation and eruption in both zoned and monotonous reservoirs remains
overall controversial with timescales ranging from centuries to hundreds
of thousands of years (Burgisser and Bergantz, 2011; Matthews et al.,
2012; Wotzlaw et al., 2013; Klemetti and Clynne, 2014; Tapster et al.,
2016; Szymanowski et al., 2019). Such a knowledge gap makes inter-
pretation of the signals of potential renewal of the volcanic activity at
restless caldera-forming magmatic systems extremely challenging (e.g.,
Singer et al., 2014). To solve this conundrum, more case studies are
needed where geochemical investigations aimed at fingerprinting
cumulate melt processes are combined with geochronological data
aimed at constraining their timescales and relationship with the eruptive
activity.

In this paper, we focus on the Singkut caldera, a poorly studied
Quaternary volcanic system from northern Sumatra (Indonesia). Singkut
is located ~40 km southeast of the major city of Medan one of Indo-
nesia’s largest urban areas with a population of 3.4 million inhabitants
(Fig. 1). Singkut mostly erupted crystal-rich lavas during the pre- and

A\ active volcanoes
@ large calderas
@ Singkut caldera
O GeoB10021-1

Fig. 1. Sketch map showing the location of large calderas and active volcanoes
on Sumatra (Whelley et al., 2015) as well as the position of the Toba caldera
relative to the continuation of the Investigator Fracture Zone (IFZ) and the
Sumatran Fault Zone (SFZ). The location of the Singkut caldera together with
that of the marine core GeoB10021-1 (RV SONNE CRUISE SO-184; Hebbeln,
2006) are highlighted using color-coded symbols.
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post-caldera phases of activity and a crystal-rich ignimbrite during a
caldera-forming eruption. Hence, this magmatic system offers a unique
opportunity to track the evolution of a highly crystalline magma reser-
voir progressing towards a caldera-forming eruption and recovering
from the climactic event. In this paper, we utilize field observations to
map the extension and thickness of the Singkut volcanic deposits and use
these data to estimate the erupted volumes. We use major and trace
element data of bulk-rock, glasses, and minerals to characterize the pre-
eruptive conditions of pre- and post-caldera lavas and caldera-forming
tuff, as well as 1*C and zircon (U-Th)/He geochronology to determine
the eruption ages. In addition, a combination of in-situ LA-ICP-MS U-Pb
and U-**°Th zircon dating, and Ti-in-zircon thermometry provides
insight into the mechanisms that led to the Singkut caldera-forming
eruption and those that controlled the post-caldera activity.

2. Geological setting

The island of Sumatra (Indonesia) is located in the Indian Ocean
where it forms a ~ 1760 km-long and NW-SE-oriented feature, parallel
to the westernmost sector of the Sunda trench. The formation of the
Sunda trench is related to the subduction of the Indo-Australian oceanic
plate underneath the Eurasian continental plate (Hamilton, 1979) with a
convergence rate of ~5-7 cm/yr (Prawirodirdjo et al., 2000). Due to the
NNE movement of the Australian-Indian plate, subduction is perpen-
dicular to the trench in the south of Indonesia (Java) and oblique in the
west (Sumatra) where kinematics are mechanically compensated by
strike-slip deformation along the Sumatran Fault Zone (SFZ) (McCaffrey,
1991; McCaffrey et al., 2000). The SFZ is a NW-SE-trending, dextral
strike-slip fault system, which extends across the whole length of
Sumatra delineating an array of Quaternary volcanoes and calderas
(Fig. 1). Throughout the central and most of southern Sumatra, the
active volcanic arc is located within ~50 km of the SFZ, but in the
northern sector the location of the volcanic centres is shifted to the east
due to a change of the angle of subduction in the area, where the trench
intersects the Investigator Fracture Zone (IFZ) (Fauzi et al., 1996)
(Fig. 1). According to some authors (e.g., Koulakov et al., 2016), this
peculiar geodynamic setting might represent the main cause for the
exceptionally vigorous volcanic activity at Toba, where at least four
large caldera-forming eruptions have occurred over the last ~1.4 My
(Chesner and Rose, 1991; Chesner, 1998). The latest of these eruptions,
the Youngest Toba Tuff (YTT, ~74 ka), represents the largest known
Quaternary caldera-forming eruption (Rose and Chesner, 1987; Chesner
et al., 1991; Costa et al., 2014; Mark et al., 2014; Szymanowski et al.,
2023). Although Sumatra is mostly known for hosting the Toba caldera,
the occurrence of widespread and thick proximal pyroclastic sequences
on the island (Westerveld, 1952), together with the presence of abun-
dant tephra layers of Sumatran origin in the distal marine stratigraphic
record (Ninkovich et al., 1978; Salisbury et al., 2012; Bouvet de Mai-
sonneuve and Bergal-Kuvikas, 2020; Kutterolf et al., 2023), suggest that
Sumatra might have produced a much greater number of large erup-
tions, many of which have so far received little attention. In this paper,
we provide the first volcanological and petrological characterization of
one of these poorly studied magmatic systems from northern Sumatra:
the Singkut caldera.

3. Field data
3.1. Singkut caldera

Singkut is a ~ 9 km wide caldera located ~35 km north of Toba and
~ 15 km to the north-east of the active Sinabung volcano (Fig. 1). The
caldera is delimited to the south and southeast by ~300 m-high cliffs
where pre-caldera lavas are exposed (Fig. 2a). A partially eroded pre-
caldera edifice, Mt. Simpulangin, is located in the north-eastern flank
of the collapsed structure while the inner part of the caldera is occupied
by three younger post-caldera volcanoes aligned on a SE-NW trend (Mt.
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Fig. 2. Map of the Singkut area showing the extension of the Singkut caldera, the distribution of the pre- and post-caldera lavas, and the Singkut tuff pyroclastic
deposits (after Cameron et al., 1982). Star symbols indicate the sampling locations while dots indicate the location of the studied outcrops with numbers referring to
the thickness of the pyroclastic deposits. The area surrounding the Singkut caldera and its deposits is characterized by the occurrence of andesitic to dacitic lavas and
pyroclastics of Plio-Pleistocene age, likely forming a widely distributed volcanic field (elevated morphologies on the map; Cameron et al., 1982) (a). Field photos
showing a typical outcrop of the L3 subunit with the pumice-rich layers (b) and the base of the Singkut tuff (subunits L1, L2, and the base of L3) above a paleosol close
to the village of Kabanjahe (c). Schematic stratigraphic column showing the relationship between the Singkut tuff and the Youngest Toba Tuff (YTT) (d).

Pratektekan, Mt. Sibayak, and Mt. Pintau; Fig. 2a) and hosts an active
geothermal field (Daud, 2001). Information about the volcanological
and geochronological evolution of the Singkut volcanic complex is
extremely poor. The last eruption is believed to have occurred in 1881
CE (Van Padang, 1983) and was presumably sourced from the twin
cones of Pintau and Sibayak. Detailed information about the eruptive
style and magnitude of this eruption is not available, but the presence of
a 900 m-wide summit crater at Sibayak indicates that the most recent
activity of the Singkut complex was likely explosive. A thick pyroclastic
sequence (hereafter named “Singkut tuff”) was recognized within a vast
area to the north and south of the Singkut caldera. The Singkut tuff
extends up to ~40 km to the north where it reaches the city of Medan,
and ~20 km to the south of the caldera. The deposits reach up to 70 m in
thickness ~15 km to the north of the caldera and decrease downto 1.2 m
at a distance of ~35 km from the centre of the caldera (Fig. 2a,b). The
Singkut tuff represents the only pyroclastic deposit that consistently
crops out in the region between the cities of Medan and Kabanjahe
(Fig. 2a,b). The thickness of the Singkut tuff decreases with the distance
from the caldera (Fig. 2a) and pyroclastic deposits with similar char-
acteristics make up the ~500 m-thick caldera infill (Atmojo et al., 2000).
Based on these features, we unequivocally identify the Singkut caldera
as the source of this ignimbrite.

The Singkut tuff is a complex pyroclastic sequence composed of three
main subunits defined based on vertical variations of the textural
characteristics of the deposits. From bottom to top we distinguished an
8 cm-thick, clast-supported, well-sorted, beige angular pumice layer
(L1) overlaid by a 50 cm-thick layer composed of gray ash with scattered

white pumices and abundant organic material (L2), above which the
main unit (L3) occurs (Fig. 2c,d). The base of L3 is a matrix supported
deposit showing some crude layering and composed of beige and gray
ash with scattered white pumices. L3 abruptly transitions into a massive
deposit showing a higher concentration of white and gray angular to
sub-angular pumices (up to 40 cm) and lithic clasts (up to 20 cm) in a
coarse ash matrix. Several pumice-rich layers varying in thickness be-
tween ~1 and 2 m occur at different stratigraphic heights, likely sepa-
rating different depositional units (Fig. 2b). In the most distal outcrops
(~35 km to the north of the caldera), L3 is a ~1.2 m-thick, cross-bedded
and fine ash deposit with lenses of cm-sized pumices (exceptionally up to
20 cm in diameter). The base of the Singkut tuff was identified in a river
valley located close to the village of Kabanjahe (~14 km to south of the
caldera) where a well-developed paleosol is exposed below L1 (Fig. 2a,
c). In this area, the paleosol separates the Singkut tuff from the YTT
pyroclastic deposits. This observation places important constraints on
the relative age of the Singkut tuff which must be younger than 74 ka (i.
e., “°Ar/%°Ar age of sanidines from YTT; Mark et al., 2017).

A distal tephra layer correlated with the Singkut tuff based on its
geochemical signature (Fig. S1; Phua, 2022) has been identified in the
marine core GeoB10021-1 (R/V SONNE CRUISE SO-184; Hebbeln,
2006) collected using a gravity corer from a small basin located to the
northwest of Nias island, offshore of north Sumatra (Fig. 1). The ash bed
is identified at the sediment core interval between 118 and 119 cm
below the sea floor and consists of visible ash pod about 2 ¢cm thick and
4 cm wide, composed of gray fine ash with abundant clear and colorless
glass shards.
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3.2. Sampling

The pre-caldera lavas (SKT-19-10) were collected on the south-
eastern caldera rim (Fig. 2a). Juvenile clasts from the Singkut tuff were
sampled at different stratigraphic heights from the outflow deposits to
the north and south of the Singkut caldera. White pumices from subunits
L1, L2, and the base of L3 were sampled close to Kabanjahe, ~14 km to
the south of the caldera (SKT-20-10C, SKT-20-10D, and SKT-20-20E,
respectively) (Fig. 2a). Organic material was collected from L2
(Fig. 2c¢) for radiocarbon dating. White and gray pumices from the upper
part of L3 were sampled below (SKT-19-01 and SKT-19-02), within
(SKT-19-03 and SKT-19-04), and above (SKT-19-05 to SKT-19-07) the
lowermost visible pumice-rich layer (Fig. 2a,b). Post-caldera lavas (SKT-
19-09) were sampled from the northeastern flank of Mt. Pratektekan
inside the Singkut caldera (Fig. 2a). Sampling of fresh rocks from the
other post-caldera volcanoes was not possible due to the high degree of
hydrothermal alteration of the deposits. Overall sampling was extremely
challenging due to the thick vegetation cover and difficulty in accessing
the inner part of the caldera. Sample description and sampling locations
are provided in the Supplementary Table 1.

4. Analytical methods
4.1. Crystallinity

The crystallinities of single juvenile clasts from L1, L2, and L3 (white
and gray pumices) were estimated using the method of Rowe et al.
(2012). Powder samples were analyzed at the Nanyang Technological
University (NTU, Singapore) using a Panalytical X'Pert pro X-ray dif-
fractomer (XRD) with a Cu-Ka radiation source operated at 40 kV and
30 mA and equipped with a X’Celerator 1D type detector. The crystal-
linities of the pre- and post-caldera lava samples were determined using
backscattered electron (BSE) maps and images taken with a JEOL JSM-
7800F field emission Scanning Electron Microscope (SEM) at NTU
(Singapore). Following the method of Bernard et al. (2022), image
thresholding using JMicrovision v1.3.1 (Roduit, 2007) in combination
with manual outlining of crystals was used to estimate the micro-
phenocryst and phenocryst (crystals >100 pm in length) fractions. This
framework was preferred to the method of Rowe et al. (2012) used for
pumices to avoid including groundmass microlites in the crystallinity
calculation, given that microlites likely crystallized outside of the stor-
age zone. The crystallinity calculations and analytical conditions are
reported in the Supplementary Table 1.

4.2. Major and trace element data

The pre- and post-caldera lavas and pumices from the Singkut tuff
were analyzed via ICP (major elements) and ICP-MS (trace elements),
after being crushed and fused with lithium metaborate and tetraborate
at the Actlabs laboratories (Ancaster, Ontario). Glass major and trace
elements compositions were acquired for representative samples of all
the subunits of the Singkut ignimbrite (L1—L3), whereas mineral com-
positions (plagioclase, amphibole, pyroxene, biotite, and Fe-Ti oxides)
were obtained for the lava samples too. The major element compositions
of glass and minerals were obtained at NTU (Singapore) using a Jeol
JXA-8530F field emission electron probe X-ray microanalyzer (EPMA).
Acceleration voltage was set to 15 kV for all our analyses, but different
probe currents and beam sizes were used for matrix glasses and
amphibole-hosted melt inclusions (6 nA and 10 pm), plagioclase (10 nA
and 5 pm), pyroxene and Fe-Ti oxides (20 nA and focused beam), am-
phiboles (10 nA and 5 pm) and biotites (10 nA and 20 pm). To minimize
alkali migration, K and Na were always analyzed first. Secondary stan-
dards for glass and mineral analyses were frequently measured to ensure
analytical stability. Data are reported in the Supplementary Table 1.
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4.3. In-situ U-Pb and U-Th zircon dating and trace elements

All in situ U-Pb and 2°°Th-238U analyses of zircon, 22°Th-238U an-
alyses of glass, and trace element analyses of glass, zircon, amphibole,
plagioclase, and Fe-Ti oxides were carried out at ASE, NTU (Singapore)
using a Teledyne (Photon Machines) Analyte G2 laser ablation system
coupled to a Thermo Scientific Element 2 ICP-MS. All trace element and
geochronological data are reported in Supplementary Tables 1 and 2,
respectively. Details of the analytical procedures for each method are
listed in Supplementary Table 3.

The Trace Elements IS DRS in Iolite v. 3.6 was used for data reduction
of trace element analyses of all phases. For glass, NIST SRM 612 was
used as the primary calibration standard, and GSD-1G was used for
calibrating the silicate and oxide minerals. The Si content of glass and
silicates determined by EPMA and the Ti content of Fe-Ti oxides
determined by EPMA were used as the internal standards. Glass trace
element compositions were further corrected for interelement fraction-
ation (matrix mismatch) using correction factors determined by mea-
surements of ATHO-G, T1-G, and BCR-2G following the suggestions of
Pearce et al. (2011). Reproducibility of trace element analyses was
better than 10% (20) for all elements with concentrations >1 ppm.

Zircons were hand-picked from the heavy and diamagnetic fraction
(< 250 pm) and mounted in epoxy. Cathodoluminescence (CL) images of
the zircon crystals were obtained at NTU (Singapore) using a JEOL JXA-
8530F field emission electron probe X-ray microanalyzer (EPMA)
equipped with a JEOL cathodoluminescence (CL) detector. A focused
beam with an acceleration voltage of 15 kV and current of 5 nA was used
for imaging. 1048 x 1048 pixels CL maps were acquired with a dwell
time of 6 ms.

Zircon U-Pb data were reduced with the U-Pb Geochronology data
reduction scheme (DRS; Paton et al., 2010) of Iolite v. 4 (Paton et al.,
2011) using 91,500 zircon as the primary calibration standard. For
initial U-Th disequilibrium and common Pb corrections, we utilized the
DQPB software (Pollard et al., 2023). Precision and accuracy on U-Pb
dates based on reference materials analyzed as unknowns are 1.0-1.5%
(20) and better than 2.5%, respectively. Precision related to the common
Pb and disequilibrium correction is propagated using a Monte Carlo
approach with DQPB.

Zircon trace element concentrations and isotopes for U-23Th dating
were collected simultaneously, and the same intervals were selected for
processing both. Trace element data were reduced using the methods
described above for the other silicate minerals. Iolite v. 4 was used for
interval selection and gas blank subtraction of 228U-2*Th analyses of
zircon and glass. Further data reduction was carried out using an Excel
spreadsheet following the methods of Guillong et al. (2016). Correction
factors for instrument drift, zirconium oxide interference, mass bias, and
interelement fractionation were determined using 91,500 zircon and
NIST SRM 612 for zircon and glass, respectively, and a natural monazite
crystal was used for determining the abundance sensitivity correction
factor for 2°2Th on 2*°Th. A set of in-house and international reference
zircons with ages >900 ka were used to check that the data reduction
routine resulted in U-Th isotopic ratios indicative of secular equilibrium
for sufficiently old zircons. U-Th model ages of individual zircon grains
were calculated in two different ways: 1) using the matrix glass
composition to infer the (230Th/232Th)0 assuming equilibrium between
zircon and melt (“two point zircon-glass isochron”; Reid et al., 1997)
and 2) using the approach of Boehnke et al. (2016) to model the
(230Th/232Th)magma for each zircon assuming a U and Th zircon/melt
partition coefficient, and subsequently calculate individual zircon ages
using the two point isochron. For the U-Th ages, where the 26 un-
certainties are comparable to the maximum age difference, weighted
mean and isochron ages were calculated. Zircons from the Campanian
Ignimbrite syenitic ejecta (Breccia Museo unit, BM; Fedele et al., 2008),
for which a LA-ICP-MS U-Th isochron age of 42.1 + 1.8 ka is reported in
Guillong et al. (2016), were treated as unknowns to validate precision
and accuracy. Reproducibility of BM zircons analyzed as unknowns
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Fig. 4. Variation of the crystallinity (vol% crystals) in the studied units arranged according to their stratigraphic height. W = white pumices; G = gray pumices.

ranged from 10 to 15% (20). The ages calculated for the BM zircon using
both methods described above overlap with the reported age given the
analytical uncertainty. However, method 2 resulted in a more accurate
result (see Supplementary Table 2).

4.4. (U-Th)/He dating

(U-Th)/He zircon ages were obtained using the method described in
detail in Danisik et al. (2017). Zircons were selected based on their size
(>60 pm on the short axis) and aspect (i.e., inclusion- and imperfection-
free, euhedral, unaltered clear crystals), hand-picked, and leached in
concentrated HF for ~1 min to remove the adherent glass. The most
suitable crystals were photographed and measured using a stereo mi-
croscope connected to a camera then mounted on a double-sided tape for
LA-ICP-MS depth profile analyses. Rim-to-core U and Th distribution as
well as U-Pb and/or U-2*°Th ages were measured using a Resonetics
Resolution 155, 193 nm Ar-F excimer laser ablation system coupled to a
Thermo-Scientific ElementXR ICP-MS at ETH Zurich (Switzerland). The
operating conditions were the following: 40 x 40 pm spot size, 10 Hz
repetition rate, 2.0 J, /cm?® fluence, 20 s ablation time, and 30 s gas blank
acquisition. Zircon crystals were then packed in Nb foil, loaded in a
ultrahigh vacuum line to determine *He abundance for each grain. He-
lium was extracted from the zircons by heating with a diode laser
equipped with a pyrometer for temperture stabilisation in the range of
1100 °C for 45 min, and the released gas was analyzed with a static-
vacuum magnet sector-field noble gas mass spectrometer equipped
with a GS98 Baur-Signer ion source at ETH Zurich. Several re-
extractions at progressively higher temperatures were performed until

the fraction of helium from the last extraction was <1% of the total. The
measured helium for each grain was corrected for the blank measured
using empty Nb wraps. Outgassed zircons were transferred into Teflon
vials, spiked with 236(7 and 230Th, and dissolved using HF, HNO3, and
HCI acids. Solutions were then analyzed for U and Th using an Ele-
mentXR ICP-MS. “Raw ages” were calculated using the He, U, and Th
abundances and uncertainties derived from the propagated analytical
uncertainties of each measurement. “Raw ages” were corrected for He
loss due to alpha-ejection (“FtK-corrected (U-Th)/He ages™) and core-to-
rim U-Th zoning (“FtZ-corrected (U-Th)/He ages™) using the methods of
Ketcham et al. (2011) and Hourigan et al. (2005) and subsequently for
disequilibrium (“disequilibrium-corrected (U-Th)/He ages™) using the
MCHecCalc computational routine (Schmitt et al., 2010). As input pa-
rameters we used single crystal Ftz-corrected (U-Th)/He ages and the
U-Pb or U-230Th crystallization ages with 2c uncertainty. Zircons from
the Fish Canyon Tuff ((U-Th)/He age of 28.3 + 0.8 Ma, 2¢ uncertainty;
Gleadow et al., 2015) and from the Breccia Museo unit of the Campanian
Ignimbrite ((U-Th)/He age of 41.7 + 1.8 ka, 20 uncertainty; Gebauer
et al., 2014) were measured to monitor accuracy, analytical stability,
and goodness of the various corrections. The analytical data and results
are reported in the Supplementary Table 2.

4.5. Radiocarbon dating

Organic-rich material sampled onshore within the L2 unit of the
Singkut tuff (Fig. 2c), as well as foraminifera sampled offshore from the
sediment interval (117-118 cm) directly above the volcanic ash layer
correlated to the Singkut tuff within marine core GeoB10021-1 were
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Fig. 3. Back-scattered electron images (BSE) of selected samples from pre-
caldera lavas (a-b), a white and gray pumice from the Singkut tuff (c-d), and
the post-caldera lavas (e-f) showing textures and typical mineralogy (Pl =
plagioclase; Amph = amphibole; Qtz = quartz; Bt = biotite; Fe-Ti ox = Fe-Ti
oxides; Ap = apatite). Note that resorbed quartz crystals are abundant in pre-
caldera lavas and scarce in the Singkut tuff and post-caldera lavas.

analyzed with the radiocarbon dating method. Radiocarbon measure-
ments were performed by accelerator mass spectrometry (AMS) at the
Beta Analytic Radiocarbon Laboratory (USA). Radiocarbon dating re-
sults are reported both as conventional ages (}*C yr BP) with 26 un-
certainty and as calibrated ages (cal a BP) in the form of median ages,
68.2% (10) and 95.4% (20) probability calibrated age ranges (Supple-
mentary Table 2). Conventional radiocarbon ages (14C yr BP) were
calibrated with MatCal 2.0 (Lougheed and Obrochta, 2016) using the
IntCal20 calibration curve (Reimer et al., 2020) for the onshore organic-
rich clay clasts, and the Marine20 (Grootes et al., 2020) calibration
curve for the offshore foraminifera with an additional AR correction of
—117 £+ 70 (Southon et al., 2002) to account for the marine radiocarbon
reservoir effect. A weighted-mean age for the tephra layer was calcu-
lated using IsoplotR (Vermeesch, 2018; see Supplementary Table 2).

5. Results
5.1. Mineralogy and crystallinity of lavas and pumices

The pre-caldera lavas from Singkut are coarse-grained with 40 vol%
crystals (>100 pm) of plagioclase, amphibole, biotite, orthopyroxene,
Fe-Ti oxides, quartz, apatite, and zircon in a micro- to crypto-crystalline
groundmass (Figs. 3a,b, 4 and S2). The juvenile clasts from the Singkut
tuff are white and gray pumices occurring both as single clasts and as
portions within the same clast (Fig. 3c). White pumices prevail at the
bottom of the sequence (L1), while gray clasts/portions become abun-
dant in the main ignimbrite body (L3). The crystallinity of white pum-
ices/portions changes from 24 vol% in L1 to 34 vol% in L2 and ranges
between 35 and 42 vol% crystals in L3, while the gray pumices/portions
in L3 contain between 42 and 62 vol% crystals (Fig. 4). The mineral
assemblage is very similar to that observed in the pre-caldera lavas, but
quartz is rare (Figs. 3c and S2). Crystals in both white and gray pumices/
portions are often broken and immersed in a glassy vesicular matrix
(Figs. 3c,d and S2). The post-caldera lavas from Pratektekan volcano are
very similar to the pre-caldera lavas in terms of texture and mineralogy
with slightly lower crystallinity (38 vol% crystals >100 pm; Fig. 4).
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Notably, they contain only traces of quartz in the micro-crystalline
groundmass (Figs. 3e,f and S2). Crystal clots containing amphibole,
biotite, plagioclase, and oxides are very common in both lavas and
pumices (Figs. 3 and S2).

5.2. Bulk-rock and glass compositions

The bulk-rock composition of pre-caldera lavas plots at the limit
between the andesite and dacite fields, whereas the post-caldera lavas
plot within the andesite field (Fig. 5a). The juvenile clasts from the
Singkut tuff range in whole-rock composition from low-SiO5 andesites
(gray pumice) to high-SiO, andesites and dacites (white pumices) but
the matrix glass of both white and gray pumices/portions is rhyolitic
(Fig. 5a).

Major element plots show a decrease in Al;O3, TiO3, CaO, FeO, and
MgO, and an increase in KoO with SiO, from basaltic andesite to andesite
bulk-rock compositions, whereas NayO displays little variation
(Figs. 6a—c and S3). The bulk-rock compositions of the white pumices
and pre-caldera lavas are similar. The post-caldera lavas have slightly
higher TiO,, CaO, MgO, and FeO, and lower SiO5 and K30, while the
gray pumices are significantly enriched in all major elements except for
Si0y, Nag0, and K;0 compared to the other bulk-rock compositions
(Figs. 6a—c and S3). In the rhyolitic matrix glasses, CaO, MgO, FeO,
P,0s, and AlO3 contents are homogeneously low, while NayO and TiO,
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show wider variations over relatively homogeneous SiO5 contents
(Figs. ba—c and S3).

Amphibole-hosted melt inclusions from the Singkut tuff mostly
overlap with matrix glass compositions (Figs. 6a—c and S3). Rare earth
element patterns show notable depletion in middle REE (MREE) over
light REE (LREE) and heavy REE (HREE) in the matrix glasses compared
to bulk-rock compositions. The gray pumice bulk-rock composition is
enriched in MREE and HREE compared to the white pumices and lavas
(Fig. 5b). Trace element binary plots display small differences between
the bulk-rock compositions of pre-caldera lavas and white pumices,
while the gray pumices show lower Th and Ba contents (Fig. 6d-f). The
post-caldera lavas mostly plot halfway between the two. The rhyolitic
matrix glasses are enriched in Th and Ba compared to the bulk-rock
compositions and show wide variations in Eu/Eu* (=Euy/

(Gdn*Smy)%; 0.4-1.2) and Zr/Hf (22-48) (Fig. 6d-f). Overall, no sig-
nificant compositional difference is observed between the matrix glass
compositions of white and gray pumices.

5.3. Mineral chemistry

5.3.1. Plagioclase

Plagioclase crystals are generally euhedral and display a wide range
of crystal sizes (from ~0.3 mm to 2.5 mm) and compositions (Angzg_gg).
The plagioclase from the pre- and post-caldera lavas and Singkut tuff
show similar compositional and textural features and are often included
within amphibole crystals or form crystal clots together with amphibole,
biotite, Fe-Ti oxides, and apatite (Fig. 3). Most plagioclase crystals have
labradoritic composition, while bytownite is rare, often representing
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and Putirka (2016), respectively.

crystal cores of oscillatory or patchy zoned crystals with labradorite to
andesine intermediate and outermost rims (Fig. 7a-c). Only in the
Singkut tuff, rare small subhedral low-Ca plagioclase (Angy_3;) have
been observed (Fig. 7b). In most plagioclase, the An content positively
correlates with FeO while no clear correlation between the An content
and the Sr and Ba contents has been observed (Fig. S4).

5.3.2. Amphiboles

Amphibole crystals are euhedral to subhedral, often shattered and
range in size between 0.1 and 2 mm (Fig. 3). In the pre-caldera lavas, the
amphiboles show breakdown rims composed of Fe-Ti oxides and
plagioclase (Fig. 3a,b). Most amphiboles in both lavas and pyroclastics
are Mg-hornblende with Al'Y = 0.8-1.3 and Mg# = 57-70 (Fig. 7d-f).
Tschermakite-pargasite and Mg-hastingsite (Al'Y = 1.4-1.7 and Mg# =
58-71) compositions are occasionally present only in the Singkut tuff
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and in the post-caldera lavas (Fig. 7). The REE patterns of Mg-
hornblende amphiboles fully overlap with small differences in Eu/Eu*
that positively correlate with the Sr content. Overall amphiboles are
enriched in MREE compared to HREE (Fig. S4).

5.3.3. Biotite

Biotite crystals are large (~1-1.5 mm), euhedral to subhedral, and
frequently grow around crystal clots together with amphibole, plagio-
clase, and apatite (Fig. 3d,f). In the pre-caldera lavas, biotite crystals
always display opacitic rims (Fig. 3a,b) while in the Singkut tuff they
often appear frayed and deformed but fresh (Fig. 3c,d). Most biotites in
the Singkut tuff have relatively low analytical totals (<95 wt%; defini-
tion of Ellis et al., 2022), and show higher CaO and lower K»0, NayO,
BaO, and MnO contents compared to those from the lavas (Fig. S5).
Notably, in a K20 vs. CaO space, biotites from L1, L2, and the base of L3
plot on a different trend compared to those from the rest of L3 (Fig. S5).

5.3.4. Fe-Ti oxides

Fe-Ti oxides in the Singkut tuff occur as single crystals or in crystal
clots containing Ti-magnetite (Uspg.17-0.19) and ilmenite (Ilmg 74 ¢.80)
with or without amphibole, biotite, apatite, and zircon. In all the lavas,
Ti-magnetite crystals exhibit ilmenite lamellae indicative of exsolution-
oxidation processes occurring at subsolidus temperatures (Bacon and
Hirschmann, 1988).

5.3.5. Zircon

Zircon crystals are abundant in the pre-caldera lavas and scarcer in
the Singkut tuff and post-caldera lavas where they often show signs of
resorption (Fig. S6). CL images reveal zoning with rare evidence of
inherited cores (Fig. S6). The Ti content corrected to the zircon reference
material compositions of Szymanowski et al. (2018) varies between 3
and 9 ppm in zircons from the pre-caldera lavas, 3 and 29 ppm in zircons
from the Singkut tuff and 3 and 28 ppm in zircons from the post-caldera
lavas (Supplementary Table 1).

5.3.6. Other phases

Orthopyroxene crystals (50-60 pm) are overall scarce in lavas and
pumices from Singkut. Mg-numbers mostly range between 64 and 68 but
a few crystals with higher Mg-number (Mg# = 70-76) are present in
both Singkut tuff and post-caldera lavas (Supplementary Table 1).
Apatite is very abundant in both lavas and pyroclastics, often included in

other phases or mineral clusters (Fig. 3). Notably, rounded and embayed
quartz (0.5-1 mm) is abundant in the pre-caldera lavas, scarce in the
Singkut tuff and only present in traces within the post-caldera lavas
(Fig. 3).

5.4. Intensive parameters

Magma storage conditions in terms of temperature, pressure, oxygen
fugacity, and magma water content were estimated using a variety of
thermometers, barometers, oxybarometers, and hygrometers and are
summarised in Fig. 8. Temperature and pressure constraints using
amphibole and amphibole-plagioclase thermobarometry were obtained
for all the studied units, whereas the methods that require mineral-melt
equilibrium (plagioclase-melt, amphibole-melt, and zircon saturation
temperatures) were applied only to the Singkut tuff where the matrix,
which quenched upon eruption, preserved a fully glassy texture and
composition that likely approximates to that of the melt at the time of
eruption (Fig. 3b). Amphibole and amphibole-plagioclase thermometry
show similar temperature ranges in the pre-caldera lavas (~770-830 °C
and ~ 790-840 °C, respectively), the Singkut tuff (~750-850 °C and
780-860 °C, respectively), and post-caldera lavas (~760-860 °C and ~
800-840 °C, respectively; Fig. 8). Tschermakitic pargasite and Mg-
hastingsite compositions return higher temperatures (~890-940 °C;
Fig. 8). Plagioclase-melt and amphibole-melt equilibrium tests applied
to the Singkut tuff reveal that only plagioclase crystals with An = 30-48
and amphibole crystals with AlY = 1-1.4 are in equilibrium with the
matrix glass compositions (Fig. 7) and return narrower temperature
intervals (~790-810 °C and ~ 780-840 °C, respectively). Magma water
content in the Singkut tuff ranges between 4.5 and 4.8 wt% (Fig. 8). Mg-
hornblende amphibole barometry indicate pressures between 0.7 and
2.3 kbar for the pre-caldera lavas, between 0.3 and 2.4 kbar for the
Singkut tuff, and between 0.6 and 2.5 kbar for the post-caldera lavas.
Median pressures vary from 1.1 to 1.5 kbar, corresponding to a 4-6 km
depth range. Tschermakitic pargasite and Mg-hastingsite compositions
record pressures between 3 and 3.9 kbar (Fig. 8). Amphibole oxy-
barometry returns oxygen fugacities between NNO + 0.5 and NNO + 1.5
for all the studied units (Fig. 8).

Notably, Fe-Ti oxide thermometry and oxybarometry could not be
applied to the pre-caldera and post-caldera lavas due to post-
depositional modification to the original composition of the oxides. In
the Singkut tuff, we observe no correlation between pre-eruptive
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temperatures obtained using Fe-Ti and Fe-Mg exchange between oxide
pairs, with Fe-Mg temperatures being systematically higher (>250 °C)
than Fe-Ti temperatures. Such behavior might reflect post-eruptive re-
equilibration of the Fe-Ti oxide pairs (Ghiorso and Evans, 2008; Hou
et al., 2020), thus we prefer not to use oxide compositions to estimate
pre-eruptive parameters.

5.5. Geochronology

Zircon crystals from lavas and pyroclastics from Singkut describe
wide age ranges, indicating protracted zircon crystallization in the
Singkut magma reservoir (Fig. 9). Specifically, common Pb- and Th-U
disequilibrium-corrected 238U-26pb crystallization ages of single zircon
crystals range between 908 + 34 and 260 =+ 40 ka (20) in the pre-caldera
lavas, between 712 + 43 and 112 + 38 ka (20) in the Singkut tuff (L1
and L3) and between 742 + 58 and 132 + 36 ka (20) in the post-caldera
lavas. In the pre-caldera lavas and Singkut tuff, two zircons with much
older crystallization ages (1143 + 34 and 1032 + 36 ka, respectively)
were recognized. In the Singkut tuff, U-2Th single zircon crystalliza-
tion ages span between secular equilibrium (>350 ka) and 99 + 38 ka,
when calculated using two point zircon-glass isochrons (Reid et al.,
1997), or 93 + 44 ka, using the model of Boehnke et al. (2016). In the
post-caldera lavas, U-23°Th single zircon ages calculated with the two
methods range between secular equilibrium and 67 + 22 ka or 49 + 33
ka, respectively. U-Th isochron ages of 166 + 24-28 ka (20; MSWD =
1.3) and 118 + 22-28 ka (20; MSWD = 1.6) were calculated for the
Singkut tuff and post-caldera lavas, respectively. All U-Pb and U-Th
data and plots are reported in the Supplementary Table 2.

In the pre-caldera lavas, the disequilibrium-corrected (U-Th)/He
eruption ages of single zircon crystals from the pre-caldera lavas vary
between ~220 and 260 ka and overlap within uncertainty (Fig. 9). The
U-Pb crystallization ages of six zircons measured through depth profiles
mostly range between ~475 and 250 ka showing some core-to-rim age
variations. For these crystals, we used an average core-rim crystalliza-
tion age (and associated uncertainty) to perform disequilibrium cor-
rections of the Ftz-corrected He ages. Only one zircon displays a very
strong core-to-rim age zoning (from ~60 Ma to 450 ka) with a clear
prevalence of the older domain representing ~90% of the ablated vol-
ume (Supplementary Table 2). This indicates that the zircon was mostly
in secular equilibrium at the time of the eruption. Hence, disequilibrium
correction has no influence on the final (U-Th)/He age of this crystal. In
the Singkut tuff, we performed (U-Th)/He dating of eight zircon crystals
ranging in U-Pb and U-2CTh crystallization age between ~130 and 650
ka. Disequilibrium-corrected (U-Th)/He ages of seven crystals vary
between ~38 and 59 ka, while one zircon shows a significantly older age

Table 1

Journal of Volcanology and Geothermal Research 445 (2024) 107971

(~98 ka) (Fig. 9). Five zircons from the post-caldera lavas were double-
dated. U-PD crystallization ages of these zircons range between ~60 Ma
and 180 ka, while disequilibrium-corrected (U-Th)/He ages vary be-
tween ~50 and 15 ka (Fig. 9).

Radiocarbon dating Q) of organic-rich material within the L2
subunit of the Singkut tuff produced a calibrated median age of 43,754
+ 898 cal a BP (20), while foraminifera sampled from the marine core
GeoB10021-1 within the sediment interval directly above the volcanic
ash layer correlated to the Singkut tuff, yielded a calibrated median age
of 44,114 + 684 cal a BP (20; Supplementary Table 2).

5.6. Eruption age calculations

We used the MCHeCalc computational routine (Schmitt et al., 2010)
to calculate a best-fit eruption age for all the studied units by inputting
the disequilibrium-corrected (U-Th)/He ages of single zircon crystals.
The algorithm provides a “concordant” age distribution calculated from
the intersection of all individual eruption ages with associated peak age,
asymmetric uncertainties and a goodness-of-fit parameter (Q). We also
compare the best-fit (U-Th)/He eruption ages with eruption age in-
terpretations of the U-23°Th and 23%U-2°Pb zircon crystallization ages
obtained using the Bayesian model of Keller et al. (2018). Results are
reported in Fig. 9 and Supplementary Table 2.

For the pre-caldera lavas, a “concordant” eruption age of 254 + 7 ka
(20) was calculated based on the disequilibrium-corrected (U-Th)/He
ages of all six zircons. This age overlaps within uncertainty with the
Bayesian eruption age of 258 + 21 ka (20) (Fig. 9), thus demonstrating
that the emplacement of younger lava flows above the sampled lava flow
did not result in resetting of the (U-Th)/He system in the analyzed
zircons.

In the Singkut tuff, disequilibrium-corrected (U-Th)/He ages of
seven crystals in pumices from L3 return a “concordant” eruption age of
48.0 £ 1.4 ka (20). One zircon showing an older He age (~98 ka) was
excluded from best fit eruption age calculations. Two **C calibrated ages
were obtained from organic-rich material found within L2 and forami-
nifera in the marine sediments above the Singkut tephra layer. The two
14¢ calibrated ages perfectly overlap within uncertainty (43,754 + 898
and 44,114 + 684 ya cal a BP, respectively), while the modeled (U-Th)/
He zircon “concordant” eruption age is slightly older (Fig. 9). Given the
consistency of the two independent radiocarbon calibrated ages, our
preferred age for the Singkut caldera-forming eruption is 43,983 + 544
(20), corresponding to the weighted mean of the two '*C calibrated ages.
Notably, both “concordant” (U-Th)/He and radiocarbon eruption ages
are younger than the Bayesian eruption ages calculated using the U-Pb
and U-?°CTh crystallization ages (110 + 27 and 126 + 17 ka,

Estimated minimum total volume of the Singkut tuff derived by adding: 1) the volume of pyroclastic density current (PDC) estimated using the area of the northern and
southern sheets, inferred from the distribution of the deposits in the field (Fig. 2) and an average thickness of 25 m; 2) the volume of the intra-caldera inflow estimated
based on the area delimited by the inferred caldera rim (Fig. 2) and the thickness of the intra-caldera tuff (500 m) as observed in several exploration wells located inside
the Singkut caldera (Atmojo et al., 2000); and 3) the volume of the Plinian fallout and the fine ash component (co-ignimbrite ash) estimated using the method of Legros
(2000) over a triangular area with a curved base, representing an ideal isopach shape. The main axis of this shape connects the vent (apex of the triangle) with the
sampling location of the fallout out deposit (L1) and the marine core GeoB/10021/1 (prolongation of the main axis to encounter the semi-circle). We used two
endmember apex angles (10° and 60°) to encompass a range of possible wind conditions affecting the width of the volcanic plume. The contribution of the fallout and
fine ash components to the total erupted volume is minor (0.13 km? for a 10° angle and 0.9 km® for a 60° angle) and thus within the range of possible wind conditions
the estimated minimum volume of the Singkut tuff ranges between 59 and 61 km?>. Dense rock equivalent (DRE) volumes were calculated using the following ranges of
porosity: intracaldera infill 33-45%; ignimbrite outflow 57-73%; fallout and co-ignimbrite ash 55-63% (Karstens et al., 2023). A density of 2.4 g/cm® was used to

calculate the mass. Values in parenthesis indicate averages.

Deposits Area Av. thickness Isopach area (10-60°) Thickness Volume DRE Mass Magnitude VEI
km? km km? km km? km?® kg

PDC outflow (N lobe) 1170 0.025 29.25 7.9-12.6

PDC outflow (S lobe) 395 0.025 9.9 2.7-4.2

Caldera infill 40 0.50 20 11-13.4

Fallout (on-land) 10-508 8 x 10° 0.003-0.15 0.002-0.09

Distal ash (marine) 13,008-69,376 0.5 x 10° 0.24-1.28 0.13-0.81

Total

59-61 (60) 21.7-31.1 (26.4) 5.2-7.5 x 10'® 6.7-6.9 6
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Fig. 10. Major element plots (a—c) showing Singkut bulk compositions compared to liquid lines of descent (gray dashed lines with squares) and cumulate lines of
descent (gray dashed lines with dots) obtained using the experimental data of Marxer and Ulmer (2019). Gray symbols and numbers along the dashed lines indicate
solid fractions. Trace element plots (d-f) showing the evolution of fractionated liquid (gray dashed lines with squares), cumulate (gray dashed lines with dots), and
cumulate melt compositions (gray dashed lines with triangles). See Supplementary Table 4 for the details of the modeling. Gray squares, circles, and numbers along
the dashed lines indicate the solid fractions produced via fractional crystallization, while gray triangles and numbers indicate the melt fraction produced by cumulate
melting. Light gray colors refer to results obtained using low Kds, while darker gray colors refer to results obtained using high Kds. W = white pumices; G =

gray pumices.

respectively; Fig. 9).

(U-Th)/He ages of single zircons from the post-caldera lavas define a
wide range. He measurements of these zircons were particularly chal-
lenging due to their young age and small crystal size resulting in high
helium blank/sample ratios and large alpha-ejection corrections (Sup-
plementary Table 2). We calculated a tentative eruption age using 3
zircons that define a clear age cluster and obtained a “concordant”
eruption age of 16.3 + 0.6 ka (20). Two zircons showing older ages (~50
and 32 ka) were excluded from the eruption age calculation (Fig. 9).
Similar to what we observed in the Singkut tuff, the (U-Th)/He
“concordant” eruption age is younger than the Bayesian eruption ages
calculated using the U-Pb and U-?**Th crystallization ages (110 + 63
and 67 + 30 ka, respectively; Fig. 9).

12

Crystals with older (U-Th)/He age are often interpreted as xen-
ocrysts entrained during eruption but not completely reset (e.g., Schmitt
et al., 2010). This could be a possibility for the zircons from the post-
caldera lavas, whose age is comparable to that of the Singkut tuff.
Indeed, post-caldera magmas likely travelled through the thick intra-
caldera Singkut tuff deposits before being erupted. However, we
consider unlikely that xenocrystic material could be incorporated in the
Singkut tuff without being reheated above the He closure temperature
(~180 °C). Moreover, the Singkut tuff zircon with an older (U-Th)/He
age (z9; Supplementary Table 2) has a crystallization age compatible
with the main age peak distinguished in zircons from this unit (~200 ka;
Fig. 9). Hence, we suggest that the older (U-Th)/He age might be the
result of “He implantation” from other U-Th-rich neighbouring mineral
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phases or due to the presence of fluid inclusions with excess He that we
could not detect under the microscope (Flowers et al., 2022) or simply to
the effect of ananlytical uncertainties that we cannot account for,
possibly related to the large helium-blank and alpha-ejection
corrections.

6. Discussion
6.1. Eruptive history of the Singkut caldera

Singkut preserves a rich stratigraphic record of its volcanic activity
from the pre- to the post-caldera stages. Evidence of the pre-caldera
effusive phases can be observed in the southern and southwestern sec-
tors of the caldera where crystal-rich and quartz-bearing dacitic lavas
crop out. These lavas represent the remnants of a pre-caldera volcanic
edifice, with activity dating back to at least ~254 ka (Fig. 9).

The present caldera structure formed as a consequence of a large
explosive eruption that produced a monotonous, crystal-rich, andesitic
to dacitic ignimbrite (i.e., Singkut tuff). The three distinct subunits (L1-
L3; Fig. 2) recognized within the Singkut tuff pyroclastic sequence were
deposited during different phases of the eruption: layer L1 is a fallout
deposit, emplaced during an initial Plinian phase, whereas L2 and the
base of L3 were likely deposited by ash-rich pyroclastic density currents
(PDCs) that formed when the Plinian column started to collapse. During
the climactic phase of the eruption, an increase of the mass discharge
rate resulted in the deposition of massive pumice-rich PDC deposits,
representing the bulk of L3, and eventually culminated in caldera
collapse. Both the occurrence of organic material within the L2 and the
presence of an erosive contact separating L1 from L2 support the hy-
pothesis that L2 was deposited during the initial phases of collapse of the
Plinian column. The increasing abundance of crystal-rich gray pumices
(up to 62 vol% crystals) towards the top of L3 (Fig. 4) indicates that
during its final stages the eruption was tapping the bottom of the magma
reservoir where the most crystalline material was stored. The presence
of a distal tephra layer in the marine core GeoB10021-1 (Figs. 1 and S1)
suggests that volcanic ash was transported for >300 km to the southwest
of the source either during the Plinian phase or from a co-ignimbrite
cloud under the influence of prevailing wind conditions dominated by
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the seasonal northeastern and southwestern monsoons (Dash, 2005; Lo
and Orton, 2016). Given the modest thickness of the fallout deposits
~14 km from the source (~8 cm), we consider unlikely that a consid-
erable amount of Plinian fallout material could be transported to the
distal core location producing a ~0.5 cm-thick ash layer. Thus, our
preferred interpretation is that the marine tephra layer represents a co-
ignimbrite ash deposit. Based on this interpretation, we used the method
of Legros (2000) to calculate the minimum volume of the onshore Pli-
nian fallout and the offshore co-ignimbrite deposit employing single
isopachs. The volume of the outflow PDC deposits was calculated based
on the area of the northern and southern ignimbrite sheets and an
average thickness of 25 m, while for the intracaldera deposits we used
the area delimited by the caldera rims and an intracaldera tuff thickness
of 500 m, as reported in exploration studies of Atmojo et al. (2000).
More details on erupted volume calculations are reported in Table 1.

We estimate that the Singkut caldera-forming eruption discharged a
minimum bulk tephra volume of ~60 km?, corresponding to ~26 km?® of
DRE, and thus should be classified as a VEI 6 eruption.

After the caldera-forming eruption, magmatic activity resumed at the
rims and inside the caldera, forming three volcanic centers. Such activity
was mostly effusive whereas the most recent manifestations at Mt.
Sibayak were explosive, indicating a possible change in eruptive style
with time. We sampled an andesitic lava from a volcanic center located
inside the caldera (i.e., Mt. Pratektekan) and obtained a tentative
“concordant” eruption age of ~16 ka using disequilibrium corrected
(U-Th)/He ages of three zircons.

6.2. Geochemical variability of Singkut magmas

Singkut pumices and lavas vary in bulk-rock composition from an-
desites to dacites with rhyolitic matrix glass and melt inclusions (Fig. 5).
Geochemical trends of major elements in the Singkut magmas closely
resemble those obtained with fractional crystallization experiments of
arc magmas at 0.2 GPa and in oxidized conditions (NNO oxygen buffer)
using a tonalite starting composition (Marxer and Ulmer, 2019).
Experimental conditions are similar to those obtained for the Singkut
magmas (Fig. 8), the mineral assemblage in the experiments matches
that of Singkut and the starting compositions are similar to those of bulk-
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Fig. 11. Zircon Ti content and Ti-in-zircon temperatures vs. U-Th-Pb zircon crystallization ages. Ti content is corrected to zircon reference material compositions of
Szymanowski et al. (2018). Ti-in-zircon temperatures were calculated with the calibration of Ferry and Watson (2007). An aTiO, of 0.46 was calculated using
Rhyolite-MELTS and aSiO, inferred based on the presence of quartz (=1). The plot on the right shows how the Ti-in-zircon temperature scale changes with aTiO,
within a range of 0.46-0.76 (values typically used for SiO,-rich magmas). Gray lines are isotherms while gray dots indicate the position of each temperature value at
different aTiO, (vertical dashed lines). Overall, higher values of aTiO, result in lower Ti-in-zircon temperatures. Zircon saturation temperatures are calculated with

the model of Crisp and Berry (2022) using the matrix glass with low Zr/Hf.
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rock white pumices and lavas, while gray pumices are significantly more
mafic (i.e., enriched in FeO, MgO, Al;O3, CaO, TiO3) and closely
resemble cumulate compositions (Figs. 10 and S3). Experimentally
derived liquid lines of descent show that rhyolitic compositions, akin to
those of Singkut glasses, can be reached at around 55 to 70% solid
fraction (Figs. 10 and S3). Magma evolution involves early crystalliza-
tion of plagioclase, clinopyroxene and orthopyroxene, followed by
amphibole, Fe-Ti oxides, biotite, and quartz. Plagioclase and amphibole
largely dominate the crystal assemblage. The lack of clinopyroxene in
the Singkut mineral assemblage is coherent with the disappearance of
this phase during peritectic reaction between clinopyroxene and resid-
ual liquid to form amphibole (Marxer and Ulmer, 2019). In the experi-
ments, crystallization of amphibole at the expense of clinopyroxene
occurs at around 900 °C, in line with temperatures obtained for the
Singkut magmas via amphibole thermometry (Fig. 8).

Crystallization of plagioclase, orthopyroxene, and amphibole leads
to a decrease of FeO, MgO, Ca0, and Al;03 and an increase of K50 in the
residual melt, while TiO, drop marks the onset of oxide crystallization
(Figs. 10 and S3). Biotite and quartz join the mineral assemblage at
around 750 °C and 55% melt fraction (Marxer and Ulmer, 2019).
Coherently, trace element modeling using the pre-caldera lava as start-
ing composition and a range of bulk-rock partition coefficients (Sup-
plementary Table 4), shows that rhyolitic compositions can be reached
after ~50-70% fractional crystallization (Fig. 10). Derived cumulate
mineral assemblages are mainly composed of plagioclase and amphibole
together with lesser amounts of biotite, quartz, pyroxene, Fe-Ti oxides,
and accessory zircon and apatite. This mineral assemblage mirrors that
observed in the Singkut rocks (Fig. 3). Fractionation of these phases
drives the residual liquids to lower Sr, Eu/Eu*, Zr/Hf, MREE, and HREE
contents and higher Ba and Th contents. However, fractional crystalli-
zation alone does not explain the positive Eu anomalies and supra-
chondritic Zr/Hf ratio observed in the matrix glass compositions
(Figs. 6 and 10).

6.3. Evidence of cumulate melting

Major and trace element patterns show that fractional crystallization
processes played a primary role in the evolution of the Singkut magmas.
Such processes generated silicic cumulates dominated by plagioclase
and amphibole, enriched in Al;03, MgO, CaO, FeO, TiO,, Sr, MREE, and
HREE and depleted in KO, Th, and Ba compared to their residual
rhyolitic melts. Additionally, accumulation of plagioclase and zircon
produced cumulate compositions with positive Eu anomalies and supra-
chondritic Zr/Hf ratios (Figs. 6 and 10).

When crystallizing magmas reach a solid fraction of 50-70%, they
approach the rheological lockup threshold (Huber et al., 2011) and need
an external source of heat and volatiles to develop into eruptible magma
bodies. Such a source, typically provided by more mafic, hotter, and
volatile-rich recharge, can trigger partial melting of the cumulate mush
and lower its crystallinity below the rheological lockup (Ellis et al.,
2023). At Singkut, we find textural evidence of re-heating in the form of
resorbed quartz crystals in the pre-caldera lavas (Fig. 3). Quartz is scarce
in the Singkut tuff and is only present in traces in the post-caldera lavas
indicating progressive consumption of quartz over time. Plagioclase
represents the most abundant mineral phase in the Singkut rocks, but
crystals in equilibrium with the melt are extremely scarce (Fig. 7). Such
evidence, together with the positive Eu anomalies detected in some of
the matrix glass compositions, suggest melting of low An plagioclase
crystals in the cumulate mush. High Ba contents in matrix glasses might
be ascribed to biotite breakdown, while super-chondritic Zr/Hf ratios
likely derive from zircon melting (Deering and Bachmann, 2010; Ellis
et al., 2023). Trace element modeling shows that partial melting of a
cumulate formed after 70% fractional crystallization, akin to the gray
pumice bulk composition, produces liquids with higher Eu/Eu*, Zr/Hf,
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and Ba compared to their fractionated melts, while mixing between
different proportions of cumulate melts, cumulate material and frac-
tionated melts can generate the bulk-rock composition of white pumices
and lavas (Fig. 10).

6.4. Mechanisms and timescales of cumulate mush remobilization

Using a combination of textural observations and geochemical data
we have shown that cumulate melting played a key role in allowing
remobilization and eruption of a large crystal mush stored at shallow
depth below Singkut. Additionally, Ti-in-zircon temperatures, U-Pb and
U-230Th zircon crystallization ages, and their comparison with (U-Th)/
He and “C eruption ages provide important information about the na-
ture and timescales of these processes. Ti-in-zircon temperatures were
calculated using the calibration of Ferry and Watson (2007). The activity
of TiO5 (aTiO 3 = 0.46) was estimated via Rhyolite-MELTS (Gualda
et al., 2012) using the bulk-rock composition of pre-caldera lavas as
starting composition with 4 wt% water content, a pressure of 150 MPa
and oxygen fugacity fixed at the NNO oxygen buffer. In Fig. 11, we show
how temperatures change within a range of aTiO 5 commonly used in the
literature for Ti-in-zircon thermometry (e.g., Reid et al., 2011; Szyma-
nowski et al., 2017). The activity of SiO5 was set at 1 due to the presence
of quartz crystals in the pre-caldera lavas and traces of quartz in the
other units. We note that a decrease of the aSiO5 in magma due to quartz
melting (e.g., from 1 to 0.9) would lead to a negligible decrease of Ti-in-
zircon temperatures (~ 10 °C) and thus would not affect our
interpretation.

In the pre-caldera lavas, zircon crystallization occurred continuously
for at least ~650 ky before eruption and the Bayesian eruption age
obtained using the U-Pb zircon age distribution overlaps within un-
certainty with the (U-Th)/He “concordant” eruption age (Fig. 9), indi-
cating that magmas remained zircon saturated until eruption. Ti-in-
zircon thermometry confirms that during this time the temperature
within the magma reservoir was relatively stable and close or below
zircon saturation (Fig. 11). In the Singkut tuff and post-caldera lavas, the
Bayesian eruption age calculated using U-Pb and U->*Th zircon crys-
tallization ages are older than eruption ages obtained either by (U-Th)/
He or radiocarbon dating (Fig. 9), and zircon crystals commonly appear
resorbed and are less abundant compared to the pre-caldera lavas
(Fig. S6).

A temperature increase (from ~850 to 950 °C, for aTiOy = 0.46) is
recorded in zircons from these two units starting approximately from
250 ka and until the caldera-forming eruption (~44 ka), which marks
the last recorded episode of zircon crystallization (Fig. 11). Heating
likely triggered the breakdown of quartz, plagioclase, zircon (and
potentially biotite) in the cumulate mush and generated a cumulate melt
with the geochemical signature observed in the matrix glass (Fig. 10).
We hypothesise that these thermal conditions initially affected portions
of the highly crystalline reservoir, as indicated by the co-existence of
high and low temperature zircons in the Singkut tuff and post-caldera
lavas (Fig. 11), and eventually drove the system out of zircon satura-
tion, both erasing the youngest zircon growth domains and hampering
new zircon crystallization. Such behavior is expected in calcalkaline
systems with relatively low Zr cumulate melts (Szymanowski et al.,
2020), closely resembling our modeled cumulate compositions (Sup-
plementary Table 4). We cannot exclude that the age gap between the
youngest zircon population in our data and the eruption age of the
Singkut tuff and post-caldera lavas is due to under-sampling during in-
situ analyses. However, we have presented several textural and
geochemical lines of evidence indicating that the Singkut magma body
experienced heating and that zircon melting likely occurred, leaving a
clear trace in the glass geochemistry (Fig. 10e). Moreover, in contrast
with the pre-caldera lavas, near-eruption ages were not even detected in
the shallowest measured material within depth profiles of zircons from
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Fig. 12. Cartoon showing the different evolutionary phases of the Singkut
caldera: a) prolonged mostly effusive activity forming pre-caldera volcanoes
(>254-44 ka); b) catastrophic explosive eruption producing the Singkut tuff
and consequent caldera-collapse (44 ka) and c) post-caldera recovery leading to
the generation of volcanic centres close to the rims and inside the Singkut
caldera (>16 ka — 1881 CE). Insets display the mineralogy and crystallinity of
magmas erupted during the three phases: quartz (light gray), plagioclase
(darker gray), amphibole (dark green), orthopyroxene (light green), biotite
(brown), Fe-Ti oxides (black), zircon (pink), apatite (light blue). Percentages
refer to the vol% crystals. In the Singkut tuff the crystallinity varies between 24
and 42 vol% crystals in the white pumices and between 42 and 62 vol% crystals
in the gray pumices. Note that: 1) resorbed quartz is only present in the pre-
caldera lavas while it is missing in the Singkut tuff and post-caldera lavas; 2)
zircons are more abundant and more euhedral in the pre-caldera lavas
compared to the Singkut tuff and post-caldera lavas; 3) orthopyroxene is more
abundant in the Singkut tuff and post-caldera lavas compared to the pre-caldera
lavas and 4) recharge (red-purple gradients in magma reservoir) increases from
a) to c). See text for more explanations. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)
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the Singkut tuff and the post-caldera lavas (Supplementary Table 2). For
these reasons we consider the under-sampling interpretation unlikely.

The cause of a progressive temperature increase could be related to
an increase of the recharge flux below the Singkut upper crustal reser-
voir starting at the time of the eruption of pre-caldera lavas, as indicated
by the textural evidence of quartz melting (Fig. 3a,b) and the appearance
of zircons with higher Ti (Fig. 11). Indeed, it has been shown that during
the growing phases that precede large eruptions, upper crustal reser-
voirs tend to attract magma supply from deeper crustal levels by
focusing the surrounding dikes (Karlstrom et al., 2009; Pansino and
Taisne, 2019). Notably, at Singkut the highest Ti-in-zircon temperatures
(~900-950 °C) are comparable to those of the deeper and hotter
Tschermakite-pargasitic and Mg-hastingsitic amphiboles that were
likely brought into the reservoir by recharge (Fig. 8) and the presence of
these amphiboles, together with orthopyroxene with higher Mg#, only
in the Singkut tuff and post-caldera lavas might indicate that recharge
was volumetrically more important during this time.

Recharge not only caused a temperature increase but likely brought
more volatiles into the shallow reservoir, facilitating cumulate melting
and consequently crystal mush unlocking by self-assimilation (Huber
etal., 2011). Volatile addition might have allowed the reservoir to reach
saturation before the Singkut caldera-forming eruption, a condition that
typically promotes reservoir growth during the pre-caldera phases
(Huber et al., 2019). Indeed, the water content estimated using
plagioclase-melt hygrometry (4.5-4.8 wt%) is very close to or above
water saturation in rhyolitic magmas at storage conditions similar to
those inferred for the Singkut tuff (4.5 wt% at 150 MPa and 800 °C; Liu
et al., 2005). Additionally, the presence of low analytical total biotites
only in the Singkut tuff could be the result of crystallization in volatile
saturated conditions, leading to the entrapment of a volatile phase in the
crystal structure as interlayer fluid inclusions (Ellis et al., 2022). Alter-
natively, low analytical total could be the result of interaction with
meteoric-hydrothermal fluids immediately after eruption. The different
trends identified in the K5O vs. CaO plot (Fig. S5) could be ascribed to
variable degrees of interaction between the fluids and the deposit in the
different portions of the ignimbrite as proposed by Wolff and Neukampf
(2022) for the Battleship Rock Ignimbrite (Valles Caldera, USA). More
mineralogical and geochemical investigations would be needed to pro-
vide a definitive interpretation.

6.5. Phenocryst content controls on eruption styles at Singkut

Important differences in crystallinity are observed between the lavas
(40-50 vol% crystals) and the pumices (24-62 vol% crystals), and a
clear trend of increasing crystallinity from bottom to top is observed in
the ignimbrite sequence (Fig. 4). Crystallinity is known to have a non-
linear positive influence on magma viscosities with little impact be-
tween 0 and ~ 30 vol% crystals and a major impact between 30 and 60
vol% crystals, until the magma becomes rheologically locked (>60-80
vol% crystals; Huber et al., 2011). Applying the model of Giordano et al.
(2008) to estimate melt viscosities in the Singkut tuff at 800 °C and with
4.5 wt% water, we obtain ~10° Pa's. Addition of 40% crystals produces
magma viscosities >10° Pa's. This value represents a critical viscosity
limit above which magmas need extreme strain rates to be mobilized
and thus would fall with most models in an effusive regime (Gonner-
mann and Manga, 2013; Popa et al., 2021). The high crystallinity of the
lavas, their modest volumes suggesting modest magma discharge rates
and the presence of amphibole breakdown rims (Fig. 3 a,b) implying low
magma decompression rates (Rutherford and Hill, 1993) are strong ar-
guments to explain the effusive eruption style. Phenocrysts control
explosivity by increasing the overall magma viscosity, which in turn
leads to low magma decompression rate and enhances bubble coales-
cence by mechanical effect (Kushnir et al., 2017; Lindoo et al., 2017)
promoting outgassing efficiency (Castro and Gardner, 2008; Colombier
et al., 2017; Bernard and Bouvet de Maisonneuve, 2020).

In the Singkut tuff, the relatively low crystal content of magmas
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discharged at the beginning of the eruption (L1 and L2), derived by
recharge-induced partial melting of the cumulate crystal mush, might
have played an important role in shifting the eruption style to an
explosive regime. Indeed, a lower crystallinity (and lower viscosity)
allowed magma to move faster in the conduit (as testified to the absence
of amphibole breakdown rims in the Singkut tuff; Fig. 3c,d) hampering
volatile loss upon magma ascent. Towards the latest phases of the
eruption, when the most crystalline portions were erupted, fast ascent
resulted in an increase in shearing in the conduit as testified by the
presence of shattered crystals in the Singkut tuff (Fig. 3c,d). Such
mechanism has been shown to be particularly efficient in intermediate
to crystal-rich magmas (>40 vol%) and to promote apparent shear-
thinning behavior of the melt with crystal re-organisation along flow
bands (Cordonnier et al., 2012, 2009; Kolzenburg et al., 2022), allowing
even the higher crystallinity magmas to keep erupting explosively. We
suggest that the removal of the lower crystallinity magma at the
beginning of the climactic eruption might have initiated a runaway ef-
fect that led to the emptying of the magma reservoir and the caldera
collapse. The increasing occurrence of gray pumices, which we interpret
as portions of the cumulate crystal mush, towards the top of the pyro-
clastic sequence implies that the eruption may have stopped by ‘self-
choking” when only the most crystalline portion of the reservoir
remained to be erupted.

The post-caldera lavas display slightly lower crystallinities and a
more mafic signature compared to the pre-caldera lavas. These charac-
teristics, together with a relatively large gap between the Bayesian es-
timate from zircon crystallization ages and the (U/Th)/He eruption age
(~50 ky), indicate that mafic recharge bringing heat, mass and volatiles
into the reservoir was important after the caldera-forming eruption
when the magmatic system had experienced major decompression and
devolatilization. We hypothesise that the post-caldera lavas represent a
phase of slow rebuilding of the reservoir and slow build-up of the
overpressure allowing small quantities of crystal-rich magmas to find
ways to the surface through the pathways opened during caldera
collapse. A mild overpressure coupled with a high crystallinity resulted
in effusive eruption. This eruptive style has been commonly observed
during the post-collapse phases of activity at many silicic caldera-
forming systems (e.g., Yellowstone, USA, Girard and Stix, 2012, Till
et al., 2019; Valles, USA, Wolff and Gardner, 1995; Kennedy et al., 2012;
Santorini, Greece, Druitt et al., 1999; Fabbro et al., 2017; Toba,
Indonesia, de Silva et al., 2015; Mucek et al., 2017; Altiplano-Puna,
Central Andes; Tierney et al., 2016).

7. Conclusions

Using a combination of field observations, textural, geochemical,
and geochronological data we have provided the first volcanological and
petrological characterization of the Singkut caldera (northern Sumatra,
Indonesia). Magmatic activity at Singkut started effusively at least at
~254 ka and culminated at ~44 ka in a large caldera-forming eruption
(~26 km® DRE; VEI 6; Fig. 12) that spread volcanic ashes hundreds of
km away from the source. Effusive to mildly explosive post-caldera ac-
tivity continued until historical time forming three volcanic cones
(Fig. 12). During its lifetime, Singkut produced silicic magmas with
similar composition and mineralogy, stored in a shallow crustal reser-
voir (~5 km) in a high crystallinity state, close to the rheological lock-
up. We have shown that cumulate melting played a fundamental role
in determining the eruptibility of these magmas and controlled the
transition of eruptive style between the predominantly effusive pre- and
post-caldera phases of activity and the explosive caldera-forming erup-
tion. Our geochronological data suggest that thermal rejuvenation of the
Singkut magma body started ~200 ky before the caldera-forming
eruption and continued during the post-caldera activity due to
increasing recharge with magmas of deeper origin into the shallow
reservoir (Fig. 12). Such timescales are relatively long compared to
those estimated using zircon petrochronology at other volcanoes (e.g.,
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10s to 1000s years for small silicic eruptions at the Lassen Volcanic
Center; Klemetti and Clynne, 2014) but similar to those obtained for
other crystal-rich systems producing large eruptions (e.g., ~200 kyr for
the Fish Canyon tuff, Wotzlaw et al., 2013, and ~50 ky for the Kneeling
Nun tuff, Szymanowski et al., 2019). Previous studies (Huber et al.,
2012; Cooper and Wilson, 2014; Audétat et al., 2023) have suggested
that mush reactivation timescales might depend upon the size and
thermal status of the reservoir and thus they tend to be longer in large,
crystal-rich reservoirs compared to small and/or dominantly crystal-
poor magma bodies. Much storter mush rejuvenation timescales (on
the order of 10s to 1000s of years) have been estimated for large crystal-
rich magma bodies using Ti-in-quartz diffusion modeling (e.g., Mat-
thews et al., 2012; Tavazzani et al., 2020; Zhao et al., 2023). However,
in shallow crustal silicic reservoirs, quartz crystallizes at lower tem-
perature and higher solid fraction compared to zircon (Marxer and
Ulmer, 2019). Hence, Ti-in-quartz diffusion modeling records the timing
of quartz resorption and rim growth associated with the latest stages of
mush rejuvenation, while zircon may capture a more extended time
frame of magma reservoir evolution. Furthermore, Ti-in-quartz diffusion
chronology is affected by significant uncertainites connected with the
exprerimentally derived diffusion parameters (Audétat et al., 2023).

Further petrological investigations of the recently erupted magmas
at Singkut would be necessary to determine the current status and future
behavior of the magmatic system. Particularly, a progressive increase of
the mafic signature of erupted products following the trend observed in
our sample from the post-caldera lavas could suggest that the upper
crustal reservoir is going through a recovery phase, potentially leading
to the start of a new caldera cycle. Such behavior has been recognized in
the post-caldera phases of activity at many other silicic calderas around
the world (e.g., Campi Flegrei, Italy; Rabaul, Papua New Guinea; Oka-
taina, New Zealand; Bouvet de Maisonneuve et al., 2021).
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