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Resurgence initiation and subsolidus eruption of
cold carapace of warm magma at Toba Caldera,
Sumatra
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Supervolcanoes like Toba Caldera, Sumatra, produce the largest eruptions on Earth. However,

the magmatic conditions and processes during the period of recovery after catastrophic

supereruptions, known as resurgence, are poorly understood. Here we use Bayesian statis-

tical analysis and inverse thermal history modelling of feldspar argon-argon and zircon

uranium-thorium/helium ages to investigate resurgence after the 74-thousand-year-old

Youngest Toba Tuff eruption. We identify a discordance of up to around 13.6 thousand years

between older feldspar and younger zircon ages. Our modelling suggests cold storage of

feldspar antecrysts prior to eruption for a maximum duration of around 5 and 13 thousand

years at between 280 °C and 500 °C. We propose that the solidified carapace of remnant

magma after the Youngest Toba Tuff eruption erupted in a subsolidus state, without being

thermally remobilized or rejuvenated. Our study indicates that resurgent uplift and volcanism

initiated approximately 5 thousand years after the climactic caldera forming supereruption.
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Large calderas are collapse structures formed by the cata-
strophic evacuation of magma from the tops of upper crustal
silicic magma reservoirs. Often called supervolcanoes, these

calderas and their associated magmatic foundations provide
valuable insight into outstanding questions about the nature of
crustal magmatic systems, the construction of upper crustal
batholiths, and the evolution of the continental crust. They are
also the source of some of the most catastrophic geologic pro-
cesses on Earth—supereruptions, and as such are considered
among the most hazardous volcanoes on Earth. The period of
recovery after a supereruption, known as resurgence, remains one
of the most poorly understood volcanic phenomena, despite the
fact that all large active calderas on Earth today like Yellowstone
(USA), Campi Flegrei (Italy), and Toba (Indonesia) are resurgent
(long-term activity) and restless (short-term activity), presenting
evidence of continued unrest in the form of gas emissions, seis-
micity, structural adjustments, and eruptions1,2. As the volcano-
logical community grapples with hazard assessment and
monitoring of current activity with a view to forecasting future
activity and mitigating hazards, a better understanding of the
resurgent and restless history of large calderas is, therefore, an
imperative.

Forecasting future activity and hazards from active calderas,
and indeed from volcanoes in general, requires knowledge of the
pre-eruptive magma storage. However, fueled partly by the lack of
geophysical evidence for “eruptible magma” beneath active cal-
deras and other volcanoes3–5, our discourse about the pre-
eruptive state of magmatic systems is polarized. A view that
espouses a “cold” non-eruptible, possibly subsolidus state with
only a brief excursion to high temperatures required to mobilize
and erupt6–8 is opposed by those that find evidence for prolonged
and fitful pre-eruptive histories at temperatures well above the
solidus9–11. Like the famous Hindu proverb of the blind men and
the elephant, these disparate views expose that our interpretations
may be limited by the parts of the magmatic system that is
sampled by the eruption and the tools being used12,13. Given that
magmatic systems being compared range at least three or four
orders of magnitude in size and are proportionally thermally and
rheologically heterogeneous, the interpretations of crystal-scale
petrochronology are likely to be non-unique14–16.

Herein we present a thermochronologic perspective on these
issues from Toba Caldera on the island of Sumatra, the site of the
Earth’s largest recent supereruption. First, we resolve the ages of
post-caldera eruptions that constrain the initiation of resurgence
and recovery from the climactic supereruption of 74 ka. Then we
show that these post-caldera eruptions sampled the cold “halo” of
a long-lived warm magma system and erupted under subsolidus
conditions without thermal remobilization. This work demon-
strates that magmatic reservoirs are thermally heterogeneous,
open, and incompletely sampled by eruptions, resulting in a
spectrum of complementary interpretations about their pre-
eruptive state. Different thermal histories from different parts of a
magma reservoir should be expected and characterizing pre-
eruptive histories as warm- or cold-stored is not useful17.

Toba Caldera. Toba Caldera is a composite caldera complex
resulting from four caldera-forming eruptions that punctuate a
1.2Myr cyclic history18. The most recent caldera cycle culminated
with the eruption of the Youngest Toba Tuff (YTT) ca. 74 kyr ago
based on sanidine 40Ar/39Ar (hereafter Ar) ages of 73.9 ± 0.619

and 75.0 ± 1.8 ka20 (all uncertainties herein are reported at 2σ
level). This eruption evacuated at least 2,800 km3 of rhyolite
magma from a “warm” reservoir several times that volume, where
zircon was quasi-continuously saturated for several hundred
thousand years maintained by fitful magma recharge11.

Since the YTT eruption, Toba Caldera has been in resurgence,
i.e., the recovery phase after the supereruption where magma-
static, lithostatic, and isostatic equilibrium of the caldera super-
structure is re-established after the catastrophe of the climactic
caldera-forming eruption. At large calderas like Toba, this is
commonly manifested by the uplift of the caldera floor as the
magma rebounds (i.e., viscous rebound21) and new magma is
intruded. Eruptions often accompany structural uplift as exten-
sion creates pathways to the surface. Samosir Island, the
structural uplift associated with the YTT stage of the Toba
Caldera, has been found to have uplifted over a period of at least
36−42 kyr22 and has been modelled to have been driven by the
magmatic force of rebounding remnant magma23. The structural
resurgence was accompanied by volcanic activity (Fig. 1a). On
Samosir Island, lava domes erupted on the north and east coast,
forming the rhyolitic Samosir lava domes24–26. These domes are
generally geochemically indistinguishable from the YTT,
although much more crystal-rich (YTT: 12–25 wt.%; domes:
35–50 wt.%), and have been proposed to be extrusions of
remnant YTT magma23,24,27. At the southern end of the caldera,
post-YTT lava domes are collectively known as the Pardepur lava

Fig. 1 Digital elevation map (ASTER 30m) of Toba Caldera and post-
Youngest Toba Tuff (YTT) resurgent lava domes, adapted from
Mucek et al.25. a New error-weighted average Ar and recalculated
zircon (U−Th)/He (ZHe) eruption ages from Mucek et al.25 with ±2σ are
shown in boxes. Inset: geographical location of Toba Caldera in Southeast
Asia shown outlined in red box. b Gaussian curves of recalculated error-
weighted average ZHe ages from post-climactic eruptions at Toba Caldera.
The Youngest Toba Tuff (YTT) was analyzed as an internal secondary
standard both for ZHe and Ar dating (See Supplementary Information for
details). The colours of the samples correspond to colours in (a). See
Supplementary Data 2 for the full data set.
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domes. These are distinct from the Samosir domes as they are
dacitic rather than rhyolitic, and do not have sanidine as a
phenocryst phase. Other post-YTT eruptives include basaltic
andesite to dacitic domes and lava flows in the north and along
the west, forming Sipisopiso, Singgalang, and Pusuk Buhit,
respectively24,25.

Recent work has shown that the Samosir domes are concordant
in Ar age with the climactic eruption ~74 ka, and this has been
interpreted to indicate that the domes are pre-resurgent and may
have been in place thousands of years before resurgence uplifted
them to their current locations26. However, this interpretation is
at odds with evidence from combined U−Th-disequilibrium and
(U−Th)/He zircon (hereafter ZHe28) geochronology in Mucek
et al.25 who resolved younger eruption ages for some of these
post-caldera lava domes. This new chronology has important
implications for the recent and current state of the Toba system,
but the apparent discordance between the Ar and ZHe ages has
not been addressed. This paper presents new Ar data, recalculated
ZHe ages based on new U−Pb zircon data, and thermal history
models to investigate this discordance and its implications for the
resurgent history of Toba Caldera and pre-eruptive magma
dynamics there.

Results and discussion
Recalculated ZHe eruption ages are presented in Table 1 and
Figs. 1, 2. The ZHe eruption ages for two YTT samples recalcu-
lated based on newly acquired U−Pb zircon crystallization ages
(Supplementary Data 1) are 75.7 ± 4.1 and 75.5 ± 4.7 ka. These
are concordant with the published Ar ages of 73.9 ± 0.6 and
75.0 ± 1.8 ka on sanidine from YTT19,20, as well as with our new
Ar ages (74.2 ± 0.4 and 75 ± 0.5 ka) reported in Supplementary
Data 2. These new ZHe ages are also somewhat younger and
more accurate than the ZHe ages of 79.5 ± 5.5 and 78.1 ± 5.8 ka
reported for these samples by Mucek et al.25, which were cor-
rected for disequilibrium based on U−Th-disequilibrium data
only25. This suggests that the ZHe data reduction procedure
employed in this study offers more accurate and more reliable
results. Recalculated ZHe ages for Samosir (North), Samosir (Tuk
Tuk), and Pardepur (South) post-YTT lava domes are 70.0 ± 3.2,
67.1 ± 2.8, and 61.8 ± 4.1 ka, respectively (Fig. 1; Table 1; Sup-
plementary Data 3).

Individual sanidine crystals from the two YTT samples
returned concordant stacked plateau Ar ages of 74.2 ± 0.4 and
75.0 ± 0.5 ka (Supplementary Fig. 1a(i), (ii)). The corresponding
stacked inverse isochron ages of 74.5 ± 0.4 and 75.2 ± 0.5 ka,
respectively, concur with the stacked plateau ages (Supplementary
Fig. 1c(i), (ii)). All our ages are concordant with published ages;
our new YTT eruption ages are determined by sanidine Ar19,20

and ZHe methods25,29. Bayesian inference results confirm that
there is no credible difference between posterior mean distribu-
tions of our sanidine Ar and ZHe ages for the YTT (Fig. 3;
Table 1).

Sanidine crystals from each of the two Samosir lava domes
yielded stacked Ar plateau ages of 74.6 ± 0.9 and 75.1 ± 0.4 ka
(Supplementary Fig. 1a(iii), (iv)), indistinguishable from their
corresponding stacked Ar inverse isochron ages of 74.8 ± 1.1 and
75.2 ± 0.4 ka (Supplementary Fig. 1c(iii), (iv)). These ages, in
contrast to the YTT samples, are older than their corresponding
ZHe ages of 70.0 ± 3.2 and 67.1 ± 2.8 ka, respectively (Fig. 1;
Supplementary Data 3). Bayesian analysis of our Ar and ZHe ages
results for both samples (Fig. 4) indicate that (i) there is a credible
difference between posterior mean distributions of sanidine Ar
and ZHe ages (i.e., the 95% high-density intervals (HDI) of the
difference of means fall above zero30; Fig. 3c) and (ii) there is a
100% probability that posterior mean Ar and ZHe ages are T
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different (i.e., 100% of the credible values of the difference of
means are greater than zero; Fig. 3c). These differences (Δt) are
4.6 ± 2.4 kyr (Samosir (North)) and 8.0 ± 2.1 kyr (Samosir (Tuk
Tuk)) (the uncertainties are 95% HDI—high-density intervals;
Fig. 3; Table 1; Supplementary Fig. 2).

The Pardepur (South) lava dome lacks sanidine, so plagioclase
crystals were analyzed. These yielded a stacked plateau Ar age of
75.4 ± 8.6 ka (Supplementary Fig. 1a(v)), with an overlapping
stacked inverse isochron age of 74.4 ± 10.3 ka (Supplementary
Fig. 1c(v)). Both these ages are concordant with the YTT eruption
ages, but significantly older than and credibly different from the
corresponding ZHe age of 61.8 ± 4.1 ka (Fig. 1), with a Δt (±95%
HDI) of 13.6 ± 4.6 kyr (Fig. 3; Table 1).

Thermochronologic constraints on magma dynamics. With
respect to ZHe ages, our new Ar ages are concordant for the YTT
samples, and older for the two Samosir and the Pardepur (South)
lava domes (Fig. 3). The indistinguishable ZHe and Ar ages
yielded by the two YTT samples imply rapid cooling through the
temperature sensitivity ranges of the Ar system in feldspar
(Tc= 350 °C; Ar partial retention zone (PRZ): ~290–450 °C8,31)
and He system in zircon (Tc= 190 °C; He PRZ: ~160–260 °C32),
which is confirmed by thermal history modelling results (Fig. 4a).
This rapid cooling is consistent with catastrophic eruption. In
contrast, the age discordance in the post-caldera domes implies a
more complex thermal history.

The discordance with ZHe ages found in the lava dome
samples insinuates that sanidine and plagioclase in the lava
domes retained their YTT Ar signatures for several thousand
years. Our hypothesis is that the post-caldera domes with
discordant ages tapped the “cold halo” of the climactic 74 ka
Toba magma system, where Ar retention was possible (Fig. 5).

The survival of YTT ages in feldspars from the post-caldera
domes indicates that their pre-eruptive storage was under
conditions where Ar was retained, indicating pre-eruptive storage
temperatures of less than ~350 °C. Helium in zircon, in contrast,
became immobile only after these lava domes erupted and cooled
below ~190 °C. ZHe ages thus more reliably record the time of
eruptive quenching than Ar ages. The interpretation of ZHe ages

as cooling ages recording eruption ages is corroborated by (i)
absence of evidence for any post-dome-eruption thermal events
in the area and by (ii) a lack of correlation between ZHe ages and
crystal size parameters (Table 1) that would have caused partial
rejuvenation of ZHe ages or indicated slow cooling. Based on the
Bayesian analysis the ZHe eruption ages are significantly younger
than feldspar Ar ages by 4.6 ± 2.4 to 13.6 ± 4.6 ka (Fig. 3). We
interpret these Δt’s as the duration of pre-eruptive storage
between ~350 and ~190 °C—the respective Ar and He closure
temperatures.

To constrain time−temperature conditions of pre-eruptive
crystal storage at higher resolution, thermal histories of the
samples were modelled based on the measured feldspar Ar and
ZHe thermochronology data using different modelling strategies
designed to answer specific questions (see Supplementary Note 3
for more details). The thermal history modelling results suggest
the following key points:

I. Ar and ZHe data from dome samples require a retardation
in cooling rate after the YTT event (Fig. 4a). In other words,
these data cannot be explained by a simple, fast cooling
history as in the case of YTT samples;

II. Minimum and maximum temperatures the dome magmas
could have experienced during post-YTT pre-eruptive
storage and eventual eruption are in the range from
>280 °C (Tmin) to <500 °C (Tmax) (Fig. 4b);

III. Maximum duration of pre-eruptive magma storage, or, in
other words, the maximum periods the dome magmas
could have been stored at constant temperatures prior to
eruption are constrained to 4.5 kyr and 7.4 kyr for Samosir
domes, and to 12.7 kyr for Pardepur dome. Temperatures
that allow the maximum duration of pre-eruptive storage
period to be achieved, are in the range of ~300−425 °C
(Fig. 4c).

The domes are eruptions of subsolidus remnant magma. At the
calculated storage temperatures, the dome magma would have
been subsolidus and uneruptible. Deeper, hotter magma might be
invoked to rejuvenate “uneruptible magma”33–35 and this would

Fig. 2 Summary of ZHe and Ar geochronological data for YTT and post-YTT lava domes. Rank order plots of single-crystal ZHe data recalculated from
Mucek et al.25 and single-crystal Ar data produced by incremental heating or total fusion from this study, colour-coded according to the Fig. 1. Coloured
vertical bars correspond to 2 sigma uncertainties for individual analyses; grey analyses are not included in the weighted mean/plateau age calculation for
the reasons given in Supplementary Data 2 and 3; translucent analyses are out of scale (full data are listed and shown in Supplementary Data 2). The thin
grey horizontal lines through each population represent the weighted mean (for ZHe data) or plateau age (for Ar data), the outer thick grey horizontal lines
mark the corresponding 2 sigma uncertainty. Labels: sample code, type of analysis (ZHe or Ar), age and 2 sigma uncertainty in ka, number of analyses—
considered for age calculation and total, respectively. Purple rectangle across the length of the figure represents the currently accepted YTT eruption ages
based on sanidine Ar data of Mark et al.20 and Storey et al.19. Note that (i) the weighted mean ZHe ages and Ar plateau ages for YTT samples overlap
within uncertainty with the accepted YTT eruption age, which proves the accuracy of the techniques used. (ii) The weighted mean ZHe ages (interpreted
to represent the time of eruption) for all post-YTT domes are younger (outside the uncertainties) than the corresponding Ar ages as well as the accepted
YTT eruption age. This suggests that the post-YTT domes erupted significantly later than the closure of the Ar system and after the YTT event.
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be consistent with the recharge-fueled thermal longevity of the
Toba magma system11. However, our thermal modelling indicates
that if this was the case at Toba, then the discordance in ages
allows maximum temperatures of only <500 °C (Fig. 4b, c and
Supplementary Fig. 3). Under these constraints, we propose that
the domes we have sampled were erupted in a subsolidus state
and were not thermally rejuvenated.

It is increasingly recognized that the largest catastrophic
caldera-forming eruptions are driven by the foundering of the
roof into the chamber36–40. Such eruptions arrest, once the
foundering caldera block meets increasingly dense and viscous
crystal-rich magma and either isostatic equilibrium, is reached
between the subsiding block and the remnant magma or a
maximum viscosity condition is reached41,42. Thus, we propose
that after the YTT eruption the remnant magma was a coarsely
crystalline mush that was barely mobile and non-eruptible. The
upper margins of this magma intruded into fractures or eruptive
conduits at the caldera margin and caldera floor where it would
be rapidly chilled as dikes and plugs with interstitial quenched

glass (Fig. 5a). This chilled zone would have enhanced the
rheological barrier at the top of the chamber43. Within four-
thousand years, the smallest Δt we have calculated (Fig. 4c),
resurgent uplift of the caldera block was initiated by magmatic
rebound and recharge. This would reopen preexisting weaknesses
in the caldera floor and solidified “cold” remnant YTT magma
was squeezed out as deeper mobile remnant YTT and hotter
deeper recharge magma penetrated into the opening fractures and
pushed the subsolidus magma out to form the effused domes.
Reheating may have occurred, but was either not above 500 °C or
not pervasive or steady enough to reset the Ar clock in sanidine.
Some partially or completely molten magma may have effused to
endogenously grow the domes late in the process, but this would
have been deep in the domes and those parts would not be
sampled at the surface.

Effusion of solid dome-forming rock as “whalebacks” or spines
lubricated or pushed by deeper hotter magma has been described
at many recent and historic dome-forming eruptions44–48. At Mt
St. Helens in 2004−2008, the interior of the “lava” spines
consisted of glass-bearing massive to flow-banded dacite with
extensive brittle deformation throughout47. The spines eventually
broke into slabs and then into smaller blocks over a period of
weeks to months accumulating into a dome. The rheology of the
effused spines at Mt St. Helens indicates temperatures well below
the solidus47 under conditions similar to those we have
determined for the storage conditions of the Toba post-caldera
domes that preserve the discordance between the Ar and ZHe
ages. The documented eventual collapse or decrepitation of the
spines into a rubble- or breccia-piles at Mt St. Helens and other
examples is consistent with the exterior surfaces of the domes
at Toba.

In proposing this hypothesis for the Samosir and Pardepur
(South) dome, we emphasize that the volume of individual dome
masses on Samosir are tiny (<0.1 km3) and the aggregated volume
of magma represented by the Samosir domes is <1 km3, ~0.04%
the volume of the 2,800 km3 YTT eruption or 0.16% of the 600
km3 of resurging magma calculated to be the motivating drive for
the Samosir uplift22.

Timing of dome effusion and resurgent uplift at Toba. The
eruption age of domes along faults associated with resurgent
uplift provides a constraint on the initiation of resurgence. Our
eruption ages of 70.0 ± 3.2 and 67.1 ± 2.8 ka for the Samosir (Tuk
Tuk) and (North) domes, respectively, in context of the sedi-
mentary and paleomagnetic evidence that resurgent uplift pro-
gressed for at least 40,000 years after the climactic eruption22,23,25

and the evidence for a complex tectonic history until very recently
~2 ka23, indicate that these domes are syn-resurgent and post-
dated the YTT eruption by 4.6 ± 2.4 kyr (Samosir (North)) and
8.0 ± 2.1 kyr (Samosir (Tuk Tuk)). These delays are also con-
sistent with the recognition of lake sediment beneath the Samosir
(Tuk Tuk) group of domes25.

The ~13 kyr delay until the eruption of the Pardepur (South)
dome is also consistent with the timeframe of resurgent uplift.
Although Pardepur (South) is not part of the resurgent uplift of
Samosir Island, it is located on a NW-SE fault that defines the
western edge of Samosir on which other post-caldera effusions at
Pusuk Buhit and a series of uplifted areas interpreted as
cryptodomes are also located24,49. The clear spatial relationship
between post-climactic eruptions and faults involved in the
deformation of the resurgent Samosir Island further supports a
magmatic drive for resurgent uplift within the caldera.

‘Cold’ versus ‘warm’ storage: different parts of the elephant?
Our new data insinuates that the uppermost, cold halo of the

Fig. 3 Histograms of posterior distributions for mean values of ZHe ages,
Ar ages, and difference of their mean values using Bayesian analysis.
Histograms showing posterior distributions of a credible mean values for
ZHe ages, b credible mean values for Ar ages, and c difference of the mean
values predicted by Bayesian analysis employing Markov chain Monte
Carlo method with 100,000 burn-in and 1,000,000 iterations (see details
in Supplementary Note 3). (Note that these histograms are parameter
values from the posterior distributions that are permissible or “credible”
within the measured data. The histograms are not the measured data
distributions.) Horizontal bars represent 95% high-density intervals (HDI);
for exact values see Table 1. Since the 95% HDI of the difference of means
falls above zero and 100% of the predicted credible values are >0, we can
conclude that the means of Ar and ZHe datasets are credibly different (full
data in Supplementary Fig. 2).
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magma reservoir was tapped and squeezed out along faults on the
edges and within the uplifting resurgent dome to form the two
Samosir domes, Pardepur (South), and maybe other post-caldera
domes on Samosir (Fig. 5). Most of the mass of the domes would
therefore have been in ‘cold’ storage and effused in the solid-state
to form the Samosir and Pardepur (South) lava domes. These
three domes, therefore, record the thermal history of the cold
zones of the otherwise long-lived warm Toba magma11 and
represent a serendipitous archive of contrasting thermal histories
in the Toba magma. Such contrasting thermal histories should be
an expected condition of large magma systems with dominant
molten magma being surrounded by a progressively cooler halo

that would include subsolidus portions. Sampling of this cold-
stored halo has been described from Long Valley caldera where,
on the basis of high precision single-crystal Ar dating, Andersen
et al.8 argued that sanidine antecrysts in the Bishop Tuff were
derived from the cold margins of the warm pre-eruptive magma
reservoir. In large eruptions like the Bishop Tuff and the
Youngest Toba Tuff, crystals with “cold” and “warm” histories
can be mixed in the same eruption, and the relatively small
volume of “cold” crystals would only be identified by serendipity
or through extensive sampling approaches coupled to thermo-
chronology. In small eruptions like the Toba domes, these ante-
crysts escape syn-eruptive integration and only record the “cold-

Fig. 4 Thermal history modelling highlighting different aspects of time−temperature information extracted from combined inversion of Ar and ZHe
thermochronology data. a Time−temperature (tT) diagram showing “simple cooling” scenario results that are displayed as tT envelopes of “good fit” tT
trajectories (with the goodness of fit values ≥0.5). Note that with exception of YTT sample, all three post-climactic dome samples require a slower cooling
phase in order to produce the discordance between their Ar and ZHe ages. b tT diagram showing a “reheating” scenario that constrains the minimum and
maximum temperature during “cold storage”. The results are displayed as inflection points of “good fit” tT trajectories. c tT diagram showing the ranges of
post-YTT “cold” storage duration modelled for different temperatures. Values calculated for different temperatures (the point clouds) can be found in
Supplementary Data 4 (full modelling parameters in Supplementary Note 3; Supplementary Figs. 3, 4).
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Fig. 5 Schematic (not to scale) illustrating the pre-eruptive configuration for the Samosir domes and their subsolidus extrusion in the context of
resurgent uplift of Samosir. Sections are W to E, looking North through Samosir Island. The average caldera floor is used as datum to illustrate the uplift of
Samosir; faulting of the caldera floor is a schematic representation of observations presented by Mucek et al.25 and Solada et al.22; caldera margins, pre-
and post-dome lake sedimentation not shown. a At 74−70 ka, caldera-forming eruption arrests as foundering block experiences resistance from
increasingly crystal-rich magma transitioning to mush. Uppermost rinds of the magma reservoir in eruption conduits and faults in the piecemeal caldera
floor are chilled rapidly preserving glass as hyperbyssal shallow subvolcanic intrusions. Lake fills within 1,500 years of caldera collapse and lake
sedimentation commences. b After 70 ka, as the caldera reaches magmastatic, lithostatic, and isostatic equilibrium, magmatic rebound, and addition of
new magma drive uplift of the caldera floor opening previous weaknesses to start forming Samosir Island. Penetration of remnant and recharge magma
motivates plugs of subsolidus magma to extrude along faults forming small domes on the edge of Samosir along the Samosir fault and on top of the uplift.
Samosir domes are primarily subsolidus extrusions, but may contain selvages of remnant suprasolidus and recharge magma.

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00260-1

6 COMMUNICATIONS EARTH & ENVIRONMENT |           (2021) 2:185 | https://doi.org/10.1038/s43247-021-00260-1 | www.nature.com/commsenv

www.nature.com/commsenv


stored” part of the magma reservoir. They, therefore, provide a
serendipitous but vital record that without the context of the
YTT eruption, might lead to the conclusion that Toba was a
cold-storage magma system. A comprehensive understanding
of the complete magmatic history and well-contextualized
sampling is therefore crucial if pre-eruptive storage is to be
fully understood. Like the famous Hindu proverb alluded to
above, sampling different parts of the elephant can lead to dif-
ferent conclusions.

Thermochronology can provide a new and valuable direct
thermal perspective to studies of pre-eruptive magma residence.
The insights can complement and extend other detailed
petrochronologic approaches that have been used to identify
complex pre-eruptive magmatic histories at other young volcanic
systems that might include rejuvenation (e.g., Taupo volcano50).

Conclusion
Bayesian inference reveals that ZHe ages from three post-caldera
domes at Toba Caldera are up to ca. 14 kyr younger than cor-
responding Ar ages from feldspars that therefore must be YTT
antecrysts. Coupled diffusion models constrained by this dis-
cordance support a thermal history where post-YTT eruptions
tapped the “cold halo” of the warm remnant post-climactic
magma. Up to ca. 13 kyr of “cold” storage at temperatures
between ~300 and ~425 °C are permitted; minimum and max-
imum storage temperatures are 280 and 500 °C, respectively. This
thermal history is consistent with dome eruptions under sub-
solidus conditions motivated by magmatic pressure of the res-
urging remnant magma. No evidence for pervasive thermal
remobilization or “rejuvenation” is recorded. Our work thus
demonstrates a significant delay between the YTT eruption and
eruption of these domes. We propose that eruptions of the domes
signal the onset of resurgent uplift and associated opening of
pathways to the surface through which remnant solidified conduit
plugs and dikes were extruded to the surface by invading magma
acting like the plunger in a syringe. These insights have only been
possible by leveraging the unique ability of coupled thermo-
chronology and the resolving power of Bayesian inference. Our
study promotes cold and warm storage as part of a continuum of
pre-eruptive thermal histories that should be expected in mag-
matic reservoirs and cautions that the answers to the questions we
pose about magma storage will depend on what we sample
and study.

Methods
40Ar/39Ar dating. Samples of three post-caldera lava domes previously dated by
Mucek et al.25 were dated by the 40Ar/39Ar (hereafter Ar) method applied to
sanidine and plagioclase; two from the Samosir lava domes and one from the
southern Pardepur lava dome (Fig. 1a). Additionally, two YTT samples, one from
the north and the other from the south, were also processed to act as a procedural
reference (Supplementary Data 2). Ar dates (Supplementary Fig. 1) were deter-
mined by incremental heating or total fusion of individual crystals on the ARGUS-
VI multicollector mass spectrometer at Oregon State University Argon laboratory
following the procedures detailed in Supplementary Note 1 and Supplementary
Data 2.

U−Pb dating and (U-Th)/He data recalculation. The zircon (U−Th)/He (here-
after ZHe) dataset published in Mucek et al.25, which contains zircon crystallization
ages based on U−Th-disequilibrium data, was complemented by additional U−Pb
data obtained on crystals in secular equilibrium in order to better quantify the
correction for U-series disequilibrium and pre-eruptive crystal residence time that
needs to be applied to (U−Th)/He data51. Zircon from three samples was analyzed
by U−Pb methods—LT12-001 and LT12-012—both from Youngest Toba Tuff and
LT12-003 from Samosir lava dome. The U−Pb analysis was conducted on a
CAMECA ims 1270 ion probe at UCLA and followed the procedures described in
Supplementary Note 2. Previously published U−Th-disequilibrium and newly
obtained U−Pb zircon crystallization data (Supplementary Data 1) were then used
to correct (U−Th)/He data for disequilibrium using MCHeCalc software52 and

adopting D230 and D231 parameters used by Mucek et al.25. Disequilibrium cor-
rected (U−Th)/He dates were then used to calculate the mean value, which is
interpreted as the representative ZHe age of each sample. This was done by
applying two different approaches. In the first, traditionally-used ‘frequentist
approach’, the error-weighted mean with 95% confidence intervals were calculated
using Isoplot v.4.15 Excel add-in53 from the data after the rejection of statistical
outliers identified based on the modified 2σ criterion function implemented in
Isoplot53. In the second ‘Bayesian approach’54, a Bayesian probability model
(specified in Supplementary Note 3) was applied to predict posterior mean values
and their 95% high-density intervals (HDI).

Bayesian inference for comparing two groups. The critical issue in this study is
the discordance between the Ar and ZHe ages obtained on the same sample. To test
whether there is a statistically significant difference between the Ar and ZHe ages
obtained on the same sample and to quantify this difference, we developed a
Bayesian analysis for comparing two groups which is described in Supplementary
Notes 3 and 4. The great potential of the Bayesian analysis to improve the reso-
lution of geochronological datasets hampered by data precision has recently been
demonstrated by Morgan et al.55, who, by employing Bayesian inference, were able
to discriminate time intervals as small as ~20 kyr in the eruptive history of the Fish
Canyon Tuff (ca. 28Ma) and associated units of the La Garita magmatic system55.

In brief, our Bayesian model is similar to the Bayesian t-test of Kruschke30, but
was modified so that it considers uncertainties of the measured data and weights
each measurement in proportion to its uncertainty following the approach of
Gelman et al.56 applied to the “eight schools” example. The model combines the
data (i.e., Ar and disequilibrium corrected ZHe ages with 2σ uncertainties) and
prior information to construct posterior distribution of the mean ages (and 95%
credible intervals) for Ar and ZHe data. These are then used to calculate the
posterior distribution of the difference between the mean Ar and ZHe ages, which
can be used to answer questions such as, for example, what is the probability that
Ar age is greater than ZHe age, and what is the plausible range of values of the
difference? For computing the Bayesian analysis in this study, we report here a code
written in R programming language57 that uses JAGS MCMC library accessible
from R via rjags package58. The R-code (rocks_ages_final.R) can be found in
Supplementary Note 4. Given that we have no existing expectations for variance
present, we assigned an uninformative prior expectation on the mean parameters
to be a broad normal distribution with no negative values. Accordingly, the
standard deviation of the prior on mean was set to 1,000 times the standard
deviation of the pooled data. An MCMC method with 100,000 burn-in and
1,000,000 iterations was then used to compute posterior probabilities of means and
difference of means for each datasets.

Thermal history modelling. Thermal histories for samples based on coupled Ar
and He diffusion models were modelled using the HeFTy software59. The HeFTy
software allows simultaneous reconstruction of time−temperature paths for mul-
tiple thermochronometric systems for which diffusion kinetics data are known.
Details of the HeFTy modelling principles are described elsewhere59. In brief, in the
so-called inverse modelling approach, used in this study, HeFTy generates a large
number of random thermal histories that can be forced to pass through pre-defined
time-temperature constraints. For each thermal trajectory, HeFTy calculates a
thermochronological age that results from the competing processes of production,
retention, and diffusive loss of daughter isotopes in modelled thermochronometric
systems (in our case 4He in zircon (U−Th)/He system and 39Ar in feldspar 40Ar/
39Ar system). The calculated thermochronological ages are then compared to the
measured thermochronological ages. If the agreement between the modelled and
the measured values is acceptable or good based on a p-value-based hypothesis test,
the thermal histories are accepted as permissible by the measured data, in other
case the thermal histories are rejected59.

Here the objective of the modelling was to reconstruct thermal histories that can
reproduce the measured Ar and ZHe data and qualitatively constrain time
−temperature conditions of feldspar and zircon crystal residence prior to the final
eruption. Accordingly, four different models (Supplementary Note 5;
Supplementary Data 4; Supplementary Figs. 3, 4), were employed in order to: (i)
test for a difference in thermal histories between the YTT sample and post-YTT
lava domes (modelling approaches termed “free run/unconstrained” and “Helium
eruption age” in Supplementary Note 5); (ii) constrain minimum and maximum
temperatures the dome samples could have experienced during their pre-eruptive
storage (“resurgent reheating” model in Supplementary Note 5); (iii) constrain
maximum duration of the pre-eruptive storage and corresponding temperatures
(“storage duration” model in Supplementary Note 5).

Data availability
The authors declare that all data generated or analyzed during this study and supporting
the findings of this study are included in this published article and its Supplementary
Information. Supplementary Data 1–4 contain all data that was used to generate both the
figures in the main text (Figs. 1–5) and in the supplementary files (Supplementary
Figs. 1–4), following procedures as outlined in Supplementary Notes 1–5. Supplementary
Data 1–4 can also be found on Dryad (datadryad.org), using the following DOI link
https://doi.org/10.5061/dryad.9p8cz8wgs.
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Code availability
The R-Code developed for computing the Bayesian analysis can be found in
Supplementary Note 4. The R-Code can be run in any software that can run the R
programming language. A suggested free and open-source integrated development
environment for R programming language used by the authors is RStudio.

Received: 30 October 2020; Accepted: 11 August 2021;

References
1. Newhall, C. G. & Dzurisin, D. Historical unrest at large calderas of the world.

United States Geol. Surv. Bull. 1855, 1108 (1988).
2. Acocella, V., Di Lorenzo, R., Newhall, C. & Scandone, R. An overview of

recent (1988 to 2014) caldera unrest: knowledge and perspectives. Rev.
Geophys. 53, 896−955 (2015).

3. Lees, J. M. Seismic tomography of magmatic systems. J. Volcanol. Geotherm.
Res. 167, 37–56 (2007).

4. Lowenstern, J. B., Bergfeld, D., Evans, W. C. & Hunt, A. G. Origins of
geothermal gases at Yellowstone. J. Volcanol. Geotherm. Res. 302, 87–101
(2015).

5. Pritchard, M. E. & Gregg, P. M. Geophysical evidence for silicic crustal melt in
the continents: where, what kind, and how much? Elements 12, 121–127
(2016).

6. Rubin, K. H., Sinton, J. M., Maclennan, J. & Hellebrand, E. Magmatic filtering
of mantle compositions at mid-ocean-ridge volcanoes. Nat. Geosci. 2, 321–328
(2009).

7. Cooper, K. M. & Kent, A. J. Rapid remobilization of magmatic crystals kept in
cold storage. Nature 506, 480–483 (2014).

8. Andersen, N. L., Jicha, B. R., Singer, B. S. & Hildreth, W. Incremental heating
of Bishop Tuff sanidine reveals pre-eruptive radiogenic Ar and rapid
remobilization from cold storage. Proc. Natl Acad. Sci. USA 114, 12407–12412
(2017).

9. Barboni, M. et al. Warm storage for arc magmas. Proc. Natl Acad. Sci. USA
113, 13959–13964 (2016).

10. Kaiser, J. F., de Silva, S., Schmitt, A. K., Economos, R. & Sunagua, M. Million-
year melt–presence in monotonous intermediate magma for a
volcanic–plutonic assemblage in the Central Andes: contrasting histories of
crystal-rich and crystal-poor super-sized silicic magmas. Earth Planet. Sci.
Lett. 457, 73–86 (2017).

11. Reid, M. R. & Vazquez, J. A. Fitful and protracted magma assembly leading to
a giant eruption, Youngest Toba Tuff, Indonesia. Geochem., Geophys., Geosyst.
18, 156–177 (2017).

12. Turner, S. & Costa, F. Measuring timescales of magmatic evolution. Elements
3, 267–272 (2007).

13. Cooper, K. M. Time scales and temperatures of crystal storage in magma
reservoirs: implications for magma reservoir dynamics. Phil. Trans. R. Soc.
377, 20180009 (2019).

14. Kent, A. J. & Cooper, K. M. How well do zircons record the thermal evolution
of magmatic systems? Geology 46, 111–114 (2017).

15. Tang, M., Rudnick, R. L., McDonough, W. F., Bose, M. & Goreva, Y. Multi-
mode Li diffusion in natural zircons: evidence for diffusion in the presence of
step-function concentration boundaries. Earth Planet. Sci. Lett. 474, 110–119
(2017).

16. Cisneros de León, A. & Schmitt, A. K. Reconciling Li and O diffusion in zircon
with protracted magmatic crystal residence. Contrib. Mineral. Petrol. 174, 28
(2019).

17. Andersen, N. L., Singer, B. S. & Coble, M. A. Repeated rhyolite eruption from
heterogeneous hot zones embedded within a cool, shallow magma reservoir. J.
Geophys. Res.: Solid Earth 124, 2582–2600 (2019).

18. Chesner, C. A. & Rose, W. I. Stratigraphy of the Toba tuffs and the evolution
of the Toba caldera complex, Sumatra, Indonesia. Bull. Volcanol. 53, 343–356
(1991).

19. Storey, M., Roberts, R. G. & Saidin, M. Astronomically calibrated 40Ar/39Ar
age for the Toba supereruption and global synchronization of late Quaternary
records. Proc. Natl Acad. Sci. USA 109, 18684–18688 (2012).

20. Mark, D. F. et al. A high-precision 40Ar/39Ar age for the Young Toba Tuff and
dating of ultra-distal tephra: forcing of Quaternary climate and implications
for hominin occupation of India. Quat. Geochronol. 21, 90–103 (2014).

21. Marsh, B. D. On the mechanics of caldera resurgence. J. Geophys. Res. 89,
8245–8251 (1984).

22. Solada, K. E. et al. Paleomagnetic observations from lake sediments on
Samosir Island, Toba caldera, Indonesia, and its late Pleistocene resurgence.
Quat. Res.95, 97–112 (2020).

23. de Silva, S. L., Mucek, A. E., Gregg, P. M. & Pratomo, I. Resurgent Toba—field,
chronologic, and model constraints on time scales and mechanisms of
resurgence at large calderas. Front. Earth Sci. 3, 25 (2015).

24. Chesner, C. A. The Toba caldera complex. Quat. Int. 258, 5–18 (2012).
25. Mucek, A. E. et al. Post-supereruption recovery at Toba Caldera. Nat.

Commun. 8, e15248 (2017).
26. Chesner, C. A., Barbee, O. A. & McIntosh, W. C. The enigmatic origin and

emplacement of the Samosir Island Lava Domes, Toba Caldera, Sumatra,
Indonesia. Bull. Volcanol. 82, 1–20 (2020).

27. Chesner, C. A. & Luhr, J. F. A melt inclusion study of the Toba Tuffs, Sumatra,
Indonesia. J. Volcanol. Geotherm. Res. 197, 259–278 (2010).

28. Danišík, M. et al. Application of combined U−Th-disequilibrium/U−Pb and
(U−Th)/He zircon dating to tephrochronology. Quat. Geochronol. 40, 23–32
(2017).

29. Burgess, S. D., Coble, M. A., Vazquez, J. A., Coombs, M. L. & Wallace, K. L.
On the eruption age and provenance of the Old Crow tephra. Quat. Sci. Rev.
207, 64–79 (2019).

30. Kruschke, J. K. Bayesian estimation supersedes the t test. J. Exp. Psychol.: Gen.
142, 573–603 (2013).

31. McDougall, I. & Harrison, T. M. Geochronology and Thermochronology by the
40Ar/39Ar Method. 269 (Oxford University Press, 1999).

32. Reiners, P. W., Spell, T. L., Nicolescu, S. & Zanetti, K. A. Zircon (U−Th)/He
thermochronometry: He diffusion and comparisons with 40Ar/39Ar dating.
Geochim. Cosmochim. Acta 68, 1857–1887 (2004).

33. de Silva, S. L., Self, S., Francis, P. W., Drake, R. E. & Carlos, R. R. Effusive
silicic volcanism in the Central Andes: the Chao dacite and other young lavas
of the Altiplano‐Puna volcanic complex. J. Geophys. Res.: Solid Earth 99,
17805–17825 (1994).

34. Nakamura, M. Continuous mixing of crystal mush and replenished magma in
the ongoing Unzen eruption. Geology 23, 807–810 (1995).

35. Murphy, M. D. et al. The role of magma mixing in triggering the current
eruption at the Soufriere Hills Volcano, Montserrat, West Indies. Geophys.
Res. Lett. 25, 3433–3436 (1998).

36. Druitt, T. H. & Sparks, R. S. J. On the formation of calderas during ignimbrite
eruptions. Nature 310, 679–681 (1984).

37. de Silva, S. et al. Large ignimbrite eruptions and volcano-tectonic depressions
in the Central Andes: a thermomechanical perspective. Geol. Soc., London,
Spec. Publ. 269, 47–63 (2006).

38. Kennedy, B. M., Jellinek, A. M. & Stix, J. Coupled caldera subsidence and
stirring inferred from analogue models. Nat. Geosci. 1, 385–389 (2008).

39. Gregg, P. M., de Silva, S. L., Grosfils, E. B. & Parmigiani, J. P. Catastrophic
caldera-forming eruptions: thermomechanics and implications for eruption
triggering and maximum caldera dimensions on Earth. J. Volcanol. Geotherm.
Res. 241, 1–12 (2012).

40. Gudmundsson, A. The mechanics of large volcanic eruptions. Earth Sci. Rev.
163, 72–93 (2016).

41. Smith, R. L. Ash Flow Magmatism. in Ash Flow Tuffs, Vol. 180 (eds Chapin C.
E. and Elston, W. E.) 5−27 (Geological Society of America Special Paper,
1979).

42. Okumura, S., Silva, S. L., de, Nakamura, M. & Sasaki, O. Caldera-forming
eruptions of mushy magma modulated by feedbacks between ascent rate, gas
retention/loss and bubble/crystal framework interaction. Sci. Rep. 9, 15845
(2019).

43. Galetto, F., Acocella, V. & Caricchi, L. Caldera resurgence driven by magma
viscosity contrasts. Nat. Commun. 8, 1–11 (2017).

44. Lacroix, A. La Montagne Pelé et ses Eruptions. 662 (Masson, 1904).
45. Mimatsu, M. Showa-Shinzan Diary: Expanded Reprint. 179 (Sobetsu Town

Office, Usu, Hokkaido, 1995).
46. Watts, R. B., de Silva, S. L., de Rios, G. J. & Croudace, I. Effusive eruption of

viscous silicic magma triggered and driven by recharge: a case study of the
Cerro Chascon-Runtu Jarita Dome Complex in Southwest Bolivia. Bull.
Volcanol. 61, 241–264 (1999).

47. Pallister, J. S. et al. Faulting within the Mount St. Helens conduit and
implications for volcanic earthquakes. Geol. Soc. Am. Bull. 125, 359–376
(2013).

48. Watts, R. B., Heard, R. A., Sparks, R. S. J. & Young, S. R. Growth patterns and
emplacement of the andesitic lava dome at Soufrière Hills Volcano,
Montserrat, in Druitt. Geol. Soc. London Mem. 21, 115–152 (2002).

49. Aldiss, D. T. & Ghazali, S. A. The regional geology and evolution of the
Toba volcano-tectonic depression, Indonesia. J. Geol. Soc. 141, 487–500
(1984).

50. Barker, S. J. et al. Post-supereruption magmatic reconstruction of Taupo
volcano (New Zealand), as reflected in zircon ages and trace elements. J.
Petrol. 55, 1511–1533 (2014).

51. Farley, K. A., Kohn, B. P. & Pillans, B. The effects of secular disequilibrium on
(U–Th)/He systematics and dating of Quaternary volcanic zircon and apatite.
Earth Planet. Sci. Lett. 201, 117–125 (2002).

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00260-1

8 COMMUNICATIONS EARTH & ENVIRONMENT |           (2021) 2:185 | https://doi.org/10.1038/s43247-021-00260-1 | www.nature.com/commsenv

www.nature.com/commsenv


52. Schmitt, A. K., Stockli, D. F., Niedermann, S., Lovera, O. M. & Hausback, B. P.
Eruption ages of Las Tres Vírgenes volcano (Baja California): a tale of two
helium isotopes. Quat. Geochronol. 5, 503–511 (2010).

53. Ludwig, K. R. User’s manual for Isoplot/Ex Rev 4.1.Berkeley Geochronol.
Centre Special Publ. 1a, 1–56 (2012).

54. Danišík, M. et al. Sub-millennial eruptive recurrence in the silicic Mangaone
Subgroup tephra sequence, New Zealand, from Bayesian modelling of zircon
double-dating and radiocarbon ages. Quat. Sci. Rev. 246, 106517 (2020).

55. Morgan, L. E., Johnstone, S. A., Gilmer, A. K., Cosca, M. A. & Thompson, R.
A. A supervolcano and its sidekicks: a 100 ka eruptive chronology of the Fish
Canyon Tuff and associated units of the La Garita magmatic system,
Colorado, USA. Geology 47, 453–456 (2019).

56. Gelman, A., Carlin, J. B., Stern, H. S., Dunson, D. B., Vehtari, A. & Rubin, D.
B. Bayesian Data Analysis. 165–196 (CRC Press, 2013).

57. R Development Core Team, R. F. F. S. C. R: A Language and Environment for
Statistical Computing. 16 (Vienna, Austria, 2011).

58. Plummer, M. JAGS: a program for analysis of Bayesian graphical models using
Gibbs sampling. Proc. 3rd int. Workshop Distributed Stat. Comput. 124, 1–10
(2003).

59. Ketcham, R. A. Forward and inverse modeling of low-temperature
thermochronometry data. Rev. Mineral. Geochem. 58, 275–314 (2005).

Acknowledgements
Funding from the National Science Foundation (NSF grants EAR 1445634 and EAR
1551187 to SdS and 1314109-DGE to AEM), Oregon State University, and the Geological
Society of America were central to this work. The AuScope NCRIS2 programme, ARC
(DP160102427), and a Curtin Research Fellowship supported MD. M. Meredith and A.
Pathak helped to write the R code and advised on the Bayesian inference. Z. Obertová
proposed to explore Bayesian approach. The ion microprobe facility at UCLA is partly
supported by a grant from the NSF. Samples analyzed for 40Ar/39Ar can be found on
SESAR (geosamples.org), IGSN IELTI0001 – IELTI0009, IELTI000A. Permissions and
collection of samples were granted with the help of Ir. (Engineer) G. Sembiring and his
colleagues at the Centre for Mineral, Coal and Geothermal Resources, Geological Agency
of Indonesia.

Author contributions
A.E.M. and S.deS. designed the project, carried out the original field work, sample
collection, and field interpretation with the assistance of I.P., processed and analyzed the
samples. M.D. conducted (U−Th)/He data recalculation, thermal modelling, and sta-

tistical analysis; A.E.M. and A.K.S. carried out U−Pb analysis; A.E.M., D.P.M., and A.K.
conducted Ar analyses; J.G. enabled the R code execution. A.E.M., M.D., and S.deS. wrote
the paper draft and all co-authors contributed to data interpretation in their respective
fields of expertize and provided critical revision to the paper. A.E.M. and S.deS. obtained
funding for the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43247-021-00260-1.

Correspondence and requests for materials should be addressed to A.E.M.

Peer review information Communications Earth & Environment thanks Morgan Jones
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Primary Handling Editors: Derya Gürer, Joe Aslin, Heike Langenberg. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-021-00260-1 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2021) 2:185 | https://doi.org/10.1038/s43247-021-00260-1 | www.nature.com/commsenv 9

https://doi.org/10.1038/s43247-021-00260-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv
www.nature.com/commsenv

	Resurgence initiation and subsolidus eruption of cold carapace of warm magma at Toba Caldera, Sumatra
	Outline placeholder
	Toba Caldera

	Results and discussion
	Thermochronologic constraints on magma dynamics
	The domes are eruptions of subsolidus remnant magma
	Timing of dome effusion and resurgent uplift at Toba
	Our new data insinuates that the uppermost, cold halo of the magma reservoir was tapped and squeezed out along faults on the edges and within the uplifting resurgent dome to form the two Samosir domes, Pardepur (South), and maybe other post-caldera domes 

	Conclusion
	Methods
	40Ar/39Ar dating
	U−Pb dating and (U-Th)/He data recalculation
	Bayesian inference for comparing two groups
	Thermal history modelling

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




