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inaccessible due to limited preservation of eruptive products of inter-caldera activity, prompting the
search for alternative archives of magma evolution such as accessory minerals. Here we applied multiple
geochemical tools to study one of the most active caldera centres of the Quaternary, the Toba caldera

Keywords: complex in Sumatra (Indonesia), which produced at least four caldera-forming eruptions in the last 1.6
caldera collapse My, including the iconic Youngest Toba Tuff at 74 ka. We combined feldspar “°Ar/3°Ar and zircon U-
magma reservoir Pb geochronology of proximal pyroclastic deposits with glass and mineral chemistry of both the tuffs
zircon crystallisation and distal marine tephra to revise the eruption chronology of Toba, obtaining new eruption ages of
U‘Pb_ gethr"“OlOgy 1417 -31/+14 ka (zircon) or 1339 + 39/39 ka (plagioclase, internal/full external 20" uncertainty) for the
Hafnium isotopes Haranggaol Dacite Tuff, 783.81 & 0.85/1.32 ka (sanidine) for Oldest Toba Tuff, and 503.61 & 1.36/1.50

40Ar/39Ar dating ka (sanidine) for Middle Toba Tuff. Isotope dilution thermal ionisation mass spectrometry (ID-TIMS) U-

Pb crystallisation ages, trace element contents and Hf isotopic ratios of zircons illuminate changes in
the shallow magma reservoir which saw near-continuous zircon crystallisation over 1.6 My. Prolonged
build-ups to each eruption with highly scattered zircon trace element compositions reflect a comple,
heterogeneous character of the shallow reservoir, without a clear temporal trend or indications of the
eruption trigger. In contrast, hafnium isotopes in zircon display a pronounced shift towards unradiogenic
values immediately after the OTT caldera collapse, followed by a gradual recovery to a baseline value of
eHf = -7 at the time of YTT eruption, interpreted as a reflection of the shift in magma reservoir position
corresponding to change in the character of assimilated crust. We can show in unprecedented detail how
a large caldera collapse affects magma geochemistry; however, identification of patterns in the behaviour
of the Toba system and making geochemistry-based predictions about its future development remain a

challenge.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction man activity hundreds of kilometres from the source and disperse
volcanic ash and aerosols globally, possibly affecting short-term

Silicic calderas pose a notable, if statistically rare, risk of explo- climate patterns (Black et al., 2021). The largest (‘super’) erup-
sive eruptions of magnitudes large enough to directly affect hu- tions recur on timescales longer than modern human experience

(Pyle, 1995; Mason et al., 2004), making the study of deposits of

such events critical to the understanding of processes that lead to

* Corresponding author. exceptionally large accumulations of eruptible magma. Studies of
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eruptions and any intervening activity suggest that such systems
might undergo systematic changes in magma chemistry leading up
to every massive eruption (Barker et al., 2015; Forni et al., 2018;
Bouvet de Maisonneuve et al., 2021). However, today, many po-
tentially active caldera systems are located in densely vegetated
regions, limiting sampling to just the largest eruptive events.

One of such systems is Toba, Indonesia, one of the most pro-
ductive caldera systems of the Quaternary and the source of the
iconic Youngest Toba Tuff found as an ash layer across large swaths
of the eastern hemisphere (Costa et al., 2014). Due to poor ex-
posure in the proximal area, the known eruptive history of Toba
is limited to little more than four large caldera-forming erup-
tions whose deposits are both difficult to distinguish in the field
and uncharacteristic in whole-rock and glass compositions, leading
to misidentifications (e.g. Ito, 2020) and disagreements about the
eruption chronology (e.g. occurrence of two closely-spaced erup-
tions at ca. 790 ka, Mark et al,, 2017). The absence of exposed
deposits of inter-caldera activity at Toba has so far precluded a
comprehensive model of the processes behind the build-up and
successive reconstructions of the magma body. The most successful
approach (predominantly focused on the latest Youngest Toba Tuff)
utilised the accessory mineral (zircon, allanite) record of the large
eruptions to constrain the length of time required for the magma
build-up and to search for systematic changes in magma compo-
sition (Vazquez and Reid, 2004; Reid and Vazquez, 2017; Tierney
et al,, 2019; Liu et al,, 2021). However, despite the geophysical in-
ference of melt below the present-day caldera (Jaxybulatov et al.,
2014), localised eruptive activity as recently as 55 ka, and contin-
ued resurgence (Mucek et al., 2017), clear patterns of behaviour of
this supersized magma body are yet to emerge.

Here, in a step towards improving the understanding of Toba
magmatism and the eventual appraisal of the present-day status of
the system, we revise the eruptive chronology of this caldera cen-
tre and generate a detailed record of changes in magma chemistry
over the last 1.6 My. We leverage improvements in sample prepara-
tion to generate a unique record of precise U-Pb zircon dates and
compositions characterising the build-up to the four large explo-
sive eruptions, which is then combined with new 49Ar/3%Ar erup-
tion ages as well as new and legacy chemical and isotopic com-
positions of bulk rocks, glasses and select minerals. We find near-
continuous magmatic activity over the investigated timespan, with
evidence of shifts in reservoir geometry but with a monotonous,
buffered pattern of magma chemistry.

2. Geological setting

Toba caldera is located on the island of Sumatra in the western-
most branch of the Sunda volcanic arc (Fig. 1). Volcanic activity in
this area results from the oblique subduction of the Indo-Australian
oceanic plate beneath the Eurasian continental plate (Hamilton,
1979; Barber et al., 2005). Toba is the most productive magmatic
system in the region, having generated at least four large caldera-
forming eruptions in the last ca. 1.6 My (Knight et al., 1986; Ches-
ner et al, 1991; Chesner and Rose, 1991): the Haranggaol Dacite
Tuff (HDT; ~1.2 Ma), the Oldest Toba Tuff (OTT; ~790 ka), the
Middle Toba Tuff (MTT; ~500 ka) and the Youngest Toba Tuff (YTT;
74 ka; Fig. 1A). Some authors have proposed that such exceptional
magma productivity might be related to a significant increase of
the angle of subduction below Toba and consequent slab tearing
(Page et al., 1979), while others suggest that subduction of the In-
vestigator Ridge Fracture Zone almost directly below Toba could
favour volatile transfer into the mantle wedge thus enhancing melt
production (Fauzi et al., 1996).

The most recent of the Toba eruptions, the YTT, formed the
present caldera depression and is the largest known eruption of
the Quaternary, with an estimated erupted volume of ~5300 km?>
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Fig. 1. Map of Toba caldera, northern Sumatra (A), schematic stratigraphic columns
of two key sections of the Toba tuffs at Haranggaol and Siguragura (B), and strati-
graphic position of major tephra layers in (I)ODP marine cores at sites 758 (holes A
and B) and U1443 (C). Dashed lines in (A) indicate the source calderas of the four
Toba tuffs as delineated by Chesner and Rose (1991). SFZ - Sumatra Fault Zone.
Symbols in (A) and (B) represent sampling localities of HDT, OTT, MTT, and YTT for
this study (TOB19*) while samples NP* are from Mark et al. (2017). Correlations in
(C) are based on Dehn et al. (1991), Lee et al. (2004), Clemens et al. (2016), Bouvet
de Maisonneuve and Bergal-Kuvikas (2020) and this work.
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DRE (dense rock equivalent; Costa et al., 2014). The volumes and
caldera footprints of the previous eruptions are not well con-
strained due to the paucity of outcrops in the heavily vegetated
proximal areas, where older deposits are covered with hundreds
of meters of YTT (Fig. 1A). The best section of Toba stratigraphy
is exposed in the Haranggaol gully (NE sector of Toba), where the
HDT rests upon andesitic lavas and is covered by the more recent
ignimbrites (Fig. 1B). Based on the occurrence of HDT and MTT
deposits only in the northern sector of the present-day caldera,
Chesner and Rose (1991) hypothesised a source in the north of
Toba for these two eruptions, while for OTT a source in the south
is indicated by the presence of thick deposits in the area of Sig-
uragura (SE sector of Toba). Distal ash deposits of Toba have been
recognised hundreds to thousands of kilometres away from the
source, representing excellent markers for stratigraphic correla-
tions (e.g. Dehn et al., 1991; Lee et al., 2004; Smith et al,, 2011;
Mark et al., 2014; Kutterolf et al., 2023). Since the YTT eruption,
a caldera lake has developed in the depression while the caldera
floor experienced episodic uplift leading to the formation of the
Samosir island (Fig. 1A). Geochronological data indicate that resur-
gence continued at least until ~2.7 ka and was accompanied by
effusive activity (~70-55 ka) along the caldera rims and at the
margins of Samosir (Mucek et al., 2017). The current state of the
system has been assessed with ambient noise seismic tomogra-
phy whose results are interpreted to indicate magma below 7 km
depth, forming a crustal-scale sill complex centred below Samosir
(Jaxybulatov et al., 2014).

The Toba tuffs are rhyolitic except for HDT which is dacitic in
bulk-rock composition. The rhyolites contain up to 40% crystals of
quartz, sanidine, plagioclase, amphibole, biotite, orthopyroxene and
Fe-Ti oxides with accessory zircon, allanite, fayalite and apatite,
while HDT contains a similar fraction of plagioclase, two pyrox-
enes, Fe-Ti oxides, apatite, and zircon (Chesner, 1998). Zircon and
allanite ages, previously used to constrain the duration of magma
assembly at Toba, indicate protracted crystallisation of these ac-
cessory mineral phases for hundreds of thousands of years before
each rhyolite eruption, with limited evidence of secular chemical
evolution (Vazquez and Reid, 2004; Reid and Vazquez, 2017, Tier-
ney et al,, 2019; Ito, 2020; Liu et al., 2021).

3. Samples and methods

We studied five representative samples of the four caldera-
forming eruptions of Toba (HDT, OTT, MTT, YTT) from two classic
outcrops (Fig. 1A, B), with an additional sample collected at Ha-
ranggaol aimed at identifying the OTT reported there by Mark et
al. (2017). To better reconstruct the eruptive history of Toba, we
also sampled volcanic glass from ash layers recovered from I0DP
Site U1443 core (Clemens et al., 2016), drilled ca. 1000 km NW of
Toba on the Ninetyeast Ridge in the Indian Ocean, about 100 m
from ODP Site 758 which had been used previously as the main
reference for distal Toba tephra (Fig. 1C; Dehn et al., 1991). To
confirm unit identification and obtain storage pressure estimates,
we analysed glass, biotite, and amphibole major element composi-
tions by electron microprobe at Nanyang Technological University,
Singapore. 40Ar/3?Ar single crystal fusions of sanidine (MTT, OTT)
and plagioclase (HDT) were performed at University of Wisconsin-
Madison following the methods of Jicha et al. (2016). For zircon
petrochronology, we selected 15-30 large crystals per eruptive unit
(Fig. S1) to maximise the amount of radiogenic Pb available for
analysis. U-Pb isotopes in single zircon crystals were analysed by
isotope dilution thermal ionisation mass spectrometry (ID-TIMS)
at Princeton University following the methods of Schoene et al.
(2019). 206pb/238y dates were corrected for 239Th/238U disequilib-
rium using a modified correction scheme appropriate for young
samples that may not have returned to secular equilibrium (Sakata
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et al.,, 2017). Common Pb exceeding the amount expected from lab
processing (100 fg) was likely sourced from ubiquitous melt and
apatite inclusions in zircon and was corrected for with a compo-
sition derived from independent TIMS analyses of Pb isotopes in
feldspars separated from the respective samples (Fig. S2). Follow-
ing U-Pb geochronology of zircon, we used the remaining solutions
of matrix elements to analyse elemental compositions and Hf iso-
tope ratios following methods described in O’Connor et al. (2022).
Analytical methods and results are detailed in the Supplementary
material and Table S1.

4. Results
4.1. Glass and biotite geochemistry

We analysed major element compositions of glass shards from
ash layers sampled within holes A and C of Site U1443, as well as
matrix glass and biotite from the proximal tuffs, and compared the
compositions to existing data from Site 758 and on-land samples
(Dehn et al., 1991; Smith et al., 2011; Mark et al., 2017; Pearce et
al,, 2020). HDT matrix glasses are rhyolitic, with similar KO and
lower SiO, contents than OTT, MTT, and YTT (Fig. 2A). Similar to
Smith et al. (2011), we found that matrix glasses from the three
younger tuffs fully overlap in major element composition, while
biotite crystals record compositional differences (e.g. in FeO/MgO
ratios and MnO concentrations) that allow clear distinction be-
tween these units. The compositions of biotite from our samples
closely match those from the literature, supporting our unit as-
signments and extending the field of MTT biotite towards higher
FeO/MgO values (Fig. 2B). In the marine record (Fig. 1C), previ-
ous work on Site 758 has identified multiple Quaternary tephra
layers (from A to M in increasing age order; Dehn et al., 1991),
some of which were correlated to Toba units YTT (A, B), MTT (C),
OTT (D, d), and HDT (F; Dehn et al., 1991; Bouvet de Maisonneuve
and Bergal-Kuvikas, 2020). Glass compositions allow identification
of ash layers equivalent to MTT and OTT among tephra recov-
ered at Site U1443 (Fig. 2A), confirming the existing correlations
(Clemens et al., 2016). However, we found no evidence for an ad-
ditional layer (d) located between levels D and E, which would
correspond to the first of the proposed two OTT eruptions of Mark
et al. (2017). Finally, we can confirm that glass shards from layer E
do not correspond to proximal HDT and they have a different geo-
chemical affinity compared to the Toba tuffs (Bouvet de Maison-
neuve and Bergal-Kuvikas, 2020).

4.2. “OAr/39Ar eruption ages

We obtained three new high-precision sanidine °Ar/3?Ar ages
including two for MTT (samples TOB19-04 and 05 from Harang-
gaol) and one for OTT (TOB19-15 at Siguragura), as well as a
plagioclase age for HDT (TOB19-03 at Haranggaol; Fig. 3). The
results for sanidine display a spread of individual dates beyond
that expected from a single, eruption-age population, as increas-
ingly seen in single-crystal sanidine 4CAr/3%Ar datasets (e.g. Rivera
et al, 2014; Andersen et al., 2017; Mucek et al., 2021). Using
the Bayesian approach to eruption age interpretation (Keller et al.,
2018) results in overlapping ages for the two samples of MTT, and
a combined age of 503.61 + 1.36/1.50 ka (internal/full external 2o
uncertainty), marginally older than the age obtained by Mark et al.
(2017; Fig. S3). OTT at Siguragura similarly yielded a range of dates
of ca. 10 ky; our new Bayesian age of 783.81 + 0.85/1.32 ka is con-
sistent with the data of Mark et al. (2017), with all new data plot-
ting well within the spread of their individual dates obtained at
two localities (Fig. S3). HDT contains no sanidine; results obtained
from four out of 12 plagioclases with highest K contents yielded a
Bayesian age of 1339 + 39/39 ka, similar to the frequently quoted
age of 1.2-1.3 Ma (Nishimura et al., 1984) but significantly younger



D. Szymanowski, F. Forni, M. Phua et al.

Earth and Planetary Science Letters 622 (2023) 118408

7 T T T T T
A
6 -
2
5 ¥
g S5r 7
2
ON
x
4 -
this study literature
3 | | | | on-land | |
73 74 75 76 77| % vyt % |79
Si0, wt% (glass) AL ¢
© ofT o©
0.6 A HDT -
E ' © ' marine
U1443 758
o C °
o D o
05 |- * °008o o o
© % ° E o
* e]
- 1) O& Qo ©
£ )
Z 04 o %o .
2 - ° o@o
< 000 Co% ogb o
E
o 03} o % * % .
= &
K 4
<
02 |- ® —
0.1 ] ] ] ]
20 25 3.0 3.5 4.0 45

FeO/MgO (biotite)
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than HDT zircon crystallisation ages presented here and by Liu et
al. (2021).

4.3. Zircon 206 pp/238 crystallisation ages

U-Pb geochronology on 102 zircon crystals from the four erup-
tions (Table S1) returned dispersed zircon 2%6Pb/238U dates that
are in every case older than the corresponding 4°Ar/3%Ar feldspar
eruption age (Fig. 4) and are considered representative of the
range of single zircon crystallisation ages. We found little inher-
itance of whole zircons with ages fitting in the age range of
previous caldera-forming events (one crystal each for MTT and
OTT within YTT). This is similar to the results of previous stud-
ies finding limited inheritance from preceding magma build-ups
(Reid and Vazquez, 2017; Ito, 2020; Liu et al., 2021) and an ef-
fect likely compounded by the greater age-averaging potential of
the whole-crystal ID-TIMS technique in comparison to in situ dates.
Our ages have similar distributions to those in previous studies
of Toba zircon (Figs. S4-5). However, because of both the differ-
ences in analytical volume (whole crystal vs. surface/smaller inner
domain) and the size bias of large crystals studied here, except
for MTT we did not recover truly eruption age zircons (i.e. overlap-
ping the 4°Ar/3%Ar eruption age; cf. Tierney et al., 2019). Exclud-
ing clear xenocrysts, the apparent minimum time of pre-eruptive
zircon crystallisation described by our ages (calculated following
Klein and Eddy, 2023) ranges from ca. 140 ky for the smaller HDT
and MTT to over 400 ky for OTT (Table 1). Several crystals from
all four units returned discordant dates with upper intercept ages

indicative of the inclusion of old xenocrystic cores ranging in age
between ca. 340 and 1480 Ma (Fig. S1), extending the array of
(dominantly core) in situ U-Pb ages reaching 650 Ma (Reid and
Vazquez, 2017; Liu et al., 2021). The presence of xenocrystic do-
mains that are up to Proterozoic in age is a clear indication of the
involvement of old crust in petrogenesis of the Toba tuffs.

4.4. Zircon trace elements

Elemental compositions obtained from bulk zircon crystals re-
veal a large range of trace element contents in the three younger
eruptions, and a limited variability in HDT zircons (Fig. 5). Element
co-variation trends are clear and correspond well to the observed
mineralogy of the Toba tuffs. Variations in Zr/Hf, which tends to
track zircon crystallisation, are strongly correlated with changes in
Eu/Eu* tracking feldspars (high Dg, compared to Dsy and Dgq),
Yb/Gd - allanite (low Dypjcq), as well as with incompatible ele-
ments such as Nb. This suggests that the majority of Toba zircons
crystallised from variably evolved melts saturated in feldspars and
allanite, likely in addition to quartz, biotite, amphibole, apatite, and
Fe-Ti oxides that have comparably low leverage on zircon composi-
tions (e.g. Padilla and Gualda, 2016). While the whole-crystal trace
elements in the three tuffs show clear co-variation trends, they
do not display any systematics with time (Fig. 4), likely reflect-
ing heterogeneous magma bodies characterised by the coexistence
of melts of different temperature and degree of magma evolu-
tion. Our results are consistent with the limited literature data for
OTT and MTT (Liu et al., 2021). The case of YTT, where the most
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Table 1
Eruption age estimates for the Toba tuffs.

Unit 40Ar39Ar 206pp 238y Minimum zircon crystallisation
Bayesian age 20int 20 ext youngest zircon age 20 Bayesian age 95% CI timescale
(ka) (ka) (ka) (ky)

Youngest Toba Tuff (YTT) 73.8* 0.6 0.8 107 7 92 +13/-29 333

Middle Toba Tuff (MTT) 503.61 1.36 1.50 514 20 523 +12/-16 140

Oldest Toba Tuff (OTT) 783.81 0.85 132 808 7 803 +11/-26 411

Haranggaol Dacite Tuff (HDT) 1339.3 38.7 38.8 1428 7 1417 +14/-31 143

Bayesian ages estimated following Keller et al. (2018) using a truncated normal prior distribution and excluding xenocrysts (U-Pb zircon), or using an exponential prior and

all dates with >20% Ar* (“0Ar/3Ar feldspar).

40Ar/39Ar ages calculated relative to ACs at 11864 Ma (Jicha et al.,, 2016) and the decay constants of Min et al. (2000). Internal uncertainty (int) represents the uncertainty of
the Bayesian estimate using analytical results only; external uncertainty (ext) also includes uncertainties associated with the age of the monitor mineral and decay constant

uncertainties. *YTT 40Ar/3°Ar age recalculated from Mark et al. (2017).

All U-Pb ages are presented with internal analytical uncertainties; contributions of tracer calibration and decay constant uncertainty are negligible.
Minimum zircon crystallisation timescales are calculated following Klein and Eddy (2023).

Preferred eruption age estimates are shown in bold.

data are available (Tierney et al., 2019; Liu et al., 2021), provides
a unique comparison of bulk-zircon and in situ compositions and
ages; bulk compositions apparently under-sample the true com-
positional variability, while the youngest, eruption-age zircon sur-
faces display some of the most evolved compositions (Figs. 4, S6).
HDT zircons are homogeneous at single-crystal scale and composi-
tionally unevolved, suggesting distinct zircon crystallisation con-
ditions from a low-crystallinity magma that did not saturate in
allanite, consistent with the observed mineralogy.

4.5. Radiogenic isotopes

Initial radiogenic Hf isotope ratios of the dated zircons vary
between eHf of -11 and -6 relative to the model chondritic com-
position (CHUR; Bouvier et al., 2008) and display a clear trend
with time over ca. 600 ky prior to the YTT eruption (Fig. 6A). eHf
in zircons and, consequently, in their parental melts, was invari-
able throughout HDT and OTT magma accumulation at ca. -7 to
-8, followed by a shift recorded by all but one MTT zircon to ca.
-10. All subsequent values recorded by MTT and YTT zircons sys-
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tematically increase to reach the original ¢Hf of -7 at the time of
YTT eruption. Since some YTT zircons have been shown to con-
tain MTT-aged cores (Reid and Vazquez, 2017), the MTT-YTT array
could be thought to result from mixing of young, relatively ra-
diogenic outer zones with older, less radiogenic cores. However,
not all YTT zircon surfaces are eruption-aged (Tierney et al., 2019;
Fig. 4), so the trend cannot be a simple two-component mixing
line but rather a temporal progression in eHf that may be addi-
tionally smoothed by analytical mixing effects. This is confirmed
by recent in situ Hf isotopic data of Liu et al. (2022a) suggesting
a similar trend. The offset of MTT magmas to a less radiogenic
eHf is mirrored by literature data for Sr isotopes (Chesner, 1988;
Jones, 1993; Turner and Foden, 2001; Budd et al., 2017), where
initial 87Sr/%6Sr of bulk rocks at time of eruption (Fig. 6B) are dis-
tinctly higher in MTT (0.7147-0.7153) than in the other three tuffs
(mostly 0.7134-0.7140). Additionally, Chesner (1988) describes
crystal-glass 87Sr/80Sr disequilibrium in YTT, indicating the same
direction of progression as our ¢Hf data i.e. towards more juvenile
compositions.

4.6. Barometry

To constrain the depths of magma storage at Toba we used the
amphibole barometer of Médard and Le Pennec (2022) suitable

to silicic systems where amphibole is in equilibrium with plagio-
clase and biotite. Such a mineral assemblage closely matches that
of OTT, MTT and YTT, but not HDT which lacks both amphibole
and biotite. For barometric calculations we exclusively used amphi-
bole compositions that satisfied the amphibole-melt equilibrium
test of Putirka (2016). Our estimates indicate no clear pressure dif-
ference between OTT (1.8-2.7 kbar), MTT (1.5-3.5 kbar), and YTT
(1.0-2.1 kbar; Fig. 6C), and are consistent with the results of Ches-
ner and Luhr (2010) using melt inclusion barometry. The inferred
pressure interval corresponds to a depth range of 4-13 km, con-
sistent with typical magma storage depths found for large silicic
reservoirs (Huber et al., 2019). The melt-phase assemblage ma-
chine learning-based barometer of Weber and Blundy (2023) re-
turns similar pressure ranges for OTT, MTT and YTT and suggests a
deeper storage (>3 kbar) for the HDT magma.

5. Discussion
5.1. Toba stratigraphy, eruption ages, and correlations to marine cores
5.1.1. Haranggaol stratigraphy

We revisited one of the few classic outcrops of Toba tuffs at

Haranggaol (Fig. 1B). The section, as described originally (Knight et
al.,, 1986), begins with andesitic lavas, followed by thick HDT, MTT
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with a basal glassy section (i.e. basal vitrophyre), and is capped
by about 100 m of YTT. However, the transition between HDT and
MTT at Haranggaol, and the thicknesses of both units, have been
controversial since Mark et al. (2017) obtained a 4°Ar/3?Ar sanidine
age of 785.7 £+ 1.4 ka (their sample NP9, Fig. 1B) within what used
to be considered MTT, prompting the authors to assign a thick part
of the section to a variety of OTT (OTT ‘B’). We attempted to lo-
cate OTT in the section but only found MTT as low as 1120 m a.s.l.
(sample TOB19-04 hereafter included in discussion as part of MTT).
We also sampled HDT at an altitude of 1109 m a.s.l., which neces-
sitates a substantial revision of the stratigraphic section (Fig. 1B),
expanding the known thickness of HDT to some 120 m and imply-
ing that the magnitude of the HDT eruption might have been larger
than previously thought. Our observations are permissive of there
being a maximum of 11 m of OTT in this section between 1109
and 1120 m a.s.l. (cf. Mark et al., 2017), although we were not able
to identify it directly. The reduced thickness of OTT at Haranggaol
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is consistent with the descriptions of Chesner and Rose (1991) who
indicated near-absence of OTT in the NE sector of Toba.

5.1.2. Eruption ages of Toba tuffs

The new Bayesian “°Ar/3°Ar age for the HDT is 1339 + 39/39
ka, whereas the Bayesian zircon age based on our new ID-TIMS
data is 1417 -31/+14 ka (Table 1, Fig. S5). Both new ages are
within uncertainty of the K-Ar (1.3 4+ 0.4 Ma) and fission track
(1.2 £ 0.3 Ma) ages of Nishimura et al. (1984). However, only four
of the twelve “°Ar/*°Ar plagioclase dates come from crystals with
K/Ca >0.1, so any age interpretation based on these 4°Ar/3%Ar data
should be treated as preliminary. Consequently, we consider the
U-Pb zircon dates to provide a more robust estimate of the HDT
eruption age.

Our new eruption age for the OTT of 783.81 £ 0.85 ka is within
uncertainty of the Mark et al. (2017) OTT ‘B’ age of 784.0 & 1.2 ka
(207; recalculated using same monitor age and decay constant used
herein). It is worth noting that the range in dates exhibited by the
Haranggaol OTT ‘B’ sample in Mark et al. (2017) fall entirely within
the range in dates of their OTT ‘A’ sample from Siguragura (Fig.
S3). We suggest that the less precise data of Mark et al. (2017)
may be masking age dispersion due to Ar loss, excess Ar, or the
presence of antecrysts in their OTT samples. The youngest 50 MTT
dates of Mark et al. (2017) range from 490 to 510 ka and yield
a weighted mean of 500.8 + 1.2 ka (20; recalculated). Our new,
multi-collector *°Ar/39Ar data are more precise and also show a
more restricted range in dates from 500 to 512 ka (Fig. 3, S3),
yielding a combined Bayesian eruption age estimate of 503.61 +
1.36 ka. Given the smaller analytical uncertainties, we prefer our
new “°Ar/39Ar ages as the most reliable eruption age estimates for
OTT and MTT.

5.1.3. One OTT in marine cores and in the proximal record

Based on new geochronology and geochemical data from both
the proximal tuffs and distal marine tephra layers, we can now re-
visit the eruptive history of Toba. While little doubt remains about
the youngest large eruptions of YTIT and MTT, recently Mark et al.
(2017) have suggested the occurrence of two separate OTT erup-
tions, OTT ‘A’ and OTT ‘B’, at 792 and 786 ka. Their proposal was
based on 1) the 6 ka difference in sanidine 4°Ar/3?Ar ages obtained
for OTT samples NP1 and NP9 (Fig. 1B), and 2) the assumption
that the two stratigraphically offset marine tephra D and d in Site
758 cores (holes A and B, respectively, Fig. 1C), both previously
correlated to OTT (Dehn et al., 1991; Lee et al., 2004), represent
separate eruptive events producing volcanic glass of identical com-
position. We question the validity of this proposal. Given the new
multi-collector “°Ar/3?Ar data and their comparison to the results
of Mark et al. (2017; Fig. S3), we do not find sufficient geochrono-
logical evidence to argue for two closely spaced eruptions. Sec-
ondly, the idea of layers D and d representing distinct events is
difficult to verify since they were only recovered as unique tephra
layers in two separate holes (758A and 758B, Fig. 1C) from Site
758 that largely achieved full core recovery over the depth inter-
val in question (Dehn et al., 1991). There is a slight difference in
depth between layer D in hole 758A and layer d in hole 758B but,
considering their identical composition and absence of other can-
didate correlative layers, Dehn et al. (1991) concluded that “d is
possibly diffused or reworked tephra D”. This is now supported by
the recovery of a single layer D of indistinguishable composition
100 m away at Site U1443 (Fig. 1C, 2A), as well as at several other
Indian Ocean drill sites (Kutterolf et al., 2023). Stratigraphically be-
low layer D at Site U1443 we identified a distinct ash layer with
glass compositions equivalent to layer E at Site 758 (Fig. 2A), rep-
resenting an eruption which has yet to be identified but possibly
originating from a separate volcanic centre e.g. in south Sumatra
(Bouvet de Maisonneuve and Bergal-Kuvikas, 2020). Considering
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both the geochronologic and stratigraphic arguments, we therefore
find no evidence to support the idea of two OTT eruptions occur-
ring 6 Ky apart. In the following discussion, we thus refer to only
one OTT event.

5.2. Evolution of the Toba magma supply system

5.2.1. Isotope signatures and melt sources

The four voluminous Toba tuffs are characterised by enriched
isotopic values in O (8'80per = 6-10), Hf (¢Hf = -11 to -6), Nd
(eNd = -11 to -8), and Sr (37Sr/%6Sr = 0.713-0.715; Chesner, 1988;
Budd et al., 2017; Liu et al.,, 2022a,b) requiring a partial involve-
ment of old crustal sources and mass contribution from materi-
als that interacted with meteoric water. However, understanding
where exactly in the melt supply chain these contributions oc-
curred presents a challenge due to the absence of exposed mafic
volcanic products that would be coeval and cogenetic with the
tuffs. The closest approximation of parental Toba magmas comes
from either the least evolved, post-YTT dome lavas (Fig. 1A) or
the pre-HDT Haranggaol Andesite (HA), both of which are already
enriched in trace elements and have fairly crustal isotopic com-
positions (Chesner, 1988; Jones, 1993; Turner and Foden, 2001;

Mucek et al, 2017; Liu et al.,, 2022b). The least radiogenic of the
post-YTT domes has 87Sr/36Sr = 0.7107 (Mucek et al., 2017) while
the HA is 0.7122 (Liu et al., 2022b), suggesting that incorporation
of the enriched materials into Toba melts occurred fairly deep in
the magma plumbing system. Two main mechanisms have been
proposed to explain the isotopic signatures: 1) assimilation within
the continental crust, and 2) enrichment of the mantle source in-
volving subducted sediments. The crustal architecture of Sumatra
is relatively poorly understood since the continental crust repre-
sents a complex patchwork of terranes, including Palaeozoic and
Mesozoic magmatic and metamorphic lithologies, as well as prod-
ucts of magmatic arc activity at least since the Triassic (Barber
et al.,, 2005). No Precambrian basement has been reported in out-
crops, but both xenocrysts as old as 1480 Ma in the Toba tuffs (this
study and Reid and Vazquez, 2017; Liu et al., 2021), and xenocrysts
found in younger, post-caldera basalts and andesites around Toba
(up to 1640 Ma; Gao et al., 2022) testify to the presence of materi-
als of this age in the crustal column. Evidently, there are materials
in the Sumatran crust with the right characteristics to explain the
isotopic signatures via crustal assimilation (Gasparon and Varne,
1998). The other end-member explanation calls upon enrichment
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of the mantle source through addition of material derived from the
particularly isotopically enriched subducted sediments of the Nico-
bar Fan accumulated offshore northern Sumatra since the Miocene
(Gao et al., 2022; Liu et al., 2022b). Overall, while crustal assimi-
lation appears the more viable mechanism for the Toba area (Gas-
paron and Varne, 1998; Turner and Foden, 2001), conclusive an-
swers are precluded by the poor understanding of crustal litholo-
gies and the fact that subducted continent-derived sediments are
geochemically indistinguishable from the continental crust itself.
Regardless, the remarkable homogeneity of the baseline isotopic
composition of the Toba tuffs (87Sr/86Sr = 0.7135 and eHf= —7,
Fig. 6) suggests that this signature is acquired deeper than the
ca. 2 kbar storage level or it is efficiently buffered in the mature
magma reservoir. In particular, the baseline isotopic signature is
already present in HDT which was stored at >3 kbar. Smaller ad-
justments to the isotopic character of the melts are likely made
within the upper crust as a function of magma reservoir geometry
and eruptive history. It is these smaller adjustments (Fig. 6) that
our high-precision U-Pb-Hf data reveal for the first time.

5.2.2. Shifts in reservoir location and geometry

The clear temporal changes in eHf resolved by the zircon
petrochronology results (Fig. 6) allow us to track shallow magma
reservoir dynamics in unprecedented detail. The baseline value of
gHf =-7 seen in HDT and OTT was abruptly modified at the time

of the OTT caldera collapse at 784 ka, after which a gradual recov-
ery is observed over at least 600 ky leading to the YTT eruption.
The temporal association between the shift in isotopic ratios, and
both the OTT caldera collapse and the change in the location of
the magma reservoir (Fig. 1A) may be coincidental, but except
for earthquakes, few if any geological processes that could affect
a magma plumbing system operate on the short timescale neces-
sary to explain the observations. In particular, studies using zircon
g¢Hf have shown that changes of comparable magnitude due to
variations in the degree of crustal assimilation occur over longer,
million-year timescales (e.g. Schaltegger et al., 2019; Storck et al,,
2020).

Significantly for isotopic ratios, a caldera collapse has two ma-
jor outcomes for the underlying crust hosting magma build-ups: 1)
it drops some country-rock material towards the emptying magma
body, and 2) it results in changes to the structure and the stress
field of the shallowest upper crust (e.g. Corbi et al., 2015). An ad-
dition of pre-OTT roof material previously overlying the magma
reservoir could explain a shift towards lower gHf, higher 87Sr/%6Sr
(Fig. 6), and 880 (Liu et al., 2022a) in the newly accumulating
MTT magma which could now assimilate it. Little is known about
the composition of such roof rocks at the time of OTT eruption,
but the required materials would likely have been significantly
older than the Quaternary Toba volcanics and either sedimentary
or altered by meteoric water, such as, e.g., Palaeozoic to Miocene
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(meta)sediments known from the caldera walls (Chesner and Rose,
1991). In this scenario, the initial addition of country rock would
be progressively diluted over the following 600 ky by recharge ad-
dition of juvenile, high-gHf, low-37Sr/%6Sr melts that would bring
it to the baseline isotopic value, and without any apparent effect of
the later MTT evacuation and caldera collapse at 504 ka. However,
in view of the clear changes in the locations of successive Toba
calderas as proposed by Chesner and Rose (1991; Fig. 1A), we find
a scenario of lateral shifts of the magma accumulation locus more
likely (Fig. 7). Since successive caldera collapses affect the structure
of the crust and its stress state, the restructuring of the shal-
low subsurface alone may facilitate preferential accumulation of
magma in certain areas. We propose that following the large OTT
caldera collapse in the SE sector of the present Toba caldera, the
conditions for subsequent magma accumulation (MTT-YTT) were
initially most favourable away from the former OTT magma body
footprint, in the NW sector. As the magma storage region shifted,
newly accumulated juvenile MTT magma interacted with different,
fertile, older upper crust that had not been substantially modified
by earlier Toba magmatism. This lower-gHf, higher-87Sr/%6Sr and
likely high-8'80 crust may have been assimilated until exhaustion
of fertile assimilant material, or the locus of magma accumula-
tion moved SE over time. Alternatively, the isotopic composition
of MTT could reflect a change in deep melt source, whereby the
shallow magma body was fed with melts that were more contami-
nated with low-gHf, high-87Sr/86Sr and high-5180 materials either
in the mantle wedge or lower crust (Liu et al., 2022b); however, we
find it unlikely that the NW sector of Toba would experience such
a drastic change in magma source character in the time between
HDT and MTT eruptions. Instead, we propose that the departure
of the MTT isotopic signature from the baseline has an upper-
crustal origin. Given the final footprint of the YTT caldera, we find
it most plausible that during the progressive growth of the giant
YTT magma reservoir from NW to SE the balance of the newly
accessed, older country rock to crust made up of Quaternary mag-
matic rocks (e.g. post-OTT mush/pluton) shifted gradually, resulting
in fully buffered, Toba baseline-like isotopic compositions by 74 ka.
The MTT eruption does not appear to have influenced this process;
YTT magma evolved in full continuity with the magma erupted
as MTT. That the YTT magma involved both materials similar to
MTT in the NW sector and to OTT in the SE sector is further sup-
ported by YTT glass trace elements where distinct compositional
endmembers have been shown to correspond to MTT and OTT-type
magmas (Pearce et al., 2020). Such recycling of unerupted mag-
matic products from a continuum of crystal-dominated to melt-
dominated domains within the sub-caldera crust is expected in
long-lived caldera systems, and has been documented elsewhere
using zircon age spectra (e.g. Charlier et al., 2005; Szymanowski
et al, 2019). Shifts of magma storage areas between successive
caldera-forming eruptions, such as the one seen here, have been
inferred in several well-exposed caldera centres, typically based on
changing caldera footprint position (Christiansen, 2001; Barker et
al,, 2021; Cas et al., 2022).

5.2.3. Development of shallow magma storage over the last 1.6 My

Time-resolved geochemical and isotopic fingerprinting of the
Toba tuffs provides an opportunity to explore the evolution of the
magmatic system over the last 1.6 My. Specifically, while we could
not sample any intervening activity representing the inferred full
range of compositions and eruptive styles, zircons from caldera-
forming eruptions alone provide an integrated view of long-term
trends in magma storage conditions.

The oldest available record of magmatic activity at Toba is rep-
resented by the Haranggaol andesite (not sampled here), which
is stratigraphically older than the first large eruption of HDT but
indistinguishable from it in in situ U-Pb zircon age, and thought
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to represent an early mafic-intermediate volcanic edifice (Chesner
and Rose, 1991; Liu et al., 2022a,b). Closely following the andesites,
HDT represents the first evolved-composition, explosive eruption
of Toba. HDT is rhyolitic but is characterised by a pyroxene-rich
mineral assemblage with scarce zircons that lack any substantial
variability in composition while recording ca. 200 ky of crystallisa-
tion history (Fig. 4). Given the limited zircon compositional range
(Fig. 5), as well as rounded zircon morphologies (Fig. S1), we in-
terpret this to represent crystallisation close to zircon saturation,
in conditions barely allowing zircon growth and possibly resulting
in multiple growth-resorption cycles. Such conditions may be facil-
itated by growth and resorption of clinopyroxene, which may exert
a strong control on zircon saturation conditions (Szymanowski et
al., 2020). Considering the higher-T mineral assemblage without
quartz and an indication of deeper storage (Fig. 6), the period
leading to HDT eruption can be thought of as the first step in
the development of a mature magma reservoir, with early, mid-
to upper-crustal magma emplacement contributing to the ther-
mal maturation of the crust and thus building a fertile ground for
reservoir growth in the following period (Karakas et al., 2017).

In contrast, OTT, MTT and YTT are all high-silica rhyolites, and
all contain abundant zircon. Single-crystal zircon trace element
compositions (Fig. 5) testify to their formation in melts that were
saturated in feldspar, zircon and allanite. Importantly, while large
variations in zircon compositions imposed by the co-crystallising
mineral phases are seen, no correlations between age and trace el-
ement variations are apparent (Fig. 4). This indicates that a large
variety of melt compositions co-existed within the same upper-
crustal magma reservoir, resulting in multiple co-erupted compo-
sitions of melts and minerals. This feature has been increasingly
recognised in voluminous explosive rhyolites, and shown directly
for YTT based on both proximal and distal glass compositions
(Pearce et al., 2020), as well as for many other units worldwide,
both in the simple framework of multiple co-erupted melt batches
of discrete composition (Cooper et al, 2012; Ellis et al, 2014)
and more complex geometries (Hildreth and Wilson, 2007; Szy-
manowski et al., 2019). The three youngest tuffs at Toba describe a
similarly persistent heterogeneity over the time required for each
magma accumulation (Fig. 4), both in composition and, by exten-
sion, amount of melt present. Reaching a high-crystallinity state
indicated by the most extremely fractionated compositions may
be key to allowing long-term storage of magma over extended
timescales necessary for thermal maturation of the crust, which
has been shown to be key to grow large magma reservoirs with-
out erupting frequently (Forni et al., 2018; Townsend et al., 2019;
Bouvet de Maisonneuve et al., 2021).

The age distribution (Fig. 4) shows near-continuous zircon crys-
tallisation over the entire history of evolved magmatism at Toba,
with only short breaks (< ca. 100 ky in our data) that can ei-
ther indicate lack of zircon saturation, or their locking into non-
eruptible parts of the reservoir during early, post-caldera rebuild-
ing stages. The remarkable continuity, and the corresponding large
and constant variance of compositions, testify to stable magma
supply conditions to the shallow Toba reservoir as a whole over at
least 1.1 My (early OTT to YTT), which were not interrupted by the
changes to the locus of new magma accumulation (Fig. 7). We be-
lieve that the persistence of magma supply centred over the same
area for a prolonged time, favoured by the particular geodynamic
setting, generated the key combination of warm, mature crust and
the right magma flux to allow the growth of large magma bodies
that peaked with the evacuation of >5000 km® of magma at 74
ka. Contrary to some other studies utilising similar methods (Wot-
zlaw et al., 2013; Szymanowski et al., 2019), we did not observe
any long-term secular evolution or a rejuvenation trend prior to
the caldera-forming events that could indicate the priming of the
magma reservoir for eruption by decreasing magma crystal con-
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tent. In fact, previous results for YTT have shown the opposite
trend, that of increased complexity of the system before that erup-
tion (Vazquez and Reid, 2004; Tierney et al., 2019). Overall, there
is no clear indication in our data or that of other studies that the
large eruptions at Toba can be linked to a change in magma sup-

ply.
6. Summary and outlook

We examined the four large caldera-forming eruptions of
the Toba complex with high-precision zircon petrochronology,
40Ar/39Ar geochronology of feldspar, and glass and mineral chem-
istry. Zircon and melt compositions reflect early and deeper (>3
kbar) magma accumulation, likely within immature crust, prior
to the eruption of Haranggaol Dacite Tuff at ca. 1.4 Ma, followed
by complex, shallow (2-3 kbar) build-ups within a giant, mature
magma reservoir that erupted as the Oldest (784 ka), Middle (504
ka) and Youngest Toba Tuff (74 ka). We show that magma reser-
voir conditions, and presumably the feeder magma fluxes, were
relatively invariable over the studied period. Well-defined changes
in Hf and Sr isotope compositions trace variations in the geome-
try of the magma reservoir and correlate to a major restructuring
of the magma plumbing system in the aftermath of OTT caldera
collapse.

After the major eruption of YTT that reshaped the caldera to
produce the present-day lake-filled depression, Toba erupted a
series of lava domes located close to the caldera rims and on
the eastern flank of Samosir island. (U/Th)-He zircon ages indi-
cate that post-collapse effusive activity started immediately after
the YTT eruption and continued for ca. 6-24 ky (Mucek et al.,
2017). The younger, western and southern domes are composition-
ally less evolved (andesites and dacites) than the older domes on
Samosir that are similar in composition to the YTT (Chesner et
al., 2020). This observation might indicate rebuilding of an upper
crustal reservoir after the YTT eruption, which is supported by the
existing geophysical data (Jaxybulatov et al., 2014). More geochem-
ical and chronological work on these post-YTT magmas is critical
to illuminate the current status and future evolution of the Toba
caldera.
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