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Himalayan zircons resurface in Sumatran arc
volcanoes through sediment recycling
Meng-Hao Gao1, Ping-Ping Liu 1✉, Sun-Lin Chung 2,3, Qiu-Li Li 4, Bin Wang1, Wei Tian1, Xian-Hua Li 4 &

Hao-Yang Lee2

Understanding the processes of subducted sediment recycling in subduction zones is vital to

decipher Earth’s crust-mantle interactions. This study uses along-arc geochemical variations

and zircon U-Pb-Hf-O isotopes of Quaternary arc basalts and andesites on Sumatra Island,

Indonesia to assess the mode of sediment recycling in subduction zones. The Hf-O isotopes

of inherited zircons of the basalts and andesites near the Toba Caldera indicate that some of

them were derived from subducted terrigenous sediments mainly sourced from the (eastern)

Himalaya. Hybridization of the subducted sediments with the mantle also accounts for the

enriched Sr-Nd isotopic compositions of arc volcanic rocks near the Toba Caldera. Ther-

modynamic modeling indicates that the subducted sediments did not melt on the slab sur-

face. Rather, geochemical evidence supports their formation as diapirs that rise buoyantly

through the hot mantle wedge and contribute to ~30 to 45% of the magma source of the arc

volcanic rocks near Toba.
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Subducted sediments are indispensable components of the
subduction factory. The fate of the subducted sediments has
fundamental controls on mantle heterogeneity and geo-

chemistry of arc magmas1–5. Identification of the contribution of
subducted sediments to volcanic rocks on continental arcs is
much more complicated than those on island arcs due to the
possibility of contamination of the silicic upper continental crust,
which shares a similar composition with the mean of the sub-
ducted sediments3,6. Moreover, the thermal models of the parti-
cipation of subducted sediments in arc volcanic systems have
been controversial. Some argue that the temperature conditions
of the subducting plate at subarc depths are far below the sedi-
ments’ solidus, such that the sediments mainly undergo
dehydration and release fluids rich in Rb, Cs, Ba, and Pb
(Dfluid/solid ≥ 10), leading to flux melting of the mantle wedge7,8.
Alternatively, it has been suggested that melting of the subducted
sediments may occur at subarc depths9. Whether the sediments
melt on the subducting slab-mantle wedge interface or during
their ascent through the mantle wedge as buoyantly upwelling
diapirs is unclear10–14.

The volcanic rocks on the Sunda arc have a wide range of Sr,
Nd, and Pb isotopic compositions, e.g., 87Sr/86Sr= 0.704 to
0.71415. In particular, arc volcanic rocks near the Toba Caldera
have significantly more enriched Sr and Nd isotopic compositions
than those away from it15–17. An assimilation-fractional crystal-
lization (AFC) model has indicated that the enriched Sr isotopic
signature of arc volcanic rocks near Toba is produced by frac-
tional crystallization of a primitive basaltic parental magma
accompanied by assimilation of the most Sr isotope-enriched
granite (87Sr/86Sr= 0.74036) on Sumatra16. However, this granite
has an εNd value of −8.35, significantly higher than the basaltic
lava (εNd=−9.87 to −9.62)16,18, inconsistent with the AFC
model. An alternative hypothesis is that the enriched Sr and Nd
isotopes were due to the addition of the subducted sediments15.
Thus, the along-arc geochemical variations of the Sumatran
volcanic rocks are natural laboratories to investigate the con-
tribution and behavior of subducted sediments.

In this study, we carried out systematic analyses of whole-rock
geochemical compositions, in situ Sr isotopes of plagioclase
phenocrysts, and U-Pb-Hf-O isotopes of inherited zircons from
basalts and andesites along the Sunda arc in northern Sumatra.
Through comparison of zircon age distribution with that from the
subducted sediments, and zircon Hf-O isotopes with those from
Sumatra and Himalayas, we argue that some of the inherited
zircons occurred in rocks near Toba were ultimately derived from
erosion of the eastern Himalaya. Consequently, recycling of
the detrital zircons together with the subducted sediments
through diapirisms, followed by partial melting in the hot corner
of the mantle wedge, is proposed to account for the along-arc
geochemical variations of the Sunda arc volcanic rocks.

Geological background and samples. The Sunda arc is formed
as a result of the subduction of the Indo-Australian plate under
the Eurasian plate (Fig. 1a). The Indian oceanic crust subducts
obliquely beneath Sumatra and moves towards the NNE with an
average convergence rate of ~57 mm/yr19. The Investigator
Fracture Zone on the Indian Ocean plate subducts obliquely
with the same orientation beneath the Toba Caldera20,21. The
Nicobar Fan is located offshore of northern Sumatra. It was
active during the Early Miocene (~19 Ma) to Pleistocene
(~1.7 Ma) and comprised predominantly of sandy and muddy
turbidities, which were mainly supplied by the Ganges and
Brahmaputra Rivers from the Greater Himalaya and Gangdese
arc in eastern Himalaya and transported for a long distance of >
1700 km from the outlets22,23. Sediments from the Sunda

forearc and West Burma, however, make a minor contribution
to the Nicobar Fan22.

Sumatra Island has a continental basement with a thickness of
up to 39 km24. The tectonic development of Sumatra has been a
matter of debate. It was traditionally considered to be drifted
from the Gondwana during the Late Paleozoic and Mesozoic25,26.
East Sumatra formed the southernmost part of the Sibumasu
terrane, whereas West Sumatra was inferred to be derived from
the Cathaysia and emplaced against the western margin of the
Sibumasu terrane by dextral faulting along the Medial Sumatra
Tectonic Zone (MSTZ)25,27. However, new detrital zircon ages
from Sumatra indicate that East and West Sumatra most likely
have Western Australian affinities in northern East Gondwana28.
This is consistent with the age distribution of inherited zircons in
Cenozoic sedimentary and igneous rocks of East Java, showing
that the basement rocks may have Gondwana affinity29.
Precambrian basement is not identified in the outcrops, but the
occurrence of S-type granites as old as the Early Silurian indicates
the existence of old metasedimentary basement rocks under
Sumatra25,30. Tethys subduction has resulted in juvenile arc
formation on Sumatra characterized by exclusively positive εHf(t)
values in nearly all the magmatic and detrital zircons from
the Jurassic (~200Ma) to middle Miocene (~15Ma)31,32.

Our samples collected in this study include basalts and/or
andesites from the Sibayak, Sipisupisu, and Sinabung volcanoes
and Haranggaol Andesites near the Toba Caldera, and others
slightly further to the south of the Toba Caldera along the Sunda
arc on Sumatra Island (Fig. 1b). All these rocks are porphyritic in
texture and contain clinopyroxene ± orthopyroxene ± olivine and
plagioclase as the main phenocrysts (Supplementary Fig. 1). They
belong to calc-alkaline to high-K alkaline series and slightly
scatter on major element Harker diagrams (Supplementary
Figs. 2, 3 and Supplementary Data 1). The exact ages of these
rocks are unclear, but our new U-Pb ages of the inherited zircons
imply that these rocks are formed in Quaternary (Supplementary
Data 2), some even younger than the Youngest Toba Tuff
(~74 ka).

Results and discussion
Along-arc geochemical variations of the Sumatran volcanic
rocks. The basalts and andesites in this study have primitive
mantle-normalized patterns depleted in high field strength ele-
ments (HFSE) and enriched in large ion lithophile elements
(LILE), typical of arc volcanic rocks (Fig. 2). Rocks near Toba
have higher rare earth element (∑REE= 137–233 ppm with an
average of 165 ppm) and LILE contents than those of the upper
continental crust, whereas rocks away from Toba have rare earth
element (∑REE= 91–216 ppm with an average of 120 ppm) and
LILE contents lower than those of the upper continental crust
(Fig. 2). The volcanic rocks near Toba have higher 87Sr/86Sr ratios
(0.70906 to 0.71377) and lower εNd values (−10.2 to −6.57) than
those away from it, which have 87Sr/86Sr (0.70469 to 0.70790) and
εNd (−4.02 to 5.27) values similar to other Sunda arc volcanic
rocks (Fig. 3a–c). The basalts near Toba, in particular, have the
highest 87Sr/86Sr ratios among all the terrestrial continental arc
basalts reported so far (Fig. 3d). It is noteworthy that the Sr-Nd
isotopes of the Sunda arc volcanic rocks in northern Sumatra
exhibit systematic latitudinal variations that the 87Sr/86Sr ratios
progressively increase whereas the εNd values progressively
decrease towards the Toba Caldera (Fig. 4).

Possible magma sources of the isotopically-enriched rocks near
Toba include the subducting slab, mantle wedge, and overlying
continental crust. The slab tear beneath Toba may facilitate
asthenospheric upwelling33–35. However, the mafic to silicic rocks
within and near the Toba Caldera do not display OIB-like trace
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element characteristics36, indicative of minor contributions of the
upwelling Indian Ocean asthenosphere with 87Sr/86Sr ratios
varying between 0.704 to 0.70737,38 to the arc volcanic rocks near
Toba. The depleted mantle-like Sr-Nd isotopic compositions of
the volcanic rocks away from Toba in this study and in ref. 17

preclude the possibility that the continental lithospheric mantle
beneath Sumatra is isotopically enriched. Furthermore, large
amounts of fluids released from the subducting slab can alter the
Sr isotopic compositions of the Sunda arc volcanic rocks but not
the Nd isotopes (e.g., ref. 7). Thus, the enriched Sr and Nd
isotopic compositions of the rocks near Toba attest to substantial
crustal input. One possibility is that the parental magma of the
rocks near Toba was formed by crustal contamination of the
depleted mantle-derived basaltic melts. Given that the Sr and Nd
isotopes of the rocks near Toba do not exhibit linear correlations
with whole-rock MgO and SiO2 contents (Fig. 3a, b) and
plagioclase phenocrysts from basalts near Toba do not record any
signs of a primitive basaltic component from core to rim with An
contents from 92 to 76 (Supplementary Fig. 4 and Supplementary

Data 3), crustal contamination, if occurred, could have been early
in the lower crustal magma reservoir by assimilating Sumatran
lower crust. However, some of the volcanic rocks near Toba have
εNd values beyond the range of the depleted mantle and the
possible basement rocks of Sumatra, as represented by the most
isotopically-enriched S-type granites on Sumatra (Fig. 5a). We,
therefore, infer that crustal contamination alone is unlikely to
produce the Sr and Nd isotopic compositions of the rocks near
Toba. The sediments on the subducting slab include those from
the Nicobar Fan and the eroded Sunda forearc materials. Since
the volcanic rocks on the Sunda arc, except for those near Toba,
exhibit depleted mantle-like isotopic compositions15–17, even if a
large volume of the eroded Sunda arc sediments were transferred
to the subarc depth, it cannot isotopically enrich the volcanic
rocks near Toba. Rather, binary mixing modeling results of εNd
versus 87Sr/86Sr and εNd versus Hf/Nd ratios show that the rocks
near Toba can be produced by mixing the subducted Nicobar Fan
sediments (87Sr/86Sr= 0.73493, εNd=−146,23) with the depleted
mantle (DM, represented by N-MORB or N-MORB with minor

Fig. 1 Schematic geological map of the Southeast Asia and sampling locations in northern Sumatra. a Overview of the Southeast Asia. A base map of the
total sediment thickness is taken from ref. 55. Stratigraphic column of Site U1481 in the lower left corner is modified from ref. 23. b A simplified geological
map of northern Sumatra and the Toba Caldera. Sampling locations are marked and classified according to their distance from the Toba Caldera. IFZ-
Investigator Fracture Zone, MSTZ-Medial Sumatra Tectonic Zone.
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OIB components; Fig. 5a, b). This indicates that the primary
magma of the rocks near Toba could be enriched by addition of
the subducted sediments to the mantle wedge.

The rocks away from Toba, on the other hand, have trace
element and Sr-Nd isotopic compositions similar to other
contemporary volcanic rocks of the Sunda arc (Fig. 5a, b;
refs. 39,40). The roughly negative and scattered trends in εNd
versus SiO2 and 87Sr/86Sr versus MgO diagrams (Fig. 3a, b),
together with the binary mixing models of εNd versus 87Sr/86Sr
and εNd versus Hf/Nd (Fig. 5) suggest that small amounts (<5%)
of Sumatran crust and subducted sediments may contribute to the
trace element and isotopic variations of the rocks away from
Toba. This is consistent with previous U, Th, and Ra disequilibria
and combined Sr-Nd-Pb isotopic and trace elemental studies
suggesting that both subducted sediments and crustal contam-
ination played important roles in generating the along-arc
geochemical variations of Sunda arc lavas15.

U-Pb-Hf-O isotopes decode the origin of the inherited zircons.
Zircons were found in arc basalts and andesites both near and
away from Toba (Supplementary Note 1). We filtered the zir-
con U-Pb age data by removing those >1500 Ma with a dis-
cordance >5% and those <1500 Ma with a discordance >10% to
avoid using less concordant zircon ages to calculate their εHf(t)
values (Supplementary Fig. 7; ref. 41). Zircons in rocks near
Toba have U-Pb ages spreading from <1 to ~1600 Ma, whereas
those in rocks away from Toba have U-Pb ages spreading from
<1 to ~900 Ma (Fig. 6b, c and Supplementary Data 2). This

suggests that (1) these rocks are very young in age; and
(2) these zircons are inherited from diverse crustal input.
Assuming a subduction rate of 57 mm/y and a subduction
length of 540 km at 190 km depth beneath Toba19,42, a simple
calculation shows that the slab below Toba now was subducted
at ~9.5 Ma. This implies that zircons younger than 9.5 Ma
cannot be derived from the subducted sediments. Rather, they
have Hf isotopes similar to the Sumatran upper continental
crust (Fig. 6b) and, therefore, could be contaminated by the
shallow Sumatran crust.

To evaluate the possible sources of zircons older than 9.5 Ma,
we first compare their Hf isotopes with those of the subducted
sediments and Sumatran continental crust. Unfortunately, Hf
isotopic data of zircons from the subducted sediments are not
available. Since the sediments are predominantly sourced from
the eastern Himalaya22,23, we use Hf isotopes of detrital zircons
from the Himalayas to represent those from the subducted
sediments. Results show that inherited zircons older than 120Ma
from rocks near and away from Toba have indistinguishable
εHf(t) values that mostly overlap with those from both Himalayas
and Sumatra (Fig. 6b, c). Therefore, it is difficult to differentiate
whether they come from the subducted sediments or the Sumatra
crust. Nevertheless, zircons with ages of ~120 to 30Ma from
rocks near Toba display uniformly negative εHf(t) values. Rocks
away from Toba do not have inherited zircons within this age
range, but have inherited zircons with ages between ~20 and
15Ma and these zircons have positive εHf(t) values (Fig. 6b). Most
zircons with ages from 120 to 15Ma on Sumatra have positive
εHf(t) values due to the Meso-Tethyan subduction, through Neo-
Tethyan subduction, to Indian Ocean subduction, resulting in
predominant juvenile arc magmatic episodes31. Contemporary
zircons of Himalayas, however, have both positive and negative
εHf(t) values. Therefore, the negative εHf(t) values of zircons with
ages between ~120 and 30Ma from rocks near Toba indicate that
they are probably derived from the subducted Nicobar Fan
sediments, which possess detrital zircon grains derived from the
eastern Himalaya and therefore have the same εHf(t) values with
the Himalaya detrital zircons. Indeed, both the inherited zircons
from rocks near Toba and the detrital zircons from the Nicobar
Fan sediments have an age peak between ~55 to 40Ma (Fig. 6a,
b), indicating that some of the inherited zircons in rocks near
Toba could be derived from the subducted sediments. During that
period, microcontinental subduction and India-Asia collision
resulted in crustal anatexis on the Himalayas, leading to the
formation of S-type granitic rocks such as leucogranites, which
have zircons with negative εHf(t) and high δ18O values43–45. This
could be the primary source of the Paleogene zircons with
negative εHf(t) values on the Nicobar Fan. This event, however, is
not known to occur on Sumatra.

Then we compare the δ18O values of zircons with ages between
~55 and 40Ma. During this time interval, the δ18O values of the
inherited zircons of rocks near Toba are consistently high of
>9‰. Their Hf and O isotopes are comparable to those of the
leucogranites in the Himalayas (Fig. 6d; refs. 21,44,46). Conse-
quently, we confirm that some of the inherited zircons from rocks
near Toba were ultimately derived from the Himalayas. These
zircons were eroded and transported by the Brahmaputra River
and turbidites to the Nicobar Fan, subducted beneath northern
Sumatra, and then ascended through the mantle wedge before
being exposed on the surface of Sumatra. This indicates that
zircon, as a resistant and refractory mineral, can survive the
temperature-pressure conditions of the mantle wedge. Indeed,
exotic zircons found in mantle peridotites47,48 and Caribbean arc
lavas49,50 verify that zircon crystals can preserve in hot zircon-
undersaturated environments for a considerably long period of
time (tens of million years; refs. 48,51,52).

Fig. 2 Trace element characteristics of the arc volcanic rocks in northern
Sumatra. a Chondrite-normalized rare earth element (REE) patterns of the
studied rocks. b Primitive mantle-normalized trace element spider diagram
of the studied rocks. Trace element and REE compositions of the
N-MORB86, upper continental crust (UCC; ref. 87), and subducted
sediments6 are also shown for comparison. Calculated REE concentrations
of the sediment melt at 1250 °C, 33 kbar (Sediment melt 1) and 900 °C, 17
kbar (Sediment melt 2) are shown in a. Mixing of DM (composition
represented by N-MORB) with 50% sediment melt 1 and with 45 %
sediment melt 2 can produce the REE patterns observed in rocks near Toba
in a.
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Mechanism and consequence of subduction-zone sediment
recycling. Because the trace element and isotopic compositions of
the subducted terrigenous sediments are similar to those of the
average continental crust3,6, it is generally difficult to distinguish
the process of crustal contamination and source enrichment by
sediment recycling for continental arc volcanic rocks. The Sunda
trench of northern Sumatra is covered by the isotopically-
enriched Nicobar Fan sediments23. These sediments are mainly
derived from erosion of the eastern Himalaya22,23, which exposes
crustally derived leucogranites with extremely low εNd values and
high 87Sr/86Sr and δ18O values (e.g., refs. 21,53). Consequently, the
relatively high εNd values (> −10) of the Sumatran crust com-
pared with those of the subducted sediments (εNd <−10) enables
us to discern the variable incorporation of the subducted sedi-
ments along the arc, which reaches a maximum in the vicinity of
the Toba Caldera. The inherited zircons with ages between 60 and
40Ma from the rocks near Toba, furthermore, have similar Hf
and O isotopes with contemporary zircons from Himalayas,
which also support the incorporation of subducted sediments in
the formation of the mantle-derived rocks near Toba. Indeed,
olivine phenocrysts from basalts near Toba have trace element
contents/ratios indicating that the basalts were partial melting
products of a mixed peridotite and pyroxenite mantle source
(Supplementary Fig. 8), which could result from metasomatism of
Si-rich sediment melts. The many young (<9.5 Ma) inherited
zircons in both groups of rocks, on the other hand, indicate that
shallow-level crustal contamination is a common process for
Sunda arc volcanic rocks. To sum up, our study has clearly
demonstrated the along-arc geochemical diversity of Sunda arc

Fig. 3 Compositions of the studied volcanic rocks in northern Sumatra. a εNd versus SiO2 diagram displaying a roughly negative correlation for rocks away
from Toba in this study and in literatures (other Sunda arc volcanic rocks17,39,40), whereas the εNd ratios of rocks near Toba do not vary with increasing
SiO2 contents. b 87Sr/86Sr versus MgO diagram displaying a roughly negative correlation for rocks away from Toba, whereas that of rocks near Toba does
not exhibit an obvious correlation. c 87Sr/86Sr versus SiO2 diagram showing that the rocks near Toba have higher 87Sr/86Sr ratios than those away from
Toba, which have similar 87Sr/86Sr values with other Sunda arc volcanic rocks17,39,40. d 87Sr/86Sr versus SiO2 diagram showing that the basalts near Toba
have the highest 87Sr/86Sr ratios among worldwide continental arc basalts. Compositions of worldwide continental arc volcanic rocks are from the
GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp).

Fig. 4 Latitudinal (Along-arc) isotopic variations of Sunda arc volcanic
rocks in northern Sumatra. a Variations of εNd values with latitudes
showing that arc volcanic rocks on Sumatra display decreasing εNd values
towards the Toba Caldera. b Similar with a, but for 87Sr/86Sr values. Open
circles represent data from refs. 17,39 (Supplementary Data 4).
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volcanic rocks that the rocks near Toba are enriched mainly due
to recycling of the subducted sediments coupled with crustal
contamination, whereas rocks away from Toba have pre-
dominantly undergone crustal contamination with minor sedi-
ment addition.

Our study has presented an example of sediment recycling in
modern subduction zones. The inherited zircons in volcanic rocks
near Toba have traveled for a long distance of ~2500 km from
Himalayas, the highest mountain range (>6000 m high) on Earth,
to a depth of ~150 km below sea level20 and then rose through the
hot mantle wedge (>1200 °C) to be preserved in volcanic rocks on
the surface of Sumatra Island. Since the Sumatran continental
crust has similar architecture across the island24,54 and the
thickness of the Nicobar Fan sediments slightly decreases from
the north tip of Sumatra Island to the south (Fig. 1, ref. 55), the
spatially increasing whole-rock 87Sr/86Sr ratios towards Toba
along the Sunda arc (Fig. 4) and the discovery of relict zircons
derived from the subducted sediments in rocks near Toba instead
of other areas indicate that sediment recycling in Sunda arc
magmatism is closely associated with the unique subduction
system under Toba. Coincidently, the oblique subduction of the
Investigator Fracture Zone on the Indian Ocean floor is

considered to propagate beneath Toba20,21. Seismic models show
that there are two low-velocity anomaly channels connecting the
subducting slab with the Toba volcano20. One anomaly originated
from ~80 km beneath the forearc and was interpreted to result
from ascent of water due to slab dehydration. The other
originated from ~150 km beneath Toba and was considered to
be the path of ascending fluids and melts from the slab20.

To investigate how Nicobar Fan sediments participated in
subduction-zone sediment recycling, we performed the thermo-
dynamic modeling to obtain phase relations of the subducted
Nicobar Fan sediments (composition from ref. 6) from 10-60 kbar
and 500–1300 °C using THERMOCALC version 3.4556. Results
show that the subducted sediments do not melt on the slab
surface < ~190 km (~60 kbar) in depth (Fig. 7) under the thermal
and structural conditions of the Sumatran subduction zone57.
Because the solution models used to calculate the pseudosection
are calibrated for crustal pressures56, its application to higher
pressures (>2 GPa) could be problematic. In particular, the wet
solidus of the sediments calculated are commonly higher than
those obtained by experiments (e.g., refs. 12,58). We argue that the
pseudosection is basically reliable considering that (1) the melting
reactions and residuum assemblages are consistent with the
experimental results (e.g., refs. 12,58); (2) Some experiments on
fluid-present melting of meta-sediments at high pressures yield
wet solidus similar to our calculations (e.g., ref. 59), but
remarkably higher than those in refs. 12,58. Given that the
experimental conditions vary in different studies and cannot be
totally the same as those in the field, this could be an important
factor affecting the temperature discrepancy of the wet solidus.
Even if the several experimental wet solidi are taken into
consideration, the P-T conditions of the slab surface subducting
beneath northern Sumatra do not allow in-situ sediment melting
on the slab surface (Fig. 7). Instead, the curvature of the mixing
lines in εNd versus87Sr/86Sr diagram and the compositional
distribution in εNd versus Hf/Nd diagram of arc volcanic rocks
near Toba (Fig. 5) imply that the subducted sediments could have
been firstly mixed with the depleted mantle, and then undergone
partial melting14. Transfer of the subducted sediments into the
mantle wedge could occur through diapirism that the sediments
rise buoyantly from the slab surface and partially melt in the hot
corner of the mantle wedge13,14,60. According to thermodynamic
modeling, dehydration melting is unlikely to occur in most
sediment compositions at typical slab-top conditions and diapir
formation is directly related to sediment thickness and composi-
tion, and the thermal state of the subduction zone61. Sediment
diapir in the northern Sumatra subduction zone probably initiates
at ~70 km depth with a temperature slightly higher than 500 °C13.
According to the calculated sediment diapir trajectories60 and the
thermal structure of the Sumatran subduction zone57, the
temperature (<800 °C) of the sediment diapir trajectory from
the slab surface at ~150 km depth would first increase to >1200 °C
at ~100 km depth in the mantle wedge and then decrease to
<800 °C at Moho60. Melting of sediment diapirs started from the
surface inwards and may not obtain equilibrium under P-T
conditions above the sediments’ liquidus60,61. As such, the
subducted Nicobar Fan sediments, which have undergone
dehydration and eclogitization, would partially melt during
ascent (Fig. 7).

Numerical modeling indicates that sediment diapirs ascending
through the mantle wedge beneath the volcanic arc would
undergo less than ~40–50% total melting60,61. Because (1) the
relict mineral phases and their proportions change along the P-T
path of the sediment diapir trajectory, (2) melt and the relict
mineral phases may not achieve equilibrium at each depth
(temperature), and (3) mantle metasomatism occurs during
ascending of the Si-rich sediment melts, the compositions of the

Fig. 5 Mixing diagrams between the mantle, subducted sediments, and
basement rocks of Sumatra. a εNd versus 87Sr/86Sr diagram showing that
rocks near Toba can be produced by mixing of DM (represented by
N-MORB86) with 25 to 45% sediments or sediment melts. Deviation of
87Sr/86Sr and εNd of rocks near Toba from the modeling trends between
DM and sediment melts can be explained by early extraction of Sr from the
sediments by dehydration fluids. Rocks away from Toba, however, have εNd
and 87Sr/86Sr compositions that can be explained by either crustal
contamination or sediment addition. Compositions of the Sumatran
basements are represented by the most isotopically-enriched S-type
granites on Sumatra18. Compositions of the previously reported Sunda arc
volcanic rocks17,39,40, which belongs to rocks away from Toba, are also
plotted in the gray field. Details for the end-member compositions can be
found in Supplementary Data 5. b εNd versus Hf/Nd diagram indicating that
rocks near Toba were probably produced by mixing of DM with 35 to 45%
sediment (melts) followed by partial melting, whereas rocks away from
Toba are consistent with mixing of DM with minor (<3%) Sumatra
basement melts14.
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Fig. 6 Zircon U-Pb ages and Hf-O isotopic compositions of the studied rocks compared with those from the subducted Nicobar Fan sediments,
Sumatra Island, and Himalayas. a Detrital zircon age spectra of the Nicobar Fan sediments (data from ref. 22). Inset is a pie graph showing the proportions
of detrital zircons from the Nicobar Fan sediments with different age ranges. b Zircon ages (<200Ma) versus εHf(t) values of the studied samples, also
shown are ages versus εHf(t) values of detrital zircons from Himalayas88–92 and detrital and magmatic zircons from Sumatra28,32,93. c Similar with b but for
ages >200Ma. d δ18O versus εHf(t) values of inherited zircons with ages varying between 30 and 55Ma from rocks near Toba. Pink crosses represent
εHf(t) and δ18O values of contemporary zircons from Himalaya leucogranites46. The insert shows the U-Pb age discordance for zircons used in d. CHUR-
Chondritic Uniform Reservoir.

Fig. 7 P-T diagram showing the phase relations of the subducted Nicobar Fan sediments and possible diapir trajectory of the sediments. P-T conditions
of the slab surface is from ref. 57. The diapir trajectory is cited from ref. 60. The gray lines represent the experimentally determined wet solidi of metapelite
and metagreywacke: N94 from ref. 10, J99 from ref. 59, S04 from ref. 58, and A06 from ref. 94. The P-T pseudosections are shaded with a warmer color tone
as the partial melting degrees increase. Bt-Biotite, Coe-Coesite, Grt-Garnet, Fsp-Feldspar, Ilm-Ilmenite, Jd-Jadeite, Liq-Liquid, Lws-Lawsonite, Ms-
Muscovite, Opx-Orthopyroxene, Pg-Paragonite, Qtz-Quartz, Rt-Rutile, Sp-Sphene.
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sediment melts added to the arc volcanic rocks near Toba are
difficult to calculate. The best solution is to model the rare earth
element contents of the sediment melts at two end-member
conditions: 900 °C, 17 kbar and 1250 °C, 33 kbar using
proportions of relict mineral phases and their partition
coefficients (Fig. 7 and Supplementary Note 2, ref. 62). Due to
the existence of garnet as a relict mineral phase, subarc sediment
melts commonly have large Dy/Yb fractionation (Fig. 2a).
Calculation shows that ~45 and 50% of the sediment melts are
needed under conditions of 900 °C, 17 kbar and 1250 °C, 33 kbar,
respectively, to mix with the depleted mantle (represented by N-
MORB) to generate the most primitive basalts of rocks near Toba
(Fig. 2a and Supplementary Table 1). These values might be an
overestimation considering that (1) the light rare earth elements
can be elevated by aqueous fluids during dehydration7 and by
early fractionation of olivine ± pyroxenes ± plagioclase; (2) some
extent of REE enrichment can be induced by reaction of the fluid-
fluxed melts with the initially depleted mantle wedge peridotites.
Indeed, this proportion is higher than that derived from the two
end-member modeling results in εNd versus 87Sr/86Sr and εNd
versus Hf/Nd diagrams, which indicates that ~30 to 45% of the
sediment melts are needed to produce the geochemical
characteristics of the rocks near Toba. This scenario also
coincides with the geophysical evidence showing that the depth
of the deep low-velocity anomaly does not extend to the slab
surface but about 50 km above it20, which may imply that the
sediment diapirs start to melt after ascending ~50 km above the

slab surface (Fig. 8). In addition, numerical simulations indicate
that the diapirs would melt from the surface inward, and the
maximum melting proportions commonly do not exceed
40–50%60. If this is true, this may indicate that a considerable
amount of the subducted sediments is relaminated at the base of
the Sumatran lower crust.

Given that the Toba silicic rocks also have inherited zircons of
~60 to 40Ma with similar εHf(t) values to those from basalts and
andesites near Toba (Fig. 6b), we infer that Toba silicic rocks with
evolved Sr and Nd isotopic compositions36 could also be sourced
from an enriched mantle hybridized by the subducted sediments.
This study further indicates that zircons can be used to trace
crustal recycling in subduction zones, which can not only occur
between mantle and crust, but also between separate continental
blocks. The latitudinal trace element and isotopic variations of
volcanic rocks along the Sunda arc imply that the increasing
amount of sediment melting associated with diapirism could have
been related to the thermal upwelling through the slab tear
beneath Toba (Fig. 8). Therefore, the geometry of the subducted
plate, to some extent, controls the geochemical diversity of arc
volcanic rocks63–65, which is also evidenced by the Northern and
Southern Cordillera continental arc and the Lesser Antilles island
arc volcanic rocks66–68.

Methods
Whole-rock major and trace element compositions. Whole-rock major element
compositions of the samples were analyzed using X-ray fluorescence spectroscopy

Fig. 8 3D scenograph illustrating the model of Indian Ocean floor subduction and sediment diapirs under northern Sumatra. Oblique subduction of the
Investigator Fracture Zone (IFZ) resulted in a slab tear beneath the Toba Caldera (TC). The subducted sediments at ~150 km depth around the slab tear
area have undergone diapirism followed by partial melting within the hot corner of the mantle wedge, which generated geochemically enriched arc volcanic
rocks with inherited zircons from the sediments in the vicinity of the Toba Caldera (rocks near Toba). Farther away from the IFZ, dehydration of the
subducting plate and flux melting of the mantle wedge were the dominant processes responsible for the depleted mantle-like Sr and Nd isotopes of
the rocks away from Toba. A zoom-in view of sediment melting with some undissolved zircon grains is shown in the bottom right corner.
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(Rigaku RIX-2000) at the Department of Geosciences, National Taiwan University,
with analytical uncertainties of <5%. Loss-on-ignition (LOI) was determined by
heating samples at 950 °C for 60 min and recording the percentage of weight loss.
Whole-rock trace element concentrations were determined by inductively coupled
plasma-mass spectrometry (ICP-MS) using an Agilent 7500cx spectrometer at the
Institute of Earth Sciences, Academia Sinica, following the procedures described in
ref. 69. The USGS standards AGV-2, BHVO-2, and BCR-2 were analyzed together
as reference materials. Analytical precisions for most trace elements were better
than 3%.

Whole-rock Sr-Nd isotopes. Whole-rock 87Sr/86Sr and 143Nd/144Nd values were
determined by a Nu Plasma II MC-ICP-MS (multiple collector-inductively coupled
plasma-mass spectrometer) at the Institute of Earth Sciences, Academia Sinica. The
mass fractionation for 87Sr/86Sr and 143Nd/144Nd ratios were normalized against
86Sr/88Sr= 0.1194 and 146Nd/144Nd= 0.7219, respectively. The mean 87Sr/86Sr
ratio of NBS SRM 987 standard during data acquisition was 0.710308 ± 14 (n= 9)
and the mean 143Nd/144Nd ratio of Etsu JNdi-1 standard was 0.512108 ± 6 (n= 6).
The 2σ analytical errors are commonly <0.000015 for 87Sr/86Sr and <0.000008 for
143Nd/144Nd for routine analyses of individual unknown samples. Detailed ana-
lytical protocols can be referred to ref. 70.

Zircon U-Pb age and Hf-O isotopic analyses. Zircons were separated from rock
samples using standard density and magnetic separation techniques. Measure-
ments of U, Th, and Pb isotopes in zircons were conducted using CAMECA IMS-
1280HR at the Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGG-CAS). The O2- primary ion beam was accelerated at ~13 kV, with an
intensity of ~10 nA. The aperture illumination mode (Kohler illumination) was
used to produce an elliptical spot of about 20 × 30 μm in size. Pb/U and Th/U ratios
were determined relative to the standard zircon Plešovice70, analyses of which were
interspersed with those of unknown grains. Zircons older than 2Ma were analyzed
following routine procedures71, whereas those younger than 2Ma were dated on
the condition of 238U-230Th disequilibrium as those described by ref. 72.

Zircon oxygen isotopic analyses were performed using CAMECA IMS-1280.
Measured 18O/16O ratios were normalized to the Vienna Standard Mean Ocean
Water (VSMOW) compositions (18O/16O= 0.0020052). The measured oxygen
isotopic data were corrected for instrumental mass fractionation (IMF) using the
Penglai zircon standard (δ18OVSMOW= 5.3 ‰; ref. 73). The internal precision of
each analysis was better than 0.3 ‰ (2σ standard error). The external precision
evaluated by the reproducibility of repeated analyses of the Qinghu zircon was
0.38 ‰ (2 SD). Repeated measurements of the Qinghu zircon standard during the
analytical session yielded weighted mean δ18O of 5.46 ± 0.40 ‰ (2 SD), consistent
with the reported value of 5.4 ± 0.2 ‰ (2 SD)74.

In situ zircon Hf isotopic analyses were carried out on the same spot previously
analyzed for U-Pb-O isotopes using a New Wave UP 213 LA microprobe attached
to a Nu Plasma HR multi-collector ICP-MS system at the Institute of Earth
Sciences, Academia Sinica. The ablation spot was 50 μm in diameter and the
ablation rate was 8 Hz. The standard zircon Mud Tank was analyzed to monitor
the instrumental conditions. It yielded an average 176Hf/177Hf ratio of
0.282490 ± 24 (2 SD), in agreement with the recommended value75. Plešovice,
91500 and TEMORA zircons served as the secondary external reference materials
for data quality control. They have average 176Hf/177Hf values of 0.282483 ± 21 (2
SD), 0.282314 ± 23 (2 SD), and 0.282689 ± 30 (2 SD), respectively, in accordance
with literature values reported in refs. 76,77. Measured 176Hf/177Hf and 176Lu/177Hf
ratios were used to calculate initial 176Hf/177Hf ratios, using a 176Lu decay constant
of 1.865 ± 10−11 year−1 (ref. 78). The present-day 176Hf/177Hf= 0.282772 and
176Lu/177Hf= 0.0332 of chondrite79 were adopted to calculate εHf(t) values.

Plagioclase major element and 87Sr/86Sr isotopic analysis. Major elements of
plagioclase were analyzed using a JEOL JXA-8230 microprobe at the Key
Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space
Sciences, Peking University. The analysis was carried out using a beam current of
10 nA, an accelerating voltage of 15 kV, and a beam size of 1–2 μm. Typical ana-
lytical uncertainties for all the elements were better than 1.5%.

87Sr/86Sr ratios of plagioclase were measured using a Nu Plasma II MC-ICP-MS
at the School of Earth and Space Sciences, Peking University. An ArF excimer laser
ablation system of Geolas HD (193 nm) was used. The samples were ablated at a
repetition rate of 5 Hz and an energy density of 10 J/cm2 with a 90-μm spot size for
40 s. The analytical accuracy was evaluated by repeated analyses of three apatite
standards of Slyudyanka, Mud Tank, and Otter Lake. The average 87Sr/86Sr ratios
of the standards were 0.70805 ± 21 (2 SD; 26 analyses) for Slyudyanka, 0.70311 ± 13
(2 SD; 21 analyses) for Mud Tank and 0.70442 ± 17 (2 SD; 20 analyses) for Otter
Lake, which agreed well with the standard values obtained by solution MC-ICP-MS
analyses80.

Phase equilibria modeling. Phase equilibria modeling was performed using
THERMOCALC 3.4556 with dataset ds6281, in a model system Na2O-CaO-K2O-
FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 (NCKFMASHTO). Mineral activity-
composition relationships adopted were liquid (i.e., silicate melt)82, garnet82,

orthopyroxene82, biotite82, muscovite82 and paragonite82; feldspars83; ilmenite84;
jadeite85; and quartz, coesite, rutile, sphene, and lawsonite (pure phases). The fluid
phase was assumed to be H2O. The water content (8.18 wt%) of the subducted
sediments was cited from ref. 6. The Fe3+/FeT ratio was assumed to be ~0.05, which
was close to the QFM buffer. The bulk compositions of the sediments from the
trench of northern Sumatra6 used for calculations were normalized to molar
proportions in the NCKFMASHTO system (Table 1).

Data availability
The dataset used in this study are available at https://doi.org/10.6084/m9.figshare.
21258261 (last access: 02 October 2022).
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