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Abstract

Volcanic glasses with minor mafic mineral fragments, such as biotite and hornblende, found in deep-sea sediments of the
South China Sea Basin (SCSB) have been clearly identified as eruptive products of the Youngest Toba Tuff (YTT), northern
Sumatra, Indonesia. The tephra layer occurs between marine oxygen isotopic event 5.1 (79.3 ka) and event 4.22 (64.1 ka), with
an interpolated age of 74.0 ka, which is in good consistence with previous radiometric dating (73–75 ka) and ice-core dating
(71^ 5 ka) of the YTT. The tephra consists predominantly of bubble-wall shards with minor elongated vesicles of pumice
fragments. Geochemical characteristics of the tephra, such as high total alkali content, high87Sr/86Sr ratio and uniformity of
their compositions, all suggest that the recovered tephra is of the Youngest Toba Tuff. This finding supports an extended
dispersal of coarse (.63mm) glass shards over 1500 km northeast of the Toba caldera, a direction opposite to what previously
conceived. While providing a better documentation of the distribution extent of the Toba ash, this report points to the need to re-
estimating the eruptive volume of the YTT and re-evaluating its environmental impact.q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Until just recently, pumice clasts, tephra beds and
dispersed glass shards found in the Quaternary deep-
sea sediments of the South China Sea Basin (SCSB)
have generally been considered to be from the east,
i.e. the Luzon and Bicol arc volcanoes in the Philip-
pines (Yang and Fan, 1990; Wang et al., 1992; Wies-
ner et al., 1995), because the prevalent winds around
the equator (̂ 158 of the equator) are westward
(Kennett, 1981). Accordingly, most of the tephra
reported from the western Indonesian and Philippine
arcs is distributed farther to the west (Ninkovich,

1979; Wiesner et al., 1995). Although potential
sources of tephra in the SCSB may also be in the
south, the Indonesian arc volcanoes and the local
intra-basinal submarine volcanoes of the SCSB, no
previous geochemical data of the dispersed glass
shards have identified such a source.

The Toba caldera in northern Sumatra, Indonesia
erupted at least three major rhyolitic tuffs during the
Quaternary, named the Oldest Toba Tuff (OYY), the
Middle Toba Tuff (MTT) and the Youngest Toba Tuff
(YTT) (Chesner and Rose, 1991). The mean40Ar/ 39Ar
ages of these are 840; 000^ 30;000; 501;000^
5;000; and 73;000^ 4;000 yr; respectively (Diehl
et al., 1987; Chesner and Rose, 1991). It is well
known that the eruption of the YTT produced an
extensive blanket of co-ignimbritic ash covering
such wide areas as the Indian Ocean and Continent.
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The eruption of the YTT at ca. 73,000 years ago is
believed to have been one of the Earth’s largest rhyo-
litic eruptions in the Quaternary. It erupted ca. 2500–
3000 km3 of dense-rock-equivalent pyroclastic mate-
rials and produced widespread fallout tephra (Rose
and Chesner, 1987) throughout Malaysia, the Bay of
Bengal, the Indian Ocean Basin north of the equator
(Fig. 1) (Ninkovich, 1979; Dehn et al., 1991) and over
much of the Indian subcontinent (Shane et al., 1995).
It was believed that it extended just over 3000 km
from the source. However, a relatively new occur-
rence of the YTT in abyssal sediments of the Central
Indian Basin south of the equator has also been iden-
tified (Pattan et al., 1999). It extends the distribution
of coarse glass shards some 1500 km south of the
previously known fallout zone (Fig. 1) (Patten et al.,
1999) and probably increases the previously estimated
volume of the YTT. All earlier studies had only shown
that the main distribution of the tephra of the YTT was

only to the west, northwest and southwest of northern
Sumatra, Indonesia.

It was reported that the YTT produced and injected
huge amounts of tephra and aerosols into the strato-
sphere, which may have had a severe impact on the
Earth’s climate. Therefore, the YTT eruption had
even been considered by some researchers as the trig-
ger of the volcanic winter and last glaciation
(Rampino and Self, 1992, 1993). In fact, however,
ice-core records have since indicated that the YTT
eruption occurred prior to a short-lived stadial (1 ka)
during a fluctuating climate and not at the beginning
of the major glaciation at ca. 67.5 ka (Zielinski et al.,
1996).

A giant piston core, MD972151, was obtained
during Leg II of the International Marine Past Global
Changes Study (IMAGES) III Cruise in June 1997 in
the southern SCSB (Chen et al., 1998). The total
recovered length was 26.72 m. A tephra-rich bed at

S.-R. Song et al. / Marine Geology 167 (2000) 303–312304

Fig. 1. Map of the South China Sea, Indonesian arc and adjacent areas showing the location of the studied core MD972151 and ODP core 758.
The radius of the circle is 1500 km. The solid line “¶” indicates the distribution of the YTT tephra (Ninkovich et al., 1978). The solid line
“ ·” indicates the recent results of the YTT fallout zone in the Southern Hemisphere by Pattan et al. (1999).



15.58 m was found, and it contained abundant coarse
glass shards and biotite crystals (.63mm).

This paper presents the results of glass shard
morphology, mineral chemistry as well as the major,
trace and Sr-isotopic compositions of the glasses.
Comparisons are made with the published high-reso-
lution oxygen isotope stratigraphy to constrain the
eruptive age of this tephra layer and to correlate it
to its source, the YTT of the Toba caldera, Sumatra,
Indonesia. The data show the tephra distribution of the
YTT extending 1500 km to the northeast of the Toba
caldera, which is yet another direction that must be
included with the previously known zones. Such a
wide distribution helps to understand better the
dispersal of the ash cloud and to evaluate the global
impact of such a mega-eruption.

2. Samples and methods

During Leg II of the IMAGES III Cruise, core
MD972151 was raised from the northern slope of
the Wan–An Shallow (8843.730N, 109852.170E) off
southeastern Vietnam at a water depth of 1550 m
(Fig. 1). The core consisted predominantly of dark
gray hemipelagic sediments. No volcanic layers

were detected visually. Samples were taken every
4 cm down to 24.0 m and then every 8 cm down the
lower section to the bottom for the purpose of high
resolution oxygen isotope stratigraphy (Lee et al.,
1999a). The results show that core MD972151
provides a continuous record from 153 to 0.94 ka,
with the sedimentation rate varying from 5.6 to
78 cm/ka and a temporal resolution of isotopic record
about 60–150 and 250 years per sample for the upper
and lower parts of the core, respectively (Lee et al.,
1999a).

Abundant glass shards with minor mafic minerals
were first found in the interval at depth 15.58 m, as
manifested by the highest peak abundance of coarse
grains (.63mm) throughout the core (Lee et al.,
1999a). The depth of 15.58 m is located between the
oxygen isotopic events 5.1 (79.3 ka) and 4.22
(64.1 ka) (Fig. 2). It falls within the range of the radio-
metric dates of the Toba deposits, 73,000–
75,000 years BP (Ninkovich et al., 1978;Chesner
and Rose, 1991), or the ice-core age dated, 71;000^
5000 years B:P: (Zielinski et al., 1996). The present
authors returned to check the core at the depth around
15.58 m and a tephra layer of about 2 cm was found at
the 15.63 m depth. This layer was predominantly
composed of colorless glass shards with trace amounts
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of dark subhedral biotite and rarer hornblende crystal.
The gradational contacts of the tephra layer with host
sediments in the top and bottom are a total of 20 cm in
thickness. This suggests that the tephra had been
reworked by bottom current and biotubation, which
likely diffused the tephra within the host sediments.
Two size fractions (63–150 and.150mm) were
separated and sampled for morphological and
geochemical analyses.

The morphology of the glass shards was studied by
the Riguku Scanning Electron Microscopy (SEM) at
the Department of Geology, National Taiwan Univer-
sity. The major element compositions of the glass
shards and mineral grains were determined using a
JEOL JXA-8900R Electron Micro-Probe Analyzer
(EPMA) at the Institute of Earth Sciences, Academia
Sinica, Taiwan. Operating conditions were 15 kV,
10 nA and were focused (,1 mm) for accelerated
voltage, probe current and beam diameter. The data
were processed using the ZAF correction routine.
Trace elements and REE were determined by Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS)
using a Perkin–Elmer Elan-6000 spectrometer at the
Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Science, and this had good stability ranging
within ,5% variation (Liu et al., 1996).

3. Glass morphology

An extensive SEM study was performed on the
large (.150mm) and small (63–150mm) grains of
ash samples to examine the morphology of the glass
shards. Figs. 3A and B show the shards that have
predominantly bubble-wall morphologies. Minor
elongated vesicles of pumice fragments also occur.
These morphologic characteristics are very similar
to that of the glass shards of the YTT in the Indian
Ocean and the Bay of Bengal (Rose and Chesner,
1987).

4. Geochemistry

To characterize and correlate the tephra bed in the
SCSB, major and trace elements on fresh glass shards
and major elements on minerals (Tables 1 and 2) were
obtained. The glass samples were immersed in a 4 N
acid and vibrated for 30 min in ultrasonic cleaner.
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Fig. 3. SEM photomicrographs of tephra from core MD972151 in
the SCSB. (A) Blocky and angular shards showing normal to elon-
gated vesicles with smooth and conchoidal fractured surface. (B)
Bubble-wall shards showing smooth and slightly curved surface.
Pumiceous shards showing elongated and parallel vesicles. The
length dot line on the bottom shows 250mm.



They were then checked under binocular optical
microscope to assess carbonate and silica contamina-
tion. All glass analyses totalled ca. 94.87–96.48%,
with the deficiency mainly due to secondary hydra-
tion; thus, the analyses were recalculated to 100% for
comparative purposes.

Fifteen glass shards from different size fractions,
five biotite and six amphibole grains (Table 1) were
analyzed. All of the glass shards are rhyolitic with a
narrow range and high contents of SiO2 (78.89–
79.92 wt%), high-K2O (.4.28 wt%) and low-Na2O
(,1.58 wt%). Other diagnostic oxides also showed
similar concordance with the narrow range of SiO2,
e.g. Al2O3, 12.51–13.04 wt%, FeO, 0.81–0.94 wt%,
and CaO, 0.58–0.88 wt% (Table 1). These data
(Table 1 and Fig. 4A) show significant differences
from the tephra found in the north SCSB (Yang and
Fan, 1990; Wang et al., 1992). However, they are very
similar to the glass analyses reported for the proximal

ignimbrite and distal tephra of the YTT (Chesner and
Rose, 1991), for the tephra in the Ocean Drilling
Program (ODP) site 758 that was correlated with the
YTT (Dehn et al., 1991), and for the glass shards from
the Central Indian Basin, Indian continent and Malay-
sia that were also correlated with the YTT (Pattan et
al., 1999). Minor differences among the data here and
these of the EPMA from the literature result from
differing instrumental conditions, for example the
higher SiO2 and lower Na2O contents in this study.
The lower Na2O values are probably due to Na vola-
tilization loss under the electron beam.

Biotite occurs as phenocryst in minor constituents
(,5%) in the SCSB tephra bed and exhibits tabular
form. Chemical analyses show very little composi-
tional variation and have magnesium numbers (Mg/
Mg 1 Fe, all Fe as Fe21) of 0.240–0.247, which are a
little lower than those of the Toba biotite from
proximal ignimbrite (0.35–0.46) (Chesner, 1988).
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Table 1
Microprobe analyses of glass shards and minerals of the tephra layer in IMAGES MD972151 core from the South China Sea Basin

Tephra in the South China Sea Basin (IMAGES-MD972151) Youngest Toba Tuffa

Glass^1s �n� 15� Amphibole^1s �n� 6� Biotite ^1s �n� 5� Glassb Amphibolec Biotited

SiO2 76:08^ 0:40 42:57^ 1:46 35:77^ 0:19 78.12 43.66 35.13
TiO2 0:06^ 0:03 1:48^ 0:11 4:14^ 0:11 0.04 1.17 3.51
Al2O3 12:25^ 0:21 9:12^ 1:02 14:13^ 0:13 12.04 8.14 12.95
FeOe 0:85^ 0:05 20:74^ 0:87 22:99^ 0:36 1.02 21.28 22.78
MnO 0:06^ 0:05 0:95^ 0:23 0:37^ 0:18 0.07 1.14 0.51
MgO 0:04^ 0:02 8:97^ 1:03 9:75^ 0:19 0.15 8.30 8.83
CaO 0:72^ 0:08 10:88^ 0:07 –f 0.62 10.47 0.01
Na2O 1:41^ 0:11 1:08^ 0:11 0:29^ 0:05 2.68 1.80 0.35
K2O 4:37^ 0:18 0:92^ 0:07 9:46^ 0:05 5.20 0.92 8.64
P2O5 –f –f –f 0.01

Total 95.84 96.71 96.90 99.95 96.88 92.71

87Sr/86Srg 0:71372^ 2 0:71785^ 5 0.71333–0.71521h

143Nd/144Nd 0:51218^ 1 0:51214^ 3 0.51220h

eNdi 2 9.0 2 9.8

a Chemical data from Chesner (1998).
b XRF data; analyses normalized to 100%, sample number is 94A5-G.
c EPMA data; sample number is 94A5-3.
d EPMA data; sample number is 94A5-3.
e All Fe as Fe12 except that in the glass of the YTT, where Fe as Fe13.
f Under the detected limit.
g Normalized to88Sr/86Sr� 0.1194; reproducibility�2s� � ^0:00004; NBS98787Sr/86Sr� 0.710226.
h Isotopic data of all Toba tuff samples from Chesner (1988).
i Normalized to 146Nd=144Nd� 0:7219; eNd� ��143Nd=144Nd�=0:512642 1� × 10; 000; reproducibility �2s� � ^0:5eNd; UCSD

143Nd/144Nd� 0.511845.



Nevertheless, the plot of MgO versus TiO2 shows that
the biotite from the SCSB is similar to that of the YTT
(Table 1, Fig. 4B).

Amphibole also occurs as phenocryst in minor
constituents (,1%) in the tuff bed of the SCSB, vary-
ing in form from sub- to euhedral grains. Chemical
analyses show the amphibole are calcic and, using the
nomenclature of Leake (1978), most can be classified
as ferro-edenitic hornblende. The plots of major
elements show that the amphiboles have little compo-
sitional variation and fall into the YTT field (Table 1,
Fig. 4C).

Two fresh glass samples of different size fractions
(63–150 and.150mm) were separated and sampled

from the tephra layer for trace and Rare Earth Element
(REE) analyses using the ICP-MS. The results
demonstrate that both samples are very similar in
trace elements and REE composition (Table 2 and
Fig. 5). Characteristics of the glass shards are the
enrichment of Large Ion Lithophile Elements
(LILE) and Light Rare Earth Elements (LREE), and
the depletion of Ba, Sr, Ta and Nb (Table 2). Also
displayed is the characteristic of a negative Eu-anom-
aly in the REE pattern (Fig. 5). The compositions of
trace elements and REE pattern diagrams also illus-
trate that the glass shards from the SCSB are similar to
those of the YTT.

Glass shards and biotite were analyzed for Sr
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Table 2
Trace element data of glass shards of the tephra layer in IMAGES MD972151 core from the South China Sea Basin

Glass shards in South China Sea Basin Youngest Toba Tuffa

Samples: MD51Lb MD51Sc Toba calderad Malaysiae Indian Oceanf Indiag

Rb 187 194 265 240 247 223
Sr 37 51 28 36 42 46
Y 34 36 39 32 30 31
Zr 74 74 73 75 81 79
Nb 16.0 16.8 12.2 16.4 15.3 13.0
Cs 7.20 7.58 9.51 7.52 8.51 7.44
Ba 362 366 117 236 370 374
La 27.80 27.07 20.35 21.35 27.25 26.16
Ce 56 55 40 42 53 49
Pr 6.17 6.13 4.92 4.73 5.82 5.45
Nd 22.0 22.1 18.2 17.0 20.3 19.3
Sm 4.37 4.56 4.21 3.63 4.18 4.29
Eu 0.38 0.44 0.30 0.36 0.60 0.44
Gd 4.47 4.73 4.92 4.72 5.72 4.15
Tb 0.70 0.77 0.92 0.82 0.86 0.73
Dy 4.49 4.82 6.25 5.46 4.41 4.91
Ho 0.97 1.04 1.35 1.16 1.03 1.09
Er 2.93 3.09 3.90 3.59 3.07 3.45
Tm 0.52 0.52 0.77 0.64 0.56 0.51
Yb 3.61 3.78 4.88 3.90 3.82 3.64
Lu 0.55 0.60 0.88 0.67 0.63 0.63
Hf 2.79 2.86 3.42 3.12 3.23 3.39
Ta 1.77 1.88 1.15 1.59 1.90 1.15
Th 30.3 31.6 30.3 25.4 29.7 27.5
U 5.63 5.90 6.04 4.82 5.39 4.97

a Chemical data fromWestgate et al. (1998).
b Sample MD51L: size.150.
c Sample MD51S: size� 63, 150.
d ICP-MS data; sample number is UT1298.
e ICP-MS data; sample number is UT778.
f CP-MS data; sample number is UT1363.
g ICP-MS data; sample number is UT1299.



isotopic composition (Table 1). The87Sr/86Sr values
of the glass shards and biotite fragments are
0:71372^ 0:00002 and 0:71785^ 0:00005; respec-
tively. These figures are similar to the Sr-isotopic
value (.0.712) of volcanic rocks from the Toba
caldera (Whitford, 1975; Chesner, 1988), but they
differ significantly from the lower values of volcanic
rocks from the Philippine arc (,0.705) (Knittel et al.,
1988; Defant et al., 1989; Chen et al., 1990) and the

eastern Indonesian arc (0.704–0.709) (Whitford and
Jerek, 1979; Whitford et al., 1979).

5. Discussion and conclusions

Many tephra layers have been found in the Quatern-
ary deep-sea sediments of the SCSB (Yang and Fan,
1990; Wang et al., 1992; Wiesner et al., 1995). They
have generally been thought to be from the east, the
Luzon and Bicol arc volcanoes in the Philippines,
because the prevalent winds around the equator are
westward (Kennett, 1981). However, it could be
argued that the potential sources of the tephra in the
SCSB were in the south, the Indonesian arc volcanoes
and the local intra-basinal submarine volcanoes of the
SCSB. To determine that the actual source, the chemi-
cal compositions of the glasses are required (e.g.
Westgate and Gorton, 1981).

The tephra at around the 15.63 m depth of core
MD972151 in the SCSB is characterized by fresh,
bubble-wall glass shards suggesting that it was
derived from fallout ashes. The analyses of the glass
shards presented here reveal high total alkali contents
and high87Sr/86Sr values typical of high-SiO2 rhyo-
lites. Additionally, they display compositional unifor-
mity suggestive of a single eruptive event. The
volcanic rocks with high87Sr/86Sr values (.0.713)
around the SCSB only occur in Western Indonesian
arc volcanoes, especially the Toba ignimbrite (Whit-
ford, 1975). Thus, the tephra layer at 15.63 m depth of
core MD972151 in the SCSB may well be from the
eruption of Toba caldera.

The interval of depth 15.58–15.63 m in core
MD972151 is located between the oxygen isotopic
event 5.1 (79.3 ka) and event 4.22 (64.1 ka) (Fig. 2).
This stratigraphic age of the tephra layer is consistent
with correlation to the YTT eruption, and it is seen to
fall within the range of radimetric dates, 73,000–
75,000 years BP (Ninkovich et al., 1978; Chesner
and Rose, 1991) or the ice-core dated age, 71;000^
5000 years B:P: (Zielinski et al., 1996) previously
reported. Furthermore, the geochemical characteris-
tics of the glass shards examined here display elemen-
tal contents typical of rhyolites. Their compositions
are an excellent match for glasses of the YTT in terms
of plots of CaO versus FeO (Fig. 4A), biotite and
hornblende chemistry (Fig. 4B and 4C) and the REE
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pattern (Fig. 5). In addition, the bubble-wall platy
morphology of the shards resembles that of the distal
tuff of the YTT found in cores of the Bay of Bengal
and Indian Ocean (Rose and Chesner, 1987) and in
India (Shane et al., 1995). Thus, the tephra layer
occurring in core MD972151 of the SCSB is likely
to be from the YTT eruption, the largest eruption in
the Quaternary.

The previously estimated volume for YTT is about
2500~3000 km3 (Rose and Chesner, 1987). In addi-
tion, abundant glass shards of the YTT have been
found in the central Indian Ocean Basin south of the
equator, which greatly extends the known fallout
distribution of coarse shards (.63mm) some
1500 km to the south suggesting that earlier fallout
volume estimates represent a minimum (Pattan et
al., 1999).

The new finding of the eastern dispersal of the YTT
in the SCSB, which the authors recognized here,
extends the previously known fallout zone some
1500 km to the northeast. In fact, at least 1% of the
Earth’s surface could have been affected by direct
fallout. This indicates that the volume of the YTT
eruption previously reported was much underesti-
mated. Unfortunately, so far just one site with the

YTT glass shards in the SCSB was identified which
does allow any comprehensive estimation of the
actual fallout volume.

Distribution of tephra erupted from the YTT has
been found throughout Malaysia, the Bay of Bengal,
Indian Ocean Basin north of the equator (Ninkovich,
1979; Rose and Chesner, 1987; Dehn et al., 1991) and
over much of the Indian subcontinent to the Arabian
Sea, more than 3000 km from the source (Shane et al.,
1995; Schulz et al., 1998). Furthermore, a relatively
new occurrence of the YTT in abyssal sedments of the
Central Indian Basin south of the equator has been
identified (Pattan et al., 1999). All of the known fall-
out dispersal has suggested that the prevalent winds
were westward during the YTT eruption. The tephra
of the YTT in the SCSB, identified in this study
greatly extends the known fallout distribution of
coarse shards (.63mm) some 1500 km to the north-
east. This distribution pattern suggests that the tephra
of the YTT was dispersed not only by the prevalent
westward winds but also by northeastward winds.
Thus, a co-ignimbrite eruption with a different wind
field, namely the upper tropospheric and stratospheric
westward winds and the monsoon with prevalent
northeastward winds in the summer, have recently
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been proposed to explain the whole fallout distribu-
tion of YTT coarse shards (Chen et al., 2000, unpub-
lished result). This unique tephra layer offers a key
bed for marine chronological correlation in the SCSB.

It has been reported that the huge amounts of volca-
nic aerosols and fine particles injected into the strato-
sphere by the YTT eruption may have enhanced the
rate of climate change (Rampino and Self, 1993).
However, the global climatic impact by the YTT
huge eruption has yet to be clarified. The paleocli-
matic variation immediately after the Toba eruption,
as derived from the records of the GISP2 Greenland
ice core, showed a pronounced cooling of 1000 years,
which ended the warm period of the interstadial (IS)
20 (Zielinski et al., 1996). It must be noted, though,
that the high-resolution planktonic oxygen isotopic
record around the Toba eruption in core MD972151
of the SCSB shows a significant positive excursion
(.0.6‰) following the event, corresponding to the
stadial between instadials (IS) 19 and (IS) 20, and
the UK 0

37-derived sea surface temperatures dropped by
only 18C (Lee et al., 1999b). Thus, the impact of the
YTT huge eruption on the global climate needs further
investigation.
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