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Abstract

The largest known eruption of Mt. Pinatubo in the late Quaternary was the Inararo Tuff Formation (ITF) eruption, roughly estimated

as five times larger than the 1991 eruption. The precise age of the ITF eruption has been uncertain. Here, a correlative of the ITF

eruption, Layer D, is identified in marine sediments, and an age obtained. Tephras were identified in core MD97-2142 of Leg II of the

IMAGES III cruise in northern offshore of Palawan, southeastern South China Sea (12141.330N, 119127.900E). On the basis of the

geochemical and isotopic fingerprints, Layer D can be correlated with the ITF eruption of the modern Pinatubo-eruption sequence. By

means of the MD97-2142 SPECMAP chronology, Layer D was dated at around 8172 ka. This estimated age of the ITF eruption and

tephra Layer D coincides with an anomalously high SO4
�2 spike occurring within the 5 millennia from 79 to 84 ka in the GISP2 ice core

record.

r 2007 Published by Elsevier Ltd.
1. Introduction

The 1991 eruption of Mt. Pinatubo in the Philippines
produced the most voluminous stratospheric volcanic
aerosol cloud of the 20th century (Bluth et al., 1992). It
also provided a rare opportunity to observe the effects of a
sulfur-rich explosion on climate with the use of modern
instruments. Consequent studies clearly revealed surface
air temperatures over the Northern Hemisphere continents
cooler than normal by up to 2 1C in the summer of 1992
and warmer than normal by up to 3 1C in the winters of
1991–1992 (Robock, 2002). In terms of volume, the 1991
eruption was not the biggest eruption in the modern
Pinatubo-eruption record (Newhall et al., 1996). The
Inararo Tuff Formation (ITF) eruption, forming the basal
e front matter r 2007 Published by Elsevier Ltd.
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deposit of the modern Pinatubo sequence, was estimated to
have been at least five times larger in volume than the 1991
eruption. The ITF event marked the birth of the modern
Pinatubo volcano edifice (Newhall et al., 1996). However,
the precise age of the ITF eruption, though estimated to be
older than 43 ka, is still an issue of debate due to 14C-dating
limitations and strong weathering of the deposits (Newhall
et al., 1996; McGeehin J., unpublished data). The 1991
eruption of Mt. Pinatubo serves as a good example of some
of the difficulties that have a risen in estimating a more
precise age for the ITF eruption. During the 1991 eruption,
volcanic ash was widely dispersed westward over the South
China Sea (SCS) (Wiesner et al., 1995, 2004). If the
eruption types characteristic of modern Pinatubo eruptions
and the wind system in the SCS have not significantly
changed over the past 100ka, then volcanic ash of the ITF
eruption could have been deposited in the SCS. The purpose
of this paper is to identify ash from the ITF eruption in the
SCS basin and to obtain a more robust age for the ITF

dx.doi.org/10.1016/j.quaint.2007.02.025
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eruption using the tephrostratigraphic sequence and the
SPECMAP chronology of the marine core. Another aim is to
determine if the SO4

�2 record in Greenland ice core showed
any positive anomaly at that time.

2. Sampling and methods

Core MD97-2142 of Leg II of the IMAGES III cruise
was raised in June 1997 from north of Palawan, south-
eastern SCS (12141.330N, 119127.900E), at a water depth of
1557m (Fig. 1). Total recovered length of this core was
35.91m. An age model for the core has been derived from
the marine oxygen isotope stages (MIS), providing a
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Fig. 1. Location of the IMAGES MD97-2142 core in the South China Sea and
continuous record for about the past 870 ka, with
sedimentation rates varying between 5 and 15 cm/ka (Wei
et al., 2003). The major constituents of this core are very
fine-grained hemipelagic silty clays.
A total of 19 tephra layers were macroscopically

observed in the upper 25m of the core. Each was marked
by a high magnetic susceptibility (Wei et al., 1998). For
each ash layer, 1 cm3 of sediments was collected. The
sediment samples were processed in an ultrasonic bath for
15min. Then, the463 mm coarse fraction was separated by
wet sieving. The pure and cleaned glass shards and biotite
grains in this fraction were picked out by hand under
stereo-microscope.
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The major element compositions of glass and biotite
were analyzed with a JEOL JXA-8900R EPMA, using an
accelerating voltage of 15 kV and a beam current of 5 nA
with a focused 3–5 mm diameter beam. Sr isotopic analyses
of ca. 500–2000 glass particles per ash layer were conducted
using Sr-Spec chromatography and mass spectrometric
procedures on the MAT-262 (Chen et al., 2004). The ratios
were normalized to 86Sr/88Sr ¼ 0.1194, giving a mean of
0.710226 of 87Sr/86Sr of the NBS-987 Sr. All analyses were
carried out in Academia Sinica in Taiwan. For compar-
ison, two samples collected by Prof. Newhall from
unwelded (ITF-I) and welded (ITF-II) occurrences in the
ITF (including �100m of pyroclastic deposits) of the
modern Pinatubo sequence were also analyzed.
3. Results

The major element compositions and Sr isotopic values
of glass shards and biotite grains of Layer D, at a depth of
7.50–7.52m, are listed in Table 1. The K2O vs. SiO2

variations of Layer D and 18 other tephra layers for core
Table 1

Microprobe analyses of glass shard and biotite of tephra Layer D in IMAGES

Volcano, Philippines

Tephra Layer D (depth

7.50m) in IMAGES-

MD97-2142 core

Inararo Tuff modern Pinatubo

II I (

Glass

71s
(n ¼ 8)

Biotite71s
(n ¼ 12)

Glass 71s
(n ¼ 11)

Biotite 71s
(n ¼ 13)

G

(n

SiO2 77.30771.47 40.9870.57 77.9371.12 42

39.1670.35

TiO2 0.1070.04 3.1670.17 0.0970.04 3

3.6570.16

Al2O3 13.5870.17 15.6170.27 13.3070.82 15

15.9770.27

FeO1a 0.5670.26 14.5570.89 0.3870.09 13

14.5570.28

MnO1 0.0370.02 0.2070.06 0.0470.05 0

0.1570.04

MgO1 0.1470.05 16.9670.90 0.1770.03 16

17.2070.19

CaO1 1.2370.07 0.0170.02 1.2470.38 0

0.0970.04

Na2O 4.1670.33 0.1470.09 4.0170.10 0

0.7370.09

K2O 2.9170.52 8.3170.35 2.8470.39 7

8.5170.24
87Sr/86Srd 0.7042472 0.7043672

The major element analyses of glass shards and biotite are recalculated to 100%

in biotite (total o0.1%) did not show in table.
aAll Fe as Fe+2 except that in glass of Pinatubo 1991 eruption, which Fe+

bData from Luhr and Melson (1996);
cData from Rutherford and Devine (1996).
dNormalized to 88Sr/86Sr ¼ 0.1194; reproducibility (2s) ¼70.00004; NBS9
eData of andesite—dacite from Bernard et al. (1996).
MD97-2142 are given in Fig. 2. The data indicate that
Layer D is clearly distinguished from the other tephra
layers by the obvious variations in K2O (lower) and SiO2

(higher) contents found in its glass shards (Fig. 2). The
major elements and isotopes of glass and biotite collected
from the unwelded ITF-I and the welded ITF-II on-land
samples of the ITF are also shown in Table 1. The major
elements of glass shards and biotite crystals in Layer D,
ITF-II, and the 1991 eruptions are indistinguishable from
one another (Table 1, Figs. 2 and 3). However, the glass of
the ITF-I sample shows higher K2O and lower Na2O and
Al2O3 contents.
4. Discussion

The MD97-2142 core site is adjacent to the active island
arcs of Bataan, Macalod Corridor, Bicol, and Mindoro in
the Philippines. Strong easterly winds prevail in the
equatorial zone, and hence the source of tephra in the
SCS is usually assumed to be from volcanic eruptions to
the east, in the Philippines.
MD97-2142 core in the South China Sea, and of Inararo Tuff, Pinatubo

Pinatubo 1991 eruption

P-I-16)

lass 71s
¼ 16)

Biotite 71s
(n ¼ 6)

Glass 71s
(n ¼ 10)b

Biotite 71s
(n ¼ 8)c

.4671.29 77.7970.28 40.9270.81 77.9170.65

.2670.20 0.1170.04 3.5870.08 0.1570.02

.8270.66 12.8170.21 15.5870.27 12.8970.31

.8070.64 0.3670.09 14.1570.44 0.8570.04

.1270.05 0.0470.04 0.1170.02 0.0570.03

.1870.76 0.1470.04 16.4770.32 0.2470.04

.1070.12 1.0570.09 0.0470.04 1.2170.07

.5570.11 3.0670.13 0.6470.12 3.7070.17

.6070.64 4.6970.16 8.4470.26 3.0070.08

0.70419–0.70422e

on a volatile-free basis. The very minor contents of NiO, P2O5 and Cr2O3

3
¼ 0.44Fetotal.

87 87Sr/86Sr ¼ 0.710226.
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Fig. 2. K2O vs. SiO2 for glasses from tephras in MD97-2142 and from inland samples ITF-I and ITF-II. The plot shows that for those elements Layer D,

ITF-II and 1991 eruption are similar. The chemical variations of 18 other tephra layers from core MD97-2142 are shown in the dotted field. Analyses for

1991 eruption were from Wiesner et al. (1995) and Luhr and Melson (1996). Classification and nomenclature of volcanic rocks accorded to their K2O

content (after Taylor et al., 1981). The fields labeled rock series (nomenclature in bold) were suggested by Rickwood (1989).

Fig. 3. TiO2 vs. FeO/MgO for biotite crystals from Layer D and from inland samples ITF-I and ITF-II. The 1991 eruption data are from Rutherford and

Devine (1996). The YTT, MTT and OTT represent data for the Youngest Toba Tuff, Middle Toba Tuff and Oldest Toba Tuff, respectively (Chesner,

1998).

Y.-P. Ku et al. / Quaternary International 178 (2008) 138–145 141
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Based on chemical and isotopic data in the published
literature, the Mindoro and Bicol arcs have relative higher
K2O contents with distinct Sr isotopic values 40.7051 and
o0.7040, respectively, (Knittel and Defant, 1988; Knittel-
Weber and Knittel, 1990; Defant et al., 1991; Delfin et al.,
1993; Castillo and Newhall, 2004; McDermott et al., 2005).
On the other hand, the Sr isotopic compositions of Layer D
and ITF-II are 0.7042–0.7043. Therefore, the volcanic
products from these volcanic island arcs could be
distinguished using Sr isotopic ratios. For example, the
Sr isotopic values of the Irosin Ignimbrite (440 ka) in the
Bicol arc allow it to be distinguished from the Layer D
(0.7039) and 1991 Pinatubo (0.7042) eruptions. Eruptives
from the Macolod Corridor show slightly higher K2O
contents and Sr isotope ratios (0.7040–0.7059) (Divis,
1980; Wolfe and Self, 1983; Defant et al., 1988, 1989, 1991;
Defant and Ragland, 1988; Knittel and Defant, 1988;
Knittel et al., 1988, 1997; Miklius et al., 1991; Listanco,
1994; Mukasa et al., 1994; Knittel and Oles, 1995; Vogel
et al., 2006). These eruptives could be correlatives of some
of the other 18 tephra layers, but not Layer D (Ku et al.,
2005). The first two rhyolitic tuff samples recovered from
an inland drilling core in the Mak-Ban geothermal field,
within the Macolod Corridor, were dated at 350 and 500 ka
(U/Pb Zircon SHRIMP ages), respectively (Vogel et al.,
2006). These ages, much older than that of Layer D, are
excluded as source candidates for Layer D. The Laguna
ignimbrite was produced by an eruption that left a
20� 11 km caldera in the Macolod Corridor Volcanic
Zone. The age was estimated as older than 42 ka, exceeding
the limit of 14C-dating. Bulk compositions of the Laguna
Ignimbrite showed obvious higher K2O (�4.5%) and lower
SiO2 (�65%) contents than those obtained on glass from
Layer D, although there is overlap in the Sr isotopic ratios
(Catane et al., 2005). Therefore, the Laguna Ignimbrite can
be ruled out as the source of Layer D, based on the
chemical composition.

In Fig. 2, glass analyses for Layer D and the inland
sample ITF-II are compositionally identical and over-
lapping. In addition, the major elemental compositions of
the biotite crystals in Layer D are indistinguishable from
those of ITF-I and ITF-II (Fig. 3). Analyses of biotite are a
useful and reliable adjunct to glass analyses (e.g. Haynes
et al., 1995; Shane et al., 2003). Moreover, the 87Sr/86Sr
value of the glass shards of Layer D is 0.7042470.0002,
which is similar to the value of 0.7043670.00002 for ITF-
II. These results strongly suggest that Layer D correlates
with the ITF-II eruption.

The glass of inland ITF-I sample in the Inararo
Formation revealed a much higher K2O value, and lower
Al2O3 and Na2O values, than those of Layer D ash and
ITF-II, compared with their similar SiO2 content values.
This result is very hard to explain, as the chemical
variations between ITF-I and ITF-II samples were derived
from fractional crystallization within magma chambers. It
might be possible that there are actually two tuff layers
from different sources that have somehow been lumped
together. The authors reserve this as a possibility, because
on-land deposits of the 1991 Pinatubo eruption exhibit a
similar range in chemical composition (Luhr and Melson,
1996; Pallister et al., 1996). More certainty regarding this
issue can only be derived from mapping in detail to confirm
whether the deposits are synchronous eruptive deposits or
not. Further geochemical analysis of proximal deposits
would also be useful to assess the degree of heterogeneity of
glass in the deposits (cf. Shane et al., 2007).
The age model for MD97-2142 is based on recognition

of characteristic marine oxygen isotope stages (MIS). The
top 35.9m can be well correlated to MIS 1-21 of the
SPECMAP stack (Wei et al., 2003, Figs. 2 and 3 in that
paper). Layer D (7.50–7.52m) is located below the MIS 5.1
event (7.47m) and above the MIS 5.4 event (8.65m) (Wei
et al., 2003). The ages of the MIS 5.1 and MIS 5.4 events
were suggested as 80 and 106 ka, respectively (Wei et al.,
2003). The last appearance datum of pink Globigerinoides

ruber was recorded at about 9.10m, which marked the
approximate position of the boundary of MIS 6/5.5,
around 125 ka (Thompson et al., 1979; Wei et al., 2003).
By means of these SPECMAP-based control points in the
age model, the age of Layer D in the MD97-2142 core
could be estimated as around 8172 ka. The 2000 year
uncertainty was adopted from the temporal resolution of
sampling in the stable oxygen isotope analyses (Wei et al.,
2003). This age is consistent with that of the ITF eruption
at 443,000 14C BP (Newhall et al., 1996; McGeehin,
unpublished data). Other 14C ages for the ITF event are
much younger, but it is highly like that these were
contaminated by modern humic acid.
The tephra deposit of the 1991 Pinatubo eruption was

estimated to be less than 1mm thick at the MD97-2142
core site, according to the isopachs of ash fall deposits by
Wiesner et al. (2004). By contrast, it is worth noting that
the thickness of Layer D at the MD97-2142 is greater than
20mm. Assuming that eruption types for the modern
Pinatubo eruptions and the wind system in the SCS have
not significantly changed over the past 100 ka, the most
simplistic model of the volume of tephra fall deposits
utilizing a straightforward integration of isopach data
(Pyle, 1989, 1995; Fierstein and Nathenson, 1992) suggests
that the eruption volume of the ITF eruption could be one
order of magnitude larger than that of 1991 eruption. This
observation is also consistent that the volume of the ITF
eruption measured by Inararo pyroclastic flows is esti-
mated to be 25 km3 (Newhall et al., 1996), which is at least
five times that of the 1991 eruption (Paladio-Melosantos
et al., 1996).
The Greenland Ice Sheet Project 2 (GISP2) ice core

contains aerosols originating from both equatorial and mid
to high latitude eruptions. Anomalously high SO4

�2

contents in the GISP2 ice core can manifestly reflect the
deposition of volcanically derived aerosols (Zielinski et al.,
1994). The IFT eruption and tephra Layer D may be
related to one of several anomalously high SO4

�2 spikes
occurring within the five millennia from 79 to 84 ka in the



ARTICLE IN PRESS

440

340

240

140

40

Toba ITF 

79~83 ka

72,000 80,000 88,000 96,000

YEARS

104,000 112,000

C
a

2
+
 (

p
p

b
)

1000

600

200

0

V
o

lc
a

n
ic

 S
o

2
- 4

 (
p

p
b

)

Fig. 4. The record of volcanic SO4
�2 and Ca +2 time series from 70 to 112 ka in the Greenland Ice Sheet Project 2 (GISP2) ice core (Zielinski et al., 1996).

Any of several anomalously high SO4
�2 spikes occurring within 79–84 ka could be related to the IFT eruption.
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GISP2 ice core record (Zielinski et al., 1996) (Fig. 4).
Alternatively, the Aso-4 (Japan) or the Lake Atitlan
(Guatemala) eruptions could be also responsible for the
range of several spikes from 79 to 86 ka (Ledbetter, 1985;
Zielinski et al., 1996; Machida, 1999).

Some new puzzles remain to be solved, such as
clarification of the possibility of contact between the two
‘Inararo’ tuffs and the effects on the global climate after
the ITF eruption. Any future work would need to
determine appropriate means for resolving such issues.
For example, the use of high-precision Ar–Ar dating of
pumice/minerals from the welded faces of the ITF and
detailed mapping to look for a contact between two
‘‘Inararo’’ tuffs would be useful. Analysis of the oxygen
isotopes of planktonic foraminifera before and after ITF
eruption by means of high-resolution sampling might shed
light on climate perturbations associated with the eruption.

5. Conclusions

The major elements and isotopes of glass and biotite
crystals in Layer D and ITF-II eruptions are indistinguish-
able from each other. These findings strongly suggest that
Layer D is a correlation of the ITF eruption of the modern
Pinatubo sequence. By means of the MD97-2142 SPEC-
MAP chronology, the age of Layer D in the MD97-2142
has been estimated at 8172 ka. Furthermore, this IFT
eruption and tephra Layer D could be related to one of
several anomalously high SO4

�2 spikes occurring within the
five millennia from 79 to 84 ka ago in the GISP2 ice core
record (Zielinski et al., 1996).
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