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ABSTRACT
The giant piston core MD01-2387 taken from the eastern Celebes Sea basin provides a marine tephrostratigraphy with
high resolution for inferring explosive volcanism in the area surrounding the basin for the past 350 kyr. The sequence contains
65 tephra layers composed of volcanic minerals and glassy particles. The compositional characteristics of crystal enriched
tephra layers and the 87Sr/86Sr of the glass particles (0.7039 to 0.7042) suggest that these ashes were released by the volcanoes
in the Mindanao-Molucca Sea collision zone, including the south Philippine Arc system, the Sangehi Arc and the Halmahera
Arc. The upward decrease of tephra layers in this core indicates a declining trend of explosive volcanic activity of this collision
zone, particularly, after ca. 180 ka in the late Middle Pleistocene. This record also suggests that the shoshonitic volcanism in
Central Mindanao became extinct at ca. 151 ka, which is much younger than what reported previously by onland investigations.
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1. INTRODUCTION
Discrete marine tephra layers represent instant ash fallout
deposits because volcanic materials sink more rapidly than
other pelagic or hemipelagic particles (Wiesner et al. 1995).
Over time, stratified tephra layers preserved in deep-sea basins
are better protected against external erosive forces than those
preserved on land. Thus, the deep-sea tephrostratigraphic record can provide a complete record of large volcanic eruptions
in a particular area. Marine microfossils in the intervenient intervals provide biostratigraphic correlation markers by which
the record can be well tied to global chronology.
In 2001, a giant piston core for IMAGES (International
Marine Global Changes Study) at Site MD01-2387 was
raised from the Celebes Sea Basin (CSB) at 4°47.27’N latitude and 123°30.09’E longitude (Fig. 1) and is very close to
the ODP Site 767B (4°47.47’N in latitude and 123°30.20’E
* Corresponding author
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in longitude). The age of Core MD01-2387 was estimated
to be younger than 460 ka (Bassinot and Baltzer 2002). The
sediments of Core MD01-237 with well preserved discrete
ash layers offer a new and more complete record to examine and construct the late Quaternary explosive volcanic
activity surrounding the CSB.
The CSB is 4500 - 5500 m deep, and is located at the complex junction of three major converging plates: the Eurasian
plate to the west, the Philippine Sea plate to the east, and the
Australian plate to the south (Fig. 1). Consequently, the CSB is
surrounded by Islands made of Eocene-Quaternary igneous
rocks (Pubellier et al. 1991; Hall 1997). In fact, volcanism is
still active on some of the islands (Simkin and Siebert 1994).
Results from previous studies of the deep-sea ash sequence at ODP (Ocean Drilling Program) Site 767 (Pubellier
et al. 1991) and onland volcanics dating (Sajona et al. 1997)
indicate that the active period of volcanism surrounding the
CSB reflects the geodynamic adjustments of plate conver-
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Fig. 1. Tectonic setting and Quaternary volcanic provinces surrounding the Celebes Sea Basin (Morrice et al. 1983; Pubellier et al. 1991; Delfin et al.
1997; Moss et al. 1998; Elburg and Foden 1999). Shaded area of the left top panel represents the tectonic boundary between the three major plates
(Rangin 1991); the arrows with numbers represent the direction of plate motion and speed (Hinschberger et al. 2005). Volcanic provinces are grouped
into two groups by locale. Please see the text for a description of the 250-km radius circle around the coring site enclosed by the dashed lines. The ash
covered area of the 1898 eruption of the Una Una Volcano (Wichmann 1902) is marked by the dotted area. The division of the Mindanao-Molucca Sea
collision zone follows Moore and Silver (1983).

gence in the aforementioned plates. Via the closure of the
Molucca Sea basin, plate convergence has resulted in the
welding of two arcs, the Eastern Mindanao Arc (the northern
extension of the Hamahera Arc) and the Daguma-Sarangani
Arc (the northern extension of the Sangihe Arc), at Mindanao Island after 5 Ma (Fig. 1) and leads the subduction
systems surrounding this island to be active. A last important
active period of volcanism surrounding the CSB took place
at around 2.5 Ma (Pubellier et al. 1991).
The convergence of the three major plates is still active,
and the welding of the two arcs has extended and migrated
southward. At present, the closure of the Molucca Sea formed

a collision zone in the Mindanao Island and the Molucca Sea,
called the Mindanao-Molucca Sea collision zone (Moore and
Silver 1983) (Fig. 1). This collision zone has been subdivided
as the complete-, transition-, and on going-collision zones
from Mindanao Island down to the southern part of the
Molucca Sea (Moore and Silver 1983). Studies of onland volcanic rocks (e.g., Baker and Malaihollo 1996; Delfin et al.
1997; Sajona et al. 1997; Elburg and Foden 1998) indicate
that paleo-explosive volcanism has changed spatially and
temporally. Combining the published results of onland investigations with the record of deep-sea tephras should result in a
more robust history of explosive volcanism in the area.

Marine Tephrostratigraphy in the Celebes Sea

2. VOLCANIC PROVINCES AND TECTONIC
SETTING
The CSB is surrounded by extensive Quaternary volcanics and many active Holocene volcanoes (Simkin and
Siebert 1994), considered to be the sources of the marine
tephra layers found in Core MD01-2387 (Fig. 1). The scattered distribution of the Quaternary volcanics, with an identifiable regional trench-subduction system and tectonic
frame, has been classified into several Quaternary volcanic
provinces as summarized below (Sajona et al. 1997; Polvé et
al. 2001; Macpherson et al. 2003).
In the northern CSB, the Oligocene/Early Miocene Sulu
Sea crust subducts eastward and southward along the Negros and Sulu Trenches to form the Negros and Sulu Arcs,
respectively (Sajona et al. 2000a; Castillo et al. 2002;
Solidum et al. 2003). The Sulu Arc extends from northwestern Sabah (Tongkul 1991) into the western peninsula
of Mindanao Island. There are three other volcanic provinces in the Mindanao Island: (1) the Daguma-Sarangani
Arc (or Cotabato Arc) in the western part of Mindanao Island, associated with the eastward subduction of the Eocene
Celebes Sea crust along the Cotabato Trench (Sajona et al.
1997; Sajona and Maury 1998); (2) the Eastern Mindanao
Arc (or Pacific Cordillera Arc) in the eastern part of Mindanao Island, associated with the westward subduction of
the Philippine Sea plate along the Philippine Trench (Sajona
et al. 1997; Sajona and Maury 1998); and (3) the Central
Mindanao Area, which is restricted to the area between the
Philippine Fault and the Cotabato Fault and is associated
with a detached remnant of the Molucca Sea plate under
Mindanao Island (Sajona et al. 1994, 1997, 2000b). It appears that the Quaternary volcanics of the Central Mindanao
Area are not related to any subduction system. Instead, they
are considered to be a post-collision volcanic system (Sajona
et al. 1994, 1997, 2000b). The Philippine Sea plate subducts
westward along the Philippine Trench to form the Leyte Arc
to the north of Mindanao Island (Sajona et al. 1997). To the
south of Mindanao Island, the westward subduction of the
Molucca Sea plate (Macpherson et al. 2003) forms the
Sangihe Arc to the west. This arc extends from the southern
end of Mindanao Island, through the Sangihe Island, and
then, into the northeast arm of Sulawesi Island. The Halmahera Arc to the east passes southward through Bacan Island, which is a fragment of the continental crust (Morris et
al. 1983). At the southern end of the Molucca Sea plate, a
number of small extinct volcanic islands lie along the
Sorong Fault Zone (Morris et al. 1983). To the south of the
CSB, the Una Una Volcano area might relate to the southward subduction of the Eocene Celebes Sea crust along the
North Sulawesi Trench (Katili and Sudradjat 1984; Kopp et
al. 1999). The Quaternary volcanics in the Central Sulawesi
area do not appear to be related to any subduction system,
but are considered to have been formed by the post-col-
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lisional melting of continental crust (Priadi et al. 1994; Polvé
et al. 2001).
In general, these complicated volcanic provinces can be
categorized into two major groups: Group I and II volcanic
zones (Fig. 1). The tectonic settings and volcanic activities
of these two groups are summarized below.

2.1 Group I Volcanic Zone
The Group I volcanic zone includes nine volcanic provinces located in the northern and eastern CSB (Fig. 1).
Quaternary magmatism of these volcanic provinces is related to the closure of the Molucca Sea. As it closes, the
Molucca Sea crust subducts on both sides forming the Sangihe Arc and the Halmahera Arc as well as the northern portion of Bacan Island in the west and east. The closure of the
Molucca Sea has resulted in the formation of an on-going
collision zone in the southern Molucca Sea. In addition, the
closure forms a complete-collision zone beneath Mindanao
Island, via the welding of the northern extensions of the two
arcs, the Sangihe and Halmahera Arcs. The fusion of the two
arcs has reinitiated several subductions around Mindanao
Island (Pubellier et al. 1991; Sajona et al. 1997; Pubellier et
al. 1999). It has also generated two types of volcanic provinces: one along the Negros, Sulu, Daguma-Sarangani,
Leyte, and Eastern Mindanao Arcs related to the now reactive subductions; and another in the Central Mindanao
Area (i.e., post-collision volcanic province), which is related
to a detached remnant of the Molucca Sea plate beneath it.
Both results of onland investigations and deep-sea records
indicate that the last important volcanic activity of the Group
I volcanic zone began ca. 2.5 Ma (Pubellier et al. 1991;
Sajona et al. 1997). Studies of onland volcanic rocks (e.g.,
Baker and Malaihollo 1996; Sajona et al. 1997) indicate that
the Quaternary explosive volcanism in this area has changed
spatially and temporally.

2.2 Group II Volcanic Zone
Quaternary volcanic activity in the Group II volcanic
zone is not related to the closure of the Molucca Sea basin.
The Group II volcanic zone includes four volcanic areas: (1)
southern Bacan Island; (2) Sorong Fault Zone in the southern Molucca Sea; (3) the Central Sulawesi Area; and (4)
Volcano Una Una in the southern part of the Celebes Sea
(Fig. 1). The southern portion of the Molucca Sea plate terminates at the left-lateral strike slip of the Sorong Fault system, which has been the major tectonic boundary of the Philippine plate and the Australian plate for the past 13 Ma
(Hinschberger et al. 2005). A number of small extinct volcanic islands, which have no available dates but are thought
to be of late Tertiary (Morris et al. 1983), are found along the
Sorong Fault Zone. At present the left-lateral strike slip fault
system extends across Bacan Island and into Sulawesi. It
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also forced the Sula block to collide westward with Sulawesi
at around 5 Ma (Hinschberger et al. 2005). The westward
collision between the Sula block and Sulawesi initiated the
southward subduction of Celebes Sea crust along the North
Sulawesi Trench, which is related to the activity of Volcano
Una Una (Kopp et al. 1999).

3. MATERIALS AND METHODS
The Core MD01-2387 is 32.88 m in length and raised
from a depth of 4866 m. It is primarily composed of clay
with ash spots, intercalated by tens of ash layers (Bassinot
and Baltzer 2002).
The ash layers were examined by observing the texture
of the splitting core’s surface and the constitution of the ash
layers under stereomicroscope. The thickness or stratigraphic intervenient depth for each discrete ash layer was
identified by apparent changes in color and particle size of
the sediment profile from the surface of the splitting core.
One cubic centimeter of sediments of each ash layer was collected. The samples were processed by ultrasonic bath and
wet sieving. The constitution and morphology of the particles coarser than 63 mm were further recognized under stereomicroscope. Volcanic minerals and glass particles were
then identified from 65 layers.
The 65 discrete tephra layers were further classified
into crystal-rich layers (27 layers) and glass-rich layers
(38 layers) according to their different dominant particle
constituents. The dominant (> 50 vol.%) particle constituents (volcanic mineral crystals and glass particles) were
examined under a stereomicroscope. The glass particles of
each discrete tephra layer were further described by their
color, particle shape (morphology), and vesicle shape (texture). Thus, the glass-rich layers were further grouped into
pale-glass-rich layers (28 layers) and dark-glass-rich layers (10 layers).
The chemical and Sr isotopic compositions of the glass
particles of the 22 glass-rich tephra layers were analyzed.
Twelve pale-glass-rich layers, each over ca. 2.5 cm thick,
and seven dark-glass-rich layers, each over ca. 1.0 cm thick,
were selected for chemical composition analysis. Three
glass-rich layers preserved in depths shallower than 1120 cm
were also selected, but for major element chemical composition analysis only.
The major element contents of the glass par ticles, 7 15 grains, were determined for each analyzed layer using
a JEOL JXA-8900R EMPA at the Institute of Earth Sciences, Academia Sinica in Taipei. Concentrations of 9 major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, and K) were
analyzed under the following operating conditions: 10 kV,
5 nA and focused (3 mm) for accelerated voltage, probe
current, and beam diameter on polished vesicular glass
particles. The data were processed by the ZAF [atomic
number (Z), Absorption and Fluorecense] correction rou-

tine. Data with a total oxide value of less than 95 wt.%
were excluded. The strontium element of the glass particles was extracted using a Sr-Spec column from ca. 500 to
2000 glass particles for each analyzed layer. The strontium isotopic ratios of the glass particles were measured
by a Finnigan-MAT 262 TIMS at the same institute in Taipei. The Sr isotopic ratios were normalized to 86Sr/88Sr =
0.1194 given a mean of 0.710319 ± 0.000037 (2s) for
87
Sr/86Sr of the NBS-987 Sr.

4. RESULTS
4.1 Occurrence of Tephra Layers
A total of 65 discrete tephra layers were recognized by
microscopic examination. The number of layers in the upper
portion (< 1800 cm) is clearly less than that in the lower part
(> 1800 cm) (Table 1 and Fig. 2). Meanwhile, the thickness
of the tephra layers varies from a few millimeters to 160 millimeters (Table 1 and Fig. 5b).

4.2 Nature of the Particles
4.2.1 Compositions
These tephra layers were further classified into either
crystal-rich layers (27/65 layers) or glass-rich layers (38/65
layers) (Table 1) depending on their dominant (> 50 vol.%)
composition of particles. The predominant types of mineral crystals in the crystal-rich layer and the predominant
types of glass particles in the glass-rich layer are shown in
Table 1. The former consists of rectangular and euhedral
crystals, such as single plagioclase and clino-pyroxene
grains with subsidiary ortho-pyroxene and biotite. The remaining components (< 50 vol.%) are vesicular glass particles, mostly pale in color. In the glass-rich layers, however, the morphology and texture of the predominantly
glass particles vary with color, ranging from dark to pale
(Table 1). The dark-glass particles often possess irregular-grain morphology and spherical-vesicle texture. The
pale-glass particles, in contrast, tend to have rod-like or
platy-grain morphology and elongate-vesicle texture. Thus,
the glass-rich layers (38/65 layers) can be readily further
classified into dark-glass-rich layers (10/38 layers) and
pale-glass-rich layers (28/38 layers) (Table 1 and Fig. 2).
The remaining components in the glass-rich layers are
volcanic crystals; such as, clino-pyroxene and plagioclase
with sub sidiary biotite.
Figure 2 presents the distribution of three types of
tephra layers in the core. The crystal-rich layers decrease
significantly in depths shallower than 1900 cm. The darkglass-rich layers disappear entirely at depths shallower than
1400 cm. The interval between 1975 - 3288 cm possesses
more crystal-rich layers than that between 0 - 1975 cm. For
the dark-glass-rich layers, the last occurrence is at the depth
of ca. 1444 cm (Table 1 and Fig. 2).

Marine Tephrostratigraphy in the Celebes Sea
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(a)

(b)

Fig. 2. (a) Pie chart showing numbers of three types for ash layers in Core MD01-2387. (b) Histograms of the tephra layers contributed from three
types for ash layers at 300-cm intervals.

4.2.2 Geochemistry
The glass particles of 22 glass-rich layers were subjected
to chemical analyses (Tables 1, 2). In terms of their chemical
property these layers can be classified into three types:
Types A, B, and C, as recognized by their distribution on the
biplot of the total content of alkalis (Na2O+K2O) vs. SiO2
(Fig. 3a). The Sr isotopic ratios of glass particles in the 22
glass-rich layers range from 0.70376 to 0.70420 (Fig. 4, Table
2). Variation in Sr isotopic ratios of the glass particles is related to the Type (A, B, or C) of layer. Most pale-glass-rich
layers belong to Type A but the dark-glass-rich layers belong
to Type B or C. Generally, Type A has higher 87Sr/86Sr ratios
(> 0.70389) than Types B and C (< 0.70389) (Fig. 4).

tively high total alkalis content and lower silica content, as
fall in the trachyandesitic and trachytic composition fields
(Na2O+K2O = 6.1 - 10.1 wt.%; SiO2 = 54.7 - 64.7 wt.%)
(Fig. 3a). They can also be classified into the high-K and
shoshonite series in a K2O vs. SiO2 diagram (Taylor et al.
1981) (not shown here). The Sr isotopic ratios for Type B
glass particles lie in a narrow range of 0.70376 - 0.70387
(Fig. 4). Five dark-glass-rich layers comprise the Type B
layers. The most recent occurrence of a Type B layer is recorded at the depth of ca. 1444 cm (Table 1 and Fig. 2b),
which also marks the last occurrence of the dark-glass-rich
layers.

Type A Glass-Rich Layers

Type C Glass-Rich Layer

Type A glass particles are plotted in the rhyolitic field
with 73.0 - 80.8 wt.% of SiO2 and 3.4 - 7.6 wt.% for
Na2O+K2O (Fig. 3a). They possess Sr isotopic ratios in the
range of 0.70389 - 0.70420 (Fig. 4). There are 16 Type A
layers (Table 1) of which 15 are pale-glass-rich layers and
the remaining one is a dark-glass-rich layer. The 16 Type A
layers are distributed randomly throughout the core (Table 1,
Fig. 2).

Only one tephra layer contains glass particles of relatively low silica content and low total alkalis content. It falls
in the basaltic and basaltic andesitic composition fields
(SiO2 = 50.6 - 55.8 wt.%; Na2O+K2O = 3.1 - 5.2 wt.%)
(Fig. 3a and Table 1). The Sr isotopic ratio for the glass particles is 0.70383 (Fig. 4).

Type B Glass-Rich Layers
The glass particles of Type B layers possess a rela-

5. DISCUSSION
The erupted volcanic ashes, mainly glass shards, pumices and mineral crystals, are carried by prevailing winds,
including the troposphere and lower stratosphere wind
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(a)

(b)

(c)

Fig. 3. Total alkalis content vs. SiO2 plot demonstrating: (a) three compositional types of the 22 analyzed glass-rich layers (Types A, B, and C), and the
compositional fields for (b) Group I volcanic zone and (c) Group II volcanic zone. Glass data were obtained in this study; data on the rock types of
each volcanic province in the two groups were collected from literature (e.g., Elburg and Foden 1999; Sajona et al. 2000a, b; Polvé et al. 2001; Castillo
et al. 2002; Solidum et al. 2003). Nomenclature fields follow Le Maitre et al. (1989), with abbreviations: PhT, phonotephrite; TPh, tephri-phonolite;
Ph, phonolite; TrB, trachybasalt; BTrAnd, basaltic trachyandesite; TrAnd, trachyandesite. For the description of the four pairs in (a), please refer to
the text.

currents. Pubellier et al. (1991) discussed the relationships of diverse tephra sources and prevailing winds for
the CSB. The present wind pattern in the troposphere
(Tanaka et al. 2004) indicates that, during winter, the
southern Philippine arcs and to a minor extent the arcs of
northeastern Indonesia (Group I volcanic zone, Fig. 1)
could act as sources for the tephra layers of CSB. South of
the Equator, north-directed winds could transport tephra
from the northeastern Indonesia (Group II volcanic zone,
Fig. 1) across the Equatorial zone up to the CSB. During
July, most of the air masses move northward and would

disperse ash from the Group I volcanic zone (Fig. 1). Assuming that the paleo-wind patterns around the CSB are
similar to the present ones, then, all the Quaternary volcanic provinces surrounding the CSB can be considered to
be potential sources of the marine tephra layers found in
Core MD01-2387.
The geochemical characteristics of ash particles may enable the marine tephra sequence at Site MD01-2387 to be
correlated with that of other deep-sea coring sites. These
characteristics may also help in associating the individual
tephra layer with specific volcanic source area. The geo-
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Fig. 4. The Sr isotopic ratios vs. stratigraphic depths for the 19 analyzed
glass-rich layers. The legends used here are identical to that in Fig. 3a.

chemistry of particles from the tephra layers at Site MD012387 are discussed below in terms of the chronology of sediment accumulation (tephrochronology), and from where
the tephra particles were injected (tephra source).
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at Site MD01-2387 can be correlated to that at (1) 74 cm; (2)
368 and 377 cm; (3) 874 cm; and (4) 1836 cm in ODP Site
767, respectively (Table 3, Fig. 6). The depths of the four
pairs of tephra layers in the two cores show a good linear relationship (R2 = 0.99), indicating a constant ratio between
the sedimentation rates at two sites. Extrapolating the linearity between the four tephra layer pairs (Fig. 7), the oldest occurrence of Emiliania huxleyi, 275 ka, is expected to be at
2668 cm in Core MD01-2387. Based upon this depth and
the age, subtracting ash layer thickness (Table 1) and assuming a constant sedimentation rate for the remaining sediments throughout the core, the sedimentation rate at Site
MD01-2387 is estimated to be around 9.3 cm kyr-1, while the
age for the core bottom is estimated to be ca. 338 ka.
Estimated ages for the depths of 1975, 1800, and 1444 cm
in Core MD01-2387 were ca. 204, 187, and 151 ka, respectively (Fig. 7). The age at 204 ka represents the beginning of
the decreasing proportion of crystal-rich layers (Table 1,
Figs. 2b, 8b). The age at 151 ka represents the last occurrence of the Type B dark-glass-rich layers (Table 1,
Figs. 2b, 8b). At the depths of < 1800 cm (< 187 ka), the ash
layers decreased up-sequence (Figs. 2b, 8a).

5.1 Tephrochronology

5.2 Tephra Sources
5.2.1 Crystal-Rich Layers (27 layers)

The depth at Site MD01-2387 is very close to the carbonate compensation depth (CCD), thus calcareous nannofossils in sediments were poorly preserved (Bassinot and
Baltzer 2002) due to serve dissolution of carbonate. This inherited poor carbonate preservation incurs a difficult situation for establishing a chronological scheme using calcareous plankton biostratigraphy and marine oxygen isotope
stratigraphy. Fortunately, at the nearby Site ODP 767, sediments in the upper 50 m are composed of hemipelagic
claystone to silt with interbedded tephra layers and rare calcareous turbidite layers (Silver and Rangin 1990; Betzler et
al. 1991). Although nannofossils are not abundant, probably
because of dissolution, the calcareous nannofossils biostratigraphy of Hole 767 B along with the magnetostratigraphy was reported by Shyu and Muller (1991) and Shyu et
al. (1991) (Fig. 5a). Some tephra layers at Hole ODP 767
were dated (Desprairies et al. 1991) by using biostratigraphic markers. Geochemical data of glass particles in eight
tephra layers of Hole ODP 767 B were reported (Desprairies
et al. 1991; Pouclet et al. 1991) (Fig. 5a). Correlation of the
geochemical characteristics of glass particles from Hole
ODP 767 with those from Core MD01-2387 enables several
tephra layers to be key markers in estimating the stratigraphic age of IMAGES Site MD01-2387.
A comparison of the major element contents of glass
particles at both sites enables identification of four correlated pairs of tephra layers (Fig. 5b). Samples at depths of (1)
161 and 188 cm; (2) 667 cm; (3) 1238 cm; and (4) 2582 cm

The distance between Site MD01-2387 and source volcanoes for the crystal-rich layers (up to 27 layers) can be approximated using fallout observations. Given the discrepant
densities of the mineral crystals and the vesicular glass particles, their dispersion behavior and transport distance in
air have been modeled using ash dispersion and sedimentation (e.g., Bursik et al. 1992; Bonadonna and Phillips 2003).
In principle, lighter particles should have lower terminal velocity and be dispersed over a longer distance than heavier
particles, given similar particle sizes. The relative abundance of heavier particles in ash-fallout deposit should thus
decrease with increased transport distance (Fierstein and
Nathenson 1992).
Two well-documented examples of these processes
were the 1980 eruption of Mt. St. Helen (VEI = 4) (Carey
and Sigurdsson 1982) and the 1991 eruption of Mt. Pinatubo
(VEI = 5) (Wiesner et al. 2004). Observations of particle
transport from these two plinian eruptions (Fig. 9) show two
distinctive features: first, glass particles tend to become the
dominant constituent (> 60 wt.%) as downwind distance
exceeds ca. 300 km from the source; and second, the relative crystal abundance is lower than ca. 40 wt.% when the
downwind distance exceeds ca. 300 km. Thus, as shown in
Fig. 9, assuming that the eruption intensity and magnitude
were smaller than or equal to VEI of 5, the source volcanoes
of the crystal-rich layers should lie within roughly 250 km of
Site MD01-2387 (the circle enclosing the marked area in
Fig. 1). Furthermore, considering the wind direction during
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(a) Hole ODP 767B

(b) Core MD01-2387

Fig. 5. (a) Chronologic framework for the upper portion sediments in Hole ODP 767 B, as well as the ash layers histogram and the eight ash layers with
published chemical data (SiO2 wt.%) of glass. (b) Tephra layer thickness and number plotted against depth in Core MD01-2387. Data sources for Hole
ODP 767 B: Shipboard Scientific Party 1990; Desprairies et al. 1991; Pouclet et al. 1991; Shyu and Muller 1991; Shyu et al. 1991; Schneider et al.
1992; Oda et al. 2000. L.O. = lowest occurrence; H.O. = highest occurrence. For definitions of the layers, marked pairs 1 - 4, please refer to the text.
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the eruption, prospective source volcanoes for the crystalrich layers should be located within the volcanic provinces
in the northern (Sulu Arc), through the northeastern (Daguma-Sarangani Arc), and the eastern (northern Sangihe
Arc) sides of Site MD01-2387 (Fig. 1). All prospective
source volcanic centers for the crystal-rich layers appear to
be restricted to the northwestern part of the Group I volcanic
zone (Fig. 1). Another notable phenomenon is that the number of crystal-rich layers decreases significantly after 240 ka
(Fig. 8b). This indicates that explosive activities in the arcs
of northwestern Mindanao-Molucca Sea collision zone have
declined during the past 240 kyrs.

599

(a)

(b)

5.2.2 Glass-Rich Layer (22 Layers)
The tephra source can be traced by correlating the chemical and isotopic characteristics of the glass particles with
those of the late Quaternary volcanic rocks surrounding the
CSB. The Sr isotopic ratios of glass particles, ranging from
0.70376 to 0.70420 (Figs. 3a, 4), suggest that the glass particles were not eruptive products of the volcanic provinces in
the Group II volcanic zone (> 0.7056) (Fig. 3c) in the southern Celebes Sea and Molucca Sea (Fig. 1). Moreover, the
isotopic ratios of the glass particles were comparable with
those of the volcanic provinces from the Group I volcanic

Fig. 6. Four correlative ash layer pairs of IMAGES Site MD01-2387
and ODP Site 767 in the (a) Na2O/K2O vs. SiO2 and (b) K2O vs. SiO2
diagrams. The bar length or box side represents one standard deviation.

Fig. 7. Stratigraphic depth correlation for four pairs of correlative ash layers in IMAGES Site MD01-2387 and ODP Site 767. Based upon the depth of
the first occurrence of Emiliania huxleyi at Site ODP 767 (Shyu et al. 1991), its corresponding depth in Site MD01-2387 can be estimated by the
regression trend line (R2 = 0.99). The age of four depths (3288, 1975, 1800, and 1444 cm) at Site MD01-2387 can be estimated (338, 204, 187, and
151 ka) by subtracting the thickness of ash layers in this core and assuming a constant relationship between the sedimentation rates of the two sites.
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(a)

(b)

Fig. 8. (a) Histograms depict number of ash layers and layer thickness as well as (b) bar charts representing the relative portion of various types of
tephra layers plotted against estimated age. Tephra sources for each type of layers are marked to the right side. The estimated age is based on the plot of
Fig. 7. Data of ash layers are based on Table 1. The bar length represents the number of ash layers per 30 kyrs. Solid lines in black or white color within
the boxes mark the position of ash layers.

Fig. 9. Constitutions of two well-investigated ash deposits varying with transport distances. Maximum transported distances for the crystal-rich layers
of Core MD01-2387 can be delineated by the estimated fraction of glass particles less than 43 wt.%, based on the nature of their constitution (mineral
crystals: > 50 vol.%, density of plagioclase and pyroxene: 2.62 - 3.96 g cm-3, density of glass pumice (63 - 500 mm): 2.0 - 1.0 g cm-3 by Bonadonna and
Phillips 2003). Data sources for the two ash-fallout deposits are from Carey and Sigurdsson (1982) and Wiesner et al. (2004), respectively.
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zone (< 0.7044) (Fig. 3b). Thus, the volcanic provinces in
the Group I volcanic zone, located in the MindanaoMolucca Sea collision zone, were the most likely tephra
source areas for these glass-rich layers (Fig. 8b).
Type A Glass-Rich Layers
Type A glass particles, with 3.4 to 7.6 wt.% Na2O+K2O
at > 73.0 wt.% SiO2, are rhyolite (Fig. 3a). The total alkalis
content (Na2O+K2O) vs. SiO2 plot of these glass particles
(Fig. 3a), with its relatively higher SiO2, fall in the extrapolation area of the composition fields of lavas and pyroclastic
flows of the Group I volcanic zone (Fig. 3b). The lavas and
pyroclastic flows, from the Group I volcanic zone, are basalt
to andesite or dacite. Nevertheless, it should be noted that
lava/ash with higher SiO2 content could have been produced
from the eruption center, and therefore yielding, by fractionation crystalization, glasses with chemical properties similar
to those of the Type A glass particles.
Type B Glass-Rich Layers
The glass particles of Type B glass-rich layers, with a
composition > 6.1 wt.% Na2O+K2O at 54.7 - 64.7 wt.%
SiO2, range in composition from trachyandesite to trachyte
(Fig. 3a). The compositions of Type B glass particles (Fig. 3a)
overlap directly one of the composition fields of volcanic
rocks in the Central Mindanao Area (Fig. 3b). Furthermore,
volcanic rocks in the Central Mindanao Area (Fig. 3b), possessing intermediate SiO2 and higher total alkalis content,
can be easily discerned from other volcanic provinces of
Group I. Thus, particles of the Type B glass-rich layers are
recognized as products of the Central Mindanao Area. The
tephrostratigraphy shows that the Type B glass-rich layers
are not found in the intervals younger than ca. 151 ka (Fig. 8b),
suggesting that the explosive volcanism with shoshonitic
composition from the Central Mindanao Area ceased ca.
151 ka.
Type C Glass-Rich Layer
The Type C glass particles, with compositions of 3.1 5.2 wt.% Na2O+K2O and 50.6 - 55.8 wt.% SiO2, are basalt
or basaltic andesite (Fig. 3a). The Type C glass particles
fall in the compositional fields of volcanic rocks of the
Group I volcanic zone (Fig. 3b) and can not be linked to a
specific volcanic province by their major element characteristic alone.

5.3 Volcanic Activity
The marine tephrostratigraphy of Core MD01-2387 records the episodicity of large explosive volcanism of the
Mindanao-Molucca Sea collision zone (Group I volcanic
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zone, Fig. 1) over the past 338 kyrs (Fig. 8) and shows that
after ca. 180 ka, explosive volcanism from specific volcanic
areas of the collision zone (the northwestern collision area
and the post-collision volcanic area) appears to have undergone a decline. This is inferred from source tracking the two
types of ash layers, i.e., the crystal-rich layers and the darkglass-rich layers of Type B composition (Fig. 8b). The former significantly attenuates in the shallower sequence of the
core (< 1975 cm in depth) while the latter disappears entirely
in the upper sequence of the core (< 1444 cm in depth)
(Table 1 and Fig. 2b). The decline or absence of these ash
layers indicates two important traits of the explosive eruption history of the region: fewer large explosive eruptions
since ca. 240 ka, and the termination of large explosive eruptions with shoshonitic composition after ca. 151 ka (Fig. 8b).
The former occurred in arcs of the northwestern collision
area including the Sulu, Daguma-Sarangani, and northern
Sangihe Arcs, while the latter is found in the post-collision
volcanic area (the Central Mindanao Area). Thus, the marine
tephrostratigraphy of Core MD01-2387 documents better
the explosive volcanic history for the youngest part (late
Middle Pleistocene) of the last major volcanically active
period (since ca. 2.5 Ma) of the volcanic provinces in the
Mindanao-Molucca Sea collision zone (Group I volcanic
zone).
At issue is whether the volcanic activity inferred from
the marine tephrostratigraphy of MD01-2387 being consistent with previous onland reports. Two onland volcanic
provinces of this collision zone (Group I volcanic zone) are
related to the tephra records with the upward attenuation in
the core. They are: (1) the Central Mindanao Area and (2)
the northwestern Mindanao-Molucca Sea collision area.
The first province is considered to be the source area for the
Type B dark-glass-rich layers. The second province is suggested to be the source for the crystal-rich layers. A detailed comparison between previous onland studies of the
two provinces and the current tephrostratigraphic record is
given in the following. In addition, the previous onland report for discussing the volcanic activity of the southern
Molucca Sea and Celebes Sea (Group II volcanic zone) is
also mentioned.
5.3.1 Central Mindanao Area
The onland investigation of the Central Mindanao Area
by Sajona et al. (1994) shows that potassic and shoshonitic
magmatisms occurred frequently between 0.8 - 0.36 Ma. No
evidence of potassic and shoshonitic magmatisms in the
Central Mindanao Area during the past 0.36 m.y. was found.
The feature of extinction of shoshonitic magmatism is observed in many post-collision regions such as western Anatolia in Turkey and the Roman volcanic province in Italy
(Sajona et al. 1994, 1997). Core MD01-2387 shows five layers of glass particles composed of shoshonite and high-K se-
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ries (Type B layers) (Fig. 3a) correlatable to the volcanic
province of the Central Mindanao Area (Fig. 3b). Based
upon the fact that these Type B layers were deposited prior to
ca. 151 ka (Table 1, Fig. 8b), we suggested that the cessation
of the shoshonitic magmatism occurred much younger than
what suggested by previous onland studies which reported
an extinction age of 0.36 ± 0.12 Ma using K-Ar dating
(Sajona et al. 1994, 1997, 2000b).

5.3.2 Northwestern Mindanao-Molucca Sea Collision
Area
The northwestern Mindanao-Molucca Sea collision area
includes three volcanic provinces: (1) the Sulu Arc, (2) the
Daguma-Sarangani Arc in the complete-collision zone, and
(3) the northern Sangihe Arc in the transition-collision zone
(Fig. 1). Based on the dating results of the volcanic rocks in
the transition-collision zone from the southern end of
Daguma-Sarangani Arc down to Sangihe Island (Fig. 1),
Morrice et al. (1983) found that the termination of the Quaternary volcanism in the northern Sangihe Arc was a result
of the continuous welding of the two arcs in the MindanaoMolucca Sea area. This termination front has migrated from
the southern end of Mindanao Island to Sangihe Island
(Morrice et al. 1983). The southward migration of the termination of volcanism in the transition-collision zone may explain the attenuation of the crystal-rich layers in the deep sea
basin since ca. 240 ka (Fig. 8b).
5.3.3 The Southern Molucca Sea and Celebes Sea
Given the present wind pattern (Tanaka et al. 2004), the
winter wind would disperse the eruptive products of the
volcanic provinces in the southern-southeastern side of the
CSB (Group II volcanic zone) to the studied site. Based
upon the constituent of 27 crystal-rich layers and the geochemical characteristics of 22 glass-rich layers of Core
MD01-2387, however, the volcanic provinces in Group II
volcanic zone are not a main source for the tephra layers of
the core.
The MD01-2387 deep-sea record agrees with the report
of onland investigation in Group II volcanic zone. Onland
investigation offered features of explosive eruptions in three
provinces (Volcano Una Una, Central Sulawesi Area, and
Bacan Island). First, for the area of the Gorontalo Gulf, the
volcanic activity was virtually extinct during the Quaternary
(Katili et al. 1963), with the exception of Volcano Una Una,
which commenced eruption in historical time (Katili et al.
1963; Katili and Sudradjat 1984). However, the strongest
explosive event in recorded history occurred from April to
October 1898 (Katili et al. 1963; Katili and Sudradjat 1984).
The ashes released from this event were blown to the west,
falling on Borneo (Fig. 1), and did not reach Site MD01-2387.

Secondly, for the Central Sulawesi Area, the youngest volcanic rock, Barupu Tuff, is reported to be of an age between 0.61
- 0.55 Ma by K-Ar dating (Priadi et al. 1994), that is older than
the estimated age for the core bottom of MD01-2387. Finally,
for the Bacan Island, the volcanism record of onland investigations was reported with long-term extinction of volcanism after ca. 2 Ma (Baker and Malaihollo 1996). Therefore,
the onland reports for the feature of explosive eruptions of
these three provinces support the explanation of why the
tephra particles of 22 layers in Core MD01-2387 (Fig. 3a)
do not match geochemically with the volcanics in Group II
volcanic zone (Fig. 3c).
5.3.4 Spatial and Temporal Distribution
The marine tephrostratigraphy of Core MD01-2387 documents a detailed explosive volcanic history for the youngest part (< 338 ka) of the last major volcanically active period (< 2.5 Ma) in the Mindanao-Molucca Sea collision zone
(Group I volcanic zone) and shows that the explosive volcanic activity in the Mindanao-Molucca Sea collision zone
has been declining since ca. 180 ka. Compiling the results of
Core MD01-2387 and previous onland reports and other
deep-sea tephra records, spatial and temporal distribution of
the active volcanic area surrounding the Celebes Sea can be
illustrated (Fig. 10). Following the closure of the Molucca
Sea, after 2.5 Ma (Fig. 10a), volcanism was active in many
volcanic provinces in Mindanao-Molucca Sea collision zone,
either related to the subduction systems or associated with
the post-collision magmatism (Pubellier et al. 1991; Sajona
et al. 1997). After 240 ka (Fig. 10b), the explosive volcanism in northwestern Mindanao-Molucca Sea collision zone
tended to be less frequent than what occurred during 240 338 ka. In the post-collision volcanic province (i.e., Central
Mindanao), volcanism with potassic-shoshonitic composition was active starting around 0.8 Ma (Sajona et al. 1994),
but became extinct approximately ca. 151 ka.

6. CONCLUSIONS
Tephrostratigraphy of piston Core MD01-2387 shows
that ash layers accumulated densely in the lower part of the
sequence (ca. 180 - 338 ka). The up-sequence decline in the
proportion of ash layers implies that the explosive volcanic
activity in the Mindanao-Molucca Sea collision zone has
been declining since ca. 180 ka. The record provides new
evidence in suggesting that the shoshonitic magmatism in
Central Mindanao became extinct approximately ca. 151 ka,
much younger than what reported by previous onland
studies.
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Fig. 10. Spatial and temporal distribution of the active volcanic areas surrounding the Celebes Sea: (a) Quaternary volcanics erupted before ca. 240 ka
and (b) volcanoes erupting after ca. 240 ka. Data sources: geographic outline - Quebral et al. (1996), Hall (1997), and Hinschberger et al. (2005); volcanic ages - Sajona et al. (1994), Baker and Malaihollo (1996), Polvé et al. (1997), Sajona et al. (1997), and Elburg and Foden (1999); and Holocene
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