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AB STRACT

The gi ant pis ton core MD01-2387 taken from the east ern Celebes Sea ba sin pro vides a ma rine tephrostratigraphy with

high res o lu tion for in fer ring ex plo sive vol ca nism in the area sur round ing the ba sin for the past 350 kyr. The se quence con tains

65 tephra lay ers com posed of vol ca nic min er als and glassy par ti cles. The compositional char ac ter is tics of crys tal en riched

tephra lay ers and the 87Sr/86Sr of the glass par ti cles (0.7039 to 0.7042) sug gest that these ashes were re leased by the vol ca noes

in the Mindanao-Molucca Sea col li sion zone, in clud ing the south Phil ip pine Arc sys tem, the Sangehi Arc and the Halmahera

Arc. The up ward de crease of tephra lay ers in this core in di cates a de clin ing trend of ex plo sive vol ca nic ac tiv ity of this col li sion

zone, par tic u larly, af ter ca. 180 ka in the late Mid dle Pleis to cene. This re cord also sug gests that the shoshonitic vol ca nism in

Cen tral Mindanao be came ex tinct at ca. 151 ka, which is much younger than what reported previously by onland investigations.
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1. IN TRO DUC TION

Dis crete ma rine tephra lay ers rep re sent in stant ash fall out

de pos its be cause vol ca nic ma te ri als sink more rap idly than

other pe lagic or hemipelagic par ti cles (Wiesner et al. 1995).

Over time, strat i fied tephra lay ers pre served in deep- sea bas ins

are better pro tected against ex ter nal ero sive forces than those

pre served on land. Thus, the deep-sea tephro stratigraphic re -

cord can pro vide a com plete re cord of large vol ca nic erup tions

in a par tic u lar area. Ma rine microfossils in the intervenient in -

ter vals pro vide biostratigraphic cor re la tion mark ers by which

the re cord can be well tied to glo bal chro nol ogy.

In 2001, a gi ant pis ton core for IM AGES (International

Marine Global Changes Study) at Site MD01-2387 was

raised from the Celebes Sea Basin (CSB) at 4°47.27’N lat i -

tude and 123°30.09’E lon gi tude (Fig. 1) and is very close to

the ODP Site 767B (4°47.47’N in lat i tude and 123°30.20’E

in lon gi tude). The age of Core MD01-2387 was es ti mated

to be youn ger than 460 ka (Bassinot and Baltzer 2002). The 

sed i ments of Core MD01-237 with well pre served dis crete

ash lay ers of fer a new and more com plete re cord to ex am -

ine and con struct the late Qua ter nary ex plo sive vol ca nic

ac tiv ity sur round ing the CSB.

The CSB is 4500 - 5500 m deep, and is lo cated at the com -

plex junc tion of three ma jor con verg ing plates: the Eur asian

plate to the west, the Phil ip pine Sea plate to the east, and the

Aus tra lian plate to the south (Fig. 1). Con se quently, the CSB is

sur rounded by Is lands made of Eocene-Qua ter nary ig ne ous

rocks (Pubellier et al. 1991; Hall 1997). In fact, vol ca nism is

still ac tive on some of the is lands (Simkin and Siebert 1994).

Re sults from pre vi ous stud ies of the deep-sea ash se -

quence at ODP (Ocean Drilling Program) Site 767 (Pubellier 

et al. 1991) and onland volcanics dat ing (Sajona et al. 1997)

in di cate that the ac tive pe riod of vol ca nism sur round ing the

CSB re flects the geodynamic ad just ments of plate con ver -
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gence in the afore men tioned plates. Via the clo sure of the

Molucca Sea ba sin, plate con ver gence has re sulted in the

weld ing of two arcs, the East ern Mindanao Arc (the north ern 

ex ten sion of the Hamahera Arc) and the Daguma-Sarangani

Arc (the north ern ex ten sion of the Sangihe Arc), at Min -

danao Is land af ter 5 Ma (Fig. 1) and leads the subduction

sys tems sur round ing this is land to be ac tive. A last im por tant 

ac tive pe riod of vol ca nism sur round ing the CSB took place

at around 2.5 Ma (Pubellier et al. 1991).

The con ver gence of the three ma jor plates is still ac tive,

and the weld ing of the two arcs has ex tended and mi grated

south ward. At pres ent, the clo sure of the Molucca Sea formed 

a col li sion zone in the Mindanao Is land and the Molucca Sea,

called the Mindanao-Molucca Sea col li sion zone (Moore and

Sil ver 1983) (Fig. 1). This col li sion zone has been sub di vided

as the com plete-, tran si tion-, and on go ing-col li sion zones

from Mindanao Is land down to the south ern part of the

Molucca Sea (Moore and Sil ver 1983). Stud ies of onland vol -

ca nic rocks (e.g., Baker and Malaihollo 1996; Delfin et al.

1997; Sajona et al. 1997; Elburg and Foden 1998) in di cate

that paleo-ex plo sive vol ca nism has changed spa tially and

tem po rally. Com bin ing the pub lished re sults of onland in ves -

ti ga tions with the re cord of deep-sea tephras should re sult in a

more ro bust his tory of ex plo sive vol ca nism in the area.
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Fig. 1. Tec tonic set ting and Qua ter nary vol ca nic prov inces sur round ing the Celebes Sea Ba sin (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 rep re sents the tec tonic bound ary be tween the three ma jor plates

(Rangin 1991); the ar rows with num bers rep re sent the di rec tion of plate mo tion and speed (Hinschberger et al. 2005). Vol ca nic prov inces are grouped

into two groups by lo cale. Please see the text for a de scrip tion of the 250-km ra dius cir cle around the cor ing site en closed by the dashed lines. The ash

cov ered area of the 1898 erup tion of the Una Una Vol cano (Wichmann 1902) is marked by the dot ted area. The di vi sion of the Mindanao-Molucca Sea 

col li sion zone fol lows Moore and Sil ver (1983).



2. VOL CA NIC PROV INCES AND TEC TONIC
SET TING

The CSB is sur rounded by ex ten sive Qua ter nary vol -

canics and many ac tive Ho lo cene vol ca noes (Simkin and

Siebert 1994), con sid ered to be the sources of the ma rine

tephra lay ers found in Core MD01-2387 (Fig. 1). The scat -

tered dis tri bu tion of the Qua ter nary volcanics, with an iden -

ti fi able re gional trench-subduction sys tem and tec tonic

frame, has been clas si fied into sev eral Qua ter nary vol ca nic

prov inces as sum ma rized be low (Sajona et al. 1997; Polvé et 

al. 2001; Macpherson et al. 2003).

In the north ern CSB, the Oligocene/Early Mio cene Sulu 

Sea crust subducts east ward and south ward along the Ne -

gros and Sulu Trenches to form the Negros and Sulu Arcs,

re spec tively (Sajona et al. 2000a; Castillo et al. 2002;

Solidum et al. 2003). The Sulu Arc ex tends from north -

western Sabah (Tongkul 1991) into the west ern pen in sula

of Mindanao Is land. There are three other vol ca nic pro -

vinces in the Mindanao Is land: (1) the Daguma-Sarangani

Arc (or Cotabato Arc) in the west ern part of Mindanao Is -

land, as so ci ated with the east ward subduction of the Eocene

Celebes Sea crust along the Cotabato Trench (Sajona et al.

1997; Sajona and Maury 1998); (2) the East ern Mindanao

Arc (or Pa cific Cor dil lera Arc) in the east ern part of Min -

danao Is land, as so ci ated with the west ward subduction of

the Phil ip pine Sea plate along the Phil ip pine Trench (Sajona

et al. 1997; Sajona and Maury 1998); and (3) the Cen tral

Mindanao Area, which is re stricted to the area be tween the

Phil ip pine Fault and the Cotabato Fault and is as so ci ated

with a de tached rem nant of the Molucca Sea plate un der

Mindanao Is land (Sajona et al. 1994, 1997, 2000b). It ap -

pears that the Qua ter nary volcanics of the Cen tral Mindanao

Area are not re lated to any subduction sys tem. In stead, they

are con sid ered to be a post-col li sion vol ca nic sys tem (Sajona 

et al. 1994, 1997, 2000b). The Phil ip pine Sea plate subducts

west ward along the Phil ip pine Trench to form the Leyte Arc

to the north of Mindanao Is land (Sajona et al. 1997). To the

south of Mindanao Is land, the west ward subduction of the

Molucca Sea plate (Macpherson et al. 2003) forms the

Sangihe Arc to the west. This arc ex tends from the south ern

end of Mindanao Is land, through the Sangihe Is land, and

then, into the north east arm of Sulawesi Is land. The Hal -

mahera Arc to the east passes south ward through Bacan Is -

land, which is a frag ment of the con ti nen tal crust (Mor ris et

al. 1983). At the south ern end of the Molucca Sea plate, a

num ber of small ex tinct vol ca nic is lands lie along the

Sorong Fault Zone (Mor ris et al. 1983). To the south of the

CSB, the Una Una Vol cano area might re late to the south -

ward subduction of the Eocene Celebes Sea crust along the

North Sulawesi Trench (Katili and Sudradjat 1984; Kopp et

al. 1999). The Qua ter nary volcanics in the Cen tral Sulawesi

area do not ap pear to be re lated to any subduction sys tem,

but are con sid ered to have been formed by the post- col -

lisional melt ing of con ti nen tal crust (Priadi et al. 1994; Polvé 

et al. 2001).

In gen eral, these com pli cated vol ca nic prov inces can be

cat e go rized into two ma jor groups: Group I and II vol ca nic

zones (Fig. 1). The tec tonic set tings and vol ca nic ac tiv i ties

of these two groups are summarized below.

2.1 Group I Vol ca nic Zone

The Group I vol ca nic zone in cludes nine vol ca nic pro -

vinces lo cated in the north ern and east ern CSB (Fig. 1).

Quater nary magmatism of these vol ca nic prov inces is re -

lated to the clo sure of the Molucca Sea. As it closes, the

Molucca Sea crust subducts on both sides form ing the San -

gihe Arc and the Halmahera Arc as well as the north ern por -

tion of Bacan Is land in the west and east. The clo sure of the

Molucca Sea has re sulted in the for ma tion of an on-go ing

col li sion zone in the south ern Molucca Sea. In ad di tion, the

clo sure forms a com plete-col li sion zone be neath Mindanao

Is land, via the weld ing of the north ern ex ten sions of the two

arcs, the Sangihe and Halmahera Arcs. The fu sion of the two 

arcs has reinitiated sev eral sub duc tions around Mindanao

Island (Pubellier et al. 1991; Sajona et al. 1997; Pubellier et

al. 1999). It has also gen er ated two types of vol ca nic pro -

vinces: one along the Negros, Sulu, Daguma-Sarangani,

Leyte, and East ern Mindanao Arcs re lated to the now re-

 active sub duc tions; and an other in the Cen tral Mindanao

Area (i.e., post-col li sion vol ca nic prov ince), which is re lated 

to a de tached rem nant of the Molucca Sea plate be neath it.

Both re sults of onland in ves ti ga tions and deep-sea re cords

in di cate that the last im por tant vol ca nic ac tiv ity of the Group 

I vol ca nic zone be gan ca. 2.5 Ma (Pubellier et al. 1991;

Sajona et al. 1997). Stud ies of onland vol ca nic rocks (e.g.,

Baker and Malaihollo 1996; Sajona et al. 1997) in di cate that

the Qua ter nary ex plo sive vol ca nism in this area has changed 

spa tially and tem po rally.

2.2 Group II Vol ca nic Zone

Qua ter nary vol ca nic ac tiv ity in the Group II vol ca nic

zone is not re lated to the clo sure of the Molucca Sea ba sin.

The Group II vol ca nic zone in cludes four vol ca nic ar eas: (1)

south ern Bacan Is land; (2) Sorong Fault Zone in the south -

ern Molucca Sea; (3) the Cen tral Sulawesi Area; and (4)

Volcano Una Una in the south ern part of the Celebes Sea

(Fig. 1). The south ern por tion of the Molucca Sea plate ter -

mi nates at the left-lat eral strike slip of the Sorong Fault sys -

tem, which has been the ma jor tec tonic bound ary of the Phi -

lippine plate and the Aus tra lian plate for the past 13 Ma

(Hinschberger et al. 2005). A num ber of small ex tinct vol -

canic is lands, which have no avail able dates but are thought 

to be of late Ter tiary (Mor ris et al. 1983), are found along the 

Sorong Fault Zone. At pres ent the left-lat eral strike slip fault

sys tem ex tends across Bacan Is land and into Sulawesi. It
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also forced the Sula block to col lide west ward with Sulawesi 

at around 5 Ma (Hinschberger et al. 2005). The west ward

col li sion be tween the Sula block and Sulawesi ini ti ated the

south ward subduction of Celebes Sea crust along the North

Sulawesi Trench, which is re lated to the ac tiv ity of Vol cano

Una Una (Kopp et al. 1999).

3. MA TE RI ALS AND METH ODS

The Core MD01-2387 is 32.88 m in length and raised

from a depth of 4866 m. It is pri mar ily com posed of clay

with ash spots, in ter ca lated by tens of ash lay ers (Bassinot

and Baltzer 2002).

The ash lay ers were ex am ined by ob serv ing the tex ture

of the split ting core’s sur face and the con sti tu tion of the ash

lay ers un der stereomicroscope. The thick ness or strati -

graphic intervenient depth for each dis crete ash layer was

iden ti fied by ap par ent changes in color and par ti cle size of

the sed i ment pro file from the sur face of the split ting core.

One cu bic cen ti me ter of sed i ments of each ash layer was col -

lected. The sam ples were pro cessed by ul tra sonic bath and

wet siev ing. The con sti tu tion and mor phol ogy of the par ti -

cles coarser than 63 mm were fur ther rec og nized un der ste -

reomicroscope. Vol ca nic min er als and glass par ti cles were

then iden ti fied from 65 lay ers.

The 65 dis crete tephra lay ers were fur ther clas si fied

into crys tal-rich lay ers (27 lay ers) and glass-rich lay ers

(38 layers) ac cord ing to their dif fer ent dom i nant par ti cle

consti tuents. The dom i nant (> 50 vol.%) par ti cle con stit u -

ents (volcanic min eral crys tals and glass par ti cles) were

examined un der a stereomicroscope. The glass par ti cles of

each dis crete tephra layer were fur ther de scribed by their

color, par ti cle shape (mor phol ogy), and ves i cle shape (tex -

ture). Thus, the glass-rich lay ers were fur ther grouped into

pale- glass-rich lay ers (28 lay ers) and dark-glass-rich lay -

ers (10 lay ers).

The chem i cal and Sr iso to pic com po si tions of the glass

par ti cles of the 22 glass-rich tephra lay ers were an a lyzed.

Twelve pale-glass-rich lay ers, each over ca. 2.5 cm thick,

and seven dark-glass-rich lay ers, each over ca. 1.0 cm thick,

were se lected for chem i cal com po si tion anal y sis. Three

glass- rich lay ers pre served in depths shal lower than 1120 cm 

were also se lected, but for ma jor el e ment chem i cal com po si -

tion anal y sis only.

The ma jor el e ment con tents of the glass par ti cles, 7 -

15 grains, were de ter mined for each an a lyzed layer us ing

a JEOL JXA-8900R EMPA at the In sti tute of Earth Sci -

ences, Ac a de mia Sinica in Tai pei. Con cen tra tions of 9 ma -

jor el e ments (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, and K) were

an a lyzed un der the fol low ing op er at ing con di tions: 10 kV, 

5 nA and fo cused (3 mm) for ac cel er ated volt age, probe

cur rent, and beam di am e ter on pol ished ve sic u lar glass

par ti cles. The data were pro cessed by the ZAF [atomic

num ber (Z), Ab sorption and Fluorecense] cor rec tion rou -

tine. Data with a to tal ox ide value of less than 95 wt.%

were ex cluded. The stron tium el e ment of the glass par ti -

cles was ex tracted us ing a Sr-Spec col umn from ca. 500 to

2000 glass par ti cles for each an a lyzed layer. The stron -

tium iso to pic ra tios of the glass par ti cles were mea sured

by a Finnigan-MAT 262 TIMS at the same in sti tute in Tai -

pei. The Sr iso to pic ra tios were nor mal ized to 86Sr/88Sr =

0.1194 given a mean of 0.710319 ± 0.000037 (2s) for
87Sr/86Sr of the NBS-987 Sr.

4. RE SULTS

4.1 Oc cur rence of Tephra Lay ers

A to tal of 65 dis crete tephra lay ers were rec og nized by

mi cro scopic ex am i na tion. The num ber of lay ers in the up per

por tion (< 1800 cm) is clearly less than that in the lower part

(> 1800 cm) (Ta ble 1 and Fig. 2). Mean while, the thick ness

of the tephra lay ers var ies from a few mil li me ters to 160 mil -

li me ters (Table 1 and Fig. 5b).

4.2 Na ture of the Par ti cles

4.2.1 Com po si tions

These tephra lay ers were fur ther clas si fied into ei ther

crys tal-rich lay ers (27/65 lay ers) or glass-rich lay ers (38/65

lay ers) (Ta ble 1) de pend ing on their dom i nant (> 50 vol.%)

com po si tion of par ti cles. The pre dom i nant types of min -

eral crys tals in the crys tal-rich layer and the pre dom i nant

types of glass par ti cles in the glass-rich layer are shown in

Ta ble 1. The for mer con sists of rect an gu lar and euhedral

crys tals, such as sin gle plagioclase and clino-pyroxene

grains with sub sid iary ortho-pyroxene and bi o tite. The re -

main ing com po nents (< 50 vol.%) are ve sic u lar glass par -

ti cles, mostly pale in color. In the glass-rich lay ers, how -

ever, the mor phol ogy and tex ture of the pre dom i nantly

glass par ti cles vary with color, rang ing from dark to pale

(Ta ble 1). The dark-glass par ti cles of ten pos sess ir reg u -

lar-grain mor pho l ogy and spher i cal-ves i cle tex ture. The

pale-glass par ti cles, in con trast, tend to have rod-like or

platy-grain mor phol ogy and elon gate-ves i cle tex ture. Thus,

the glass-rich lay ers (38/65 lay ers) can be readily fur ther

clas si fied into dark- glass-rich lay ers (10/38 lay ers) and

pale-glass-rich lay ers (28/38 lay ers) (Ta ble 1 and Fig. 2).

The re main ing com po nents in the glass-rich lay ers are

vol ca nic crys tals; such as, clino-pyroxene and plagioclase 

with sub sid iary bi o tite.

Fig ure 2 pres ents the dis tri bu tion of three types of

tephra lay ers in the core. The crys tal-rich lay ers de crease

sig nif i cantly in depths shal lower than 1900 cm. The dark-

 glass-rich lay ers dis ap pear en tirely at depths shal lower than

1400 cm. The in ter val be tween 1975 - 3288 cm pos sesses

more crys tal-rich lay ers than that be tween 0 - 1975 cm. For

the dark-glass-rich lay ers, the last oc cur rence is at the depth

of ca. 1444 cm (Ta ble 1 and Fig. 2).
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4.2.2 Geo chem is try

The glass par ti cles of 22 glass-rich lay ers were sub jected

to chem i cal anal y ses (Ta bles 1, 2). In terms of their chem i cal

prop erty these lay ers can be clas si fied into three types:

Types A, B, and C, as rec og nized by their dis tri bu tion on the

biplot of the to tal con tent of al ka lis (Na2O+K2O) vs. SiO2

(Fig. 3a). The Sr iso to pic ra tios of glass par ti cles in the 22

glass-rich lay ers range from 0.70376 to 0.70420 (Fig. 4, Ta ble 

2). Vari a tion in Sr iso to pic ra tios of the glass par ti cles is re -

lated to the Type (A, B, or C) of layer. Most pale-glass-rich

lay ers be long to Type A but the dark- glass-rich lay ers be long 

to Type B or C. Gen er ally, Type A has higher 87Sr/86Sr ra tios

(> 0.70389) than Types B and C (< 0.70389) (Fig. 4).

Type A Glass-Rich Lay ers

Type A glass par ti cles are plot ted in the rhyolitic field

with 73.0 - 80.8 wt.% of SiO2 and 3.4 - 7.6 wt.% for

Na2O+K2O (Fig. 3a). They pos sess Sr iso to pic ra tios in the

range of 0.70389 - 0.70420 (Fig. 4). There are 16 Type A

lay ers (Ta ble 1) of which 15 are pale-glass-rich lay ers and

the re main ing one is a dark-glass-rich layer. The 16 Type A

lay ers are dis trib uted ran domly through out the core (Ta ble 1, 

Fig. 2).

Type B Glass-Rich Lay ers

The glass par ti cles of Type B lay ers pos sess a rela -

tively high to tal al ka lis con tent and lower sil ica con tent, as

fall in the trachyandesitic and trachytic com po si tion fields

(Na2O+K2O = 6.1 - 10.1 wt.%; SiO2 = 54.7 - 64.7 wt.%)

(Fig. 3a). They can also be clas si fied into the high-K and

shoshonite se ries in a K2O vs. SiO2 di a gram (Tay lor et al.

1981) (not shown here). The Sr iso to pic ra tios for Type B

glass par ti cles lie in a nar row range of 0.70376 - 0.70387

(Fig. 4). Five dark-glass-rich lay ers com prise the Type B

lay ers. The most re cent oc cur rence of a Type B layer is re -

corded at the depth of ca. 1444 cm (Ta ble 1 and Fig. 2b),

which also marks the last oc cur rence of the dark- glass- rich

lay ers.

Type C Glass-Rich Layer

Only one tephra layer con tains glass par ti cles of rel a -

tively low sil ica con tent and low to tal al ka lis con tent. It falls

in the ba saltic and ba saltic andesitic com po si tion fields

(SiO2 = 50.6 - 55.8 wt.%; Na2O+K2O = 3.1 - 5.2 wt.%)

(Fig. 3a and Ta ble 1). The Sr iso to pic ra tio for the glass par ti -

cles is 0.70383 (Fig. 4).

5. DIS CUS SION

The erupted vol ca nic ashes, mainly glass shards, pu -

mices and min eral crys tals, are car ried by pre vail ing winds,

in clud ing the tro po sphere and lower strato sphere wind
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Fig. 2. (a) Pie chart show ing num bers of three types for ash lay ers in Core MD01-2387. (b) His to grams of the tephra lay ers con trib uted from three

types for ash lay ers at 300-cm in ter vals.
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cur rents. Pubellier et al. (1991) dis cussed the re la tion -

ships of di verse tephra sources and pre vail ing winds for

the CSB. The pres ent wind pat tern in the tro po sphere

(Tanaka et al. 2004) in di cates that, dur ing win ter, the

south ern Phil ip pine arcs and to a mi nor ex tent the arcs of

north east ern In do ne sia (Group I vol ca nic zone, Fig. 1)

could act as sources for the tephra lay ers of CSB. South of

the Equa tor, north-di rected winds could trans port tephra

from the north east ern In do ne sia (Group II vol ca nic zone,

Fig. 1) across the Equa to rial zone up to the CSB. Dur ing

July, most of the air masses move north ward and would

dis perse ash from the Group I vol ca nic zone (Fig. 1). As -

sum ing that the paleo-wind pat terns around the CSB are

sim i lar to the pres ent ones, then, all the Qua ter nary vol ca -

nic prov inces sur round ing the CSB can be con sid ered to

be po ten tial sources of the ma rine tephra lay ers found in

Core MD01-2387.

The geo chem i cal char ac ter is tics of ash par ti cles may en -

able the ma rine tephra se quence at Site MD01-2387 to be

cor re lated with that of other deep-sea cor ing sites. These

char ac ter is tics may also help in as so ci at ing the in di vid ual

tephra layer with spe cific vol ca nic source area. The geo -
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Fig. 3. To tal al ka lis con tent vs. SiO2 plot dem on strat ing: (a) three compositional types of the 22 an a lyzed glass-rich lay ers (Types A, B, and C), and the 

compositional fields for (b) Group I vol ca nic zone and (c) Group II vol ca nic zone. Glass data were ob tained in this study; data on the rock types of

each vol ca nic prov ince in the two groups were col lected from lit er a ture (e.g., Elburg and Foden 1999; Sajona et al. 2000a, b; Polvé et al. 2001; Castillo 

et al. 2002; Solidum et al. 2003). No men cla ture fields fol low Le Maitre et al. (1989), with ab bre vi a tions: PhT, phonotephrite; TPh, tephri-phonolite;

Ph, phonolite; TrB, trachybasalt; BTrAnd, ba saltic trachyandesite; TrAnd, trachyandesite. For the de scrip tion of the four pairs in (a), please re fer to

the text.

(a)

(b)

(c)



chem is try of par ti cles from the tephra lay ers at Site MD01-

 2387 are dis cussed be low in terms of the chro nol ogy of se -

diment ac cu mu la tion (tephrochronology), and from where

the tephra par ti cles were in jected (tephra source).

5.1 Tephrochronology

The depth at Site MD01-2387 is very close to the car -

bon ate com pen sa tion depth (CCD), thus cal car e ous nan no -

fossils in sed i ments were poorly pre served (Bassinot and

Baltzer 2002) due to serve dis so lu tion of car bon ate. This in -

her ited poor car bon ate pres er va tion in curs a dif fi cult sit u a -

tion for es tab lish ing a chro no log i cal scheme us ing cal car e -

ous plank ton biostratigraphy and ma rine ox y gen iso tope

stra tig ra phy. For tu nately, at the nearby Site ODP 767, sed i -

ments in the up per 50 m are com posed of hemipelagic

claystone to silt with interbedded tephra lay ers and rare cal -

car e ous turbidite lay ers (Sil ver and Rangin 1990; Betzler et

al. 1991). Al though nannofossils are not abun dant, prob a bly

be cause of dis so lu tion, the cal car e ous nannofossils bio st -

ratigraphy of Hole 767 B along with the magneto strati -

graphy was re ported by Shyu and Mul ler (1991) and Shyu et

al. (1991) (Fig. 5a). Some tephra lay ers at Hole ODP 767

were dated (Desprairies et al. 1991) by us ing biostrati gra -

phic mark ers. Geo chem i cal data of glass par ti cles in eight

tephra lay ers of Hole ODP 767 B were re ported (Desprairies

et al. 1991; Pouclet et al. 1991) (Fig. 5a). Cor re la tion of the

geo chem i cal char ac ter is tics of glass par ti cles from Hole

ODP 767 with those from Core MD01-2387 en ables sev eral

tephra lay ers to be key mark ers in es ti mat ing the strati -

graphic age of IM AGES Site MD01-2387.

A com par i son of the ma jor el e ment con tents of glass

par ti cles at both sites en ables iden ti fi ca tion of four cor re -

lated pairs of tephra lay ers (Fig. 5b). Sam ples at depths of (1) 

161 and 188 cm; (2) 667 cm; (3) 1238 cm; and (4) 2582 cm

at Site MD01-2387 can be cor re lated to that at (1) 74 cm; (2)

368 and 377 cm; (3) 874 cm; and (4) 1836 cm in ODP Site

767, re spec tively (Ta ble 3, Fig. 6). The depths of the four

pairs of tephra lay ers in the two cores show a good lin ear re -

la tion ship (R2 = 0.99), in di cat ing a con stant ra tio be tween

the sed i men ta tion rates at two sites. Ex trap o lat ing the lin ear -

ity be tween the four tephra layer pairs (Fig. 7), the old est oc -

cur rence of Emiliania huxleyi, 275 ka, is ex pected to be at

2668 cm in Core MD01-2387. Based upon this depth and

the age, sub tract ing ash layer thick ness (Ta ble 1) and as sum -

ing a con stant sed i men ta tion rate for the re main ing sed i -

ments through out the core, the sed i men ta tion rate at Site

MD01-2387 is es ti mated to be around 9.3 cm kyr-1, while the 

age for the core bot tom is es ti mated to be ca. 338 ka.

Es ti mated ages for the depths of 1975, 1800, and 1444 cm

in Core MD01-2387 were ca. 204, 187, and 151 ka, re spec -

tively (Fig. 7). The age at 204 ka rep re sents the be gin ning of

the de creas ing pro por tion of crys tal-rich lay ers (Ta ble 1,

Figs. 2b, 8b). The age at 151 ka rep re sents the last oc -

currence of the Type B dark-glass-rich lay ers (Ta ble 1,

Figs. 2b, 8b). At the depths of < 1800 cm (< 187 ka), the ash

lay ers de creased up-se quence (Figs. 2b, 8a).

5.2 Tephra Sources

5.2.1 Crys tal-Rich Lay ers (27 lay ers)

The dis tance be tween Site MD01-2387 and source vol -

ca noes for the crys tal-rich lay ers (up to 27 lay ers) can be ap -

prox i mated us ing fall out ob ser va tions. Given the dis crep ant

den si ties of the min eral crys tals and the ve sic u lar glass par -

ticles, their dis per sion be hav ior and trans port dis tance in

air have been mod eled us ing ash dis per sion and sed i men ta -

tion (e.g., Bursik et al. 1992; Bonadonna and Phillips 2003).

In prin ci ple, lighter par ti cles should have lower ter mi nal ve -

loc ity and be dis persed over a lon ger dis tance than heavier

par ti cles, given sim i lar par ti cle sizes. The rel a tive abun -

dance of heavier par ti cles in ash-fall out de posit should thus

de crease with in creased trans port dis tance (Fierstein and

Nathenson 1992).

Two well-doc u mented ex am ples of these pro cesses

were the 1980 erup tion of Mt. St. Helen (VEI = 4) (Carey

and Sigurdsson 1982) and the 1991 erup tion of Mt. Pinatubo 

(VEI = 5) (Wiesner et al. 2004). Ob ser va tions of par ti cle

trans port from these two plinian erup tions (Fig. 9) show two

dis tinc tive fea tures: first, glass par ti cles tend to be come the

dom i nant con stit u ent (> 60 wt.%) as down wind dis tance

exceeds ca. 300 km from the source; and sec ond, the rel a -

tive crys tal abun dance is lower than ca. 40 wt.% when the

down wind dis tance ex ceeds ca. 300 km. Thus, as shown in

Fig. 9, as sum ing that the erup tion in ten sity and mag ni tude

were smaller than or equal to VEI of 5, the source vol ca noes

of the crys tal-rich lay ers should lie within roughly 250 km of 

Site MD01-2387 (the cir cle en clos ing the marked area in

Fig. 1). Fur ther more, con sid er ing the wind di rec tion dur ing
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Fig. 4. The Sr iso to pic ra tios vs. strati graphic depths for the 19 an a lyzed 

glass-rich lay ers. The leg ends used here are iden ti cal to that in Fig. 3a.
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Fig. 5. (a) Chronologic frame work for the up per por tion sed i ments in Hole ODP 767 B, as well as the ash lay ers his to gram and the eight ash lay ers with 

pub lished chem i cal data (SiO2 wt.%) of glass. (b) Tephra layer thick ness and num ber plot ted against depth in Core MD01-2387. Data sources for Hole 

ODP 767 B: Ship board Sci en tific Party 1990; Desprairies et al. 1991; Pouclet et al. 1991; Shyu and Mul ler 1991; Shyu et al. 1991; Schnei der et al.

1992; Oda et al. 2000. L.O. = low est oc cur rence; H.O. = high est oc cur rence. For def i ni tions of the lay ers, marked pairs 1 - 4, please re fer to the text.

(a) Hole ODP 767B (b) Core MD01-2387



the erup tion, pro spec tive source vol ca noes for the crys tal-

 rich lay ers should be lo cated within the vol ca nic prov inces

in the north ern (Sulu Arc), through the north east ern (Da -

guma- Sarangani Arc), and the east ern (north ern Sangihe

Arc) sides of Site MD01-2387 (Fig. 1). All pro spec tive

source vol ca nic cen ters for the crys tal-rich lay ers ap pear to

be re stricted to the north west ern part of the Group I vol ca nic

zone (Fig. 1). An other no ta ble phe nom e non is that the num -

ber of crys tal-rich lay ers de creases sig nif i cantly af ter 240 ka

(Fig. 8b). This in di cates that ex plo sive ac tiv i ties in the arcs

of north west ern Mindanao-Molucca Sea col li sion zone have 

de clined dur ing the past 240 kyrs.

5.2.2 Glass-Rich Layer (22 Lay ers)

The tephra source can be traced by cor re lat ing the che -

mical and iso to pic char ac ter is tics of the glass par ti cles with

those of the late Qua ter nary vol ca nic rocks sur round ing the

CSB. The Sr iso to pic ra tios of glass par ti cles, rang ing from

0.70376 to 0.70420 (Figs. 3a, 4), sug gest that the glass par ti -

cles were not erup tive prod ucts of the vol ca nic pro vinces in

the Group II vol ca nic zone (> 0.7056) (Fig. 3c) in the south -

ern Celebes Sea and Molucca Sea (Fig. 1). More over, the

iso to pic ra tios of the glass par ti cles were com pa ra ble with

those of the vol ca nic prov inces from the Group I vol ca nic
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Fig. 7. Strati graphic depth cor re la tion for four pairs of cor re la tive ash lay ers in IM AGES Site MD01-2387 and ODP Site 767. Based upon the depth of

the first oc cur rence of Emiliania huxleyi at Site ODP 767 (Shyu et al. 1991), its cor re spond ing depth in Site MD01-2387 can be es ti mated 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 es ti mated (338, 204, 187, and

151 ka) by sub tract ing the thick ness of ash lay ers in this core and as sum ing a con stant re la tion ship be tween the sed i men ta tion rates of the two sites.

Fig. 6. Four cor re la tive ash layer pairs of IM AGES Site MD01-2387

and ODP Site 767 in the (a) Na2O/K2O vs. SiO2 and (b) K2O vs. SiO2

di a grams. The bar length or box side rep re sents one stan dard de vi a tion.

(a)

(b)
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Fig. 8. (a) His to grams de pict num ber of ash lay ers and layer thick ness as well as (b) bar charts rep re sent ing the rel a tive por tion of var i ous types of

tephra lay ers plot ted against es ti mated age. Tephra sources for each type of lay ers are marked to the right side. The es ti mated age is based on the plot of 

Fig. 7. Data of ash lay ers are based on Ta ble 1. The bar length rep re sents the num ber of ash lay ers per 30 kyrs. Solid lines in black or white color within 

the boxes mark the po si tion of ash lay ers.

Fig. 9. Con sti tu tions of two well-in ves ti gated ash de pos its vary ing with trans port dis tances. Max i mum trans ported dis tances for the crys tal-rich lay ers

of Core MD01-2387 can be de lin eated by the es ti mated frac tion of glass par ti cles less than 43 wt.%, based on the na ture of their con sti tu tion (min eral

crys tals: > 50 vol.%, den sity of plagioclase and pyroxene: 2.62 - 3.96 g cm-3, den sity of glass pum ice (63 - 500 mm): 2.0 - 1.0 g cm-3 by Bonadonna and

Phillips 2003). Data sources for the two ash-fall out de pos its are from Carey and Sigurdsson (1982) and Wiesner et al. (2004), re spec tively.

(a) (b)



zone (< 0.7044) (Fig. 3b). Thus, the vol ca nic pro vinces in

the Group I vol ca nic zone, lo cated in the Min danao-

 Molucca Sea col li sion zone, were the most likely tephra

source ar eas for these glass-rich lay ers (Fig. 8b).

Type A Glass-Rich Lay ers

Type A glass par ti cles, with 3.4 to 7.6 wt.% Na2O+K2O

at > 73.0 wt.% SiO2, are rhy o lite (Fig. 3a). The to tal al ka lis

con tent (Na2O+K2O) vs. SiO2 plot of these glass par ti cles

(Fig. 3a), with its rel a tively higher SiO2, fall in the ex trap o la -

tion area of the com po si tion fields of lavas and pyroclastic

flows of the Group I vol ca nic zone (Fig. 3b). The lavas and

pyroclastic flows, from the Group I vol ca nic zone, are ba salt

to an de site or dacite. Nev er the less, it should be noted that

lava/ash with higher SiO2 con tent could have been pro duced

from the erup tion cen ter, and there fore yield ing, by frac tion -

ation crystalization, glasses with chem i cal prop er ties sim i lar 

to those of the Type A glass particles.

Type B Glass-Rich Lay ers

The glass par ti cles of Type B glass-rich lay ers, with a

com po si tion > 6.1 wt.% Na2O+K2O at 54.7 - 64.7 wt.%

SiO2, range in com po si tion from trachyandesite to trachyte

(Fig. 3a). The com po si tions of Type B glass par ti cles (Fig. 3a) 

over lap di rectly one of the com po si tion fields of vol ca nic

rocks in the Cen tral Mindanao Area (Fig. 3b). Fur ther more,

vol ca nic rocks in the Cen tral Mindanao Area (Fig. 3b), pos -

sess ing in ter me di ate SiO2 and higher to tal al ka lis con tent,

can be eas ily dis cerned from other vol ca nic prov inces of

Group I. Thus, par ti cles of the Type B glass-rich lay ers are

rec og nized as prod ucts of the Cen tral Mindanao Area. The

tephrostratigraphy shows that the Type B glass-rich lay ers

are not found in the in ter vals youn ger than ca. 151 ka (Fig. 8b),

sug gest ing that the ex plo sive vol ca nism with shoshonitic

com po si tion from the Cen tral Mindanao Area ceased ca.

151 ka.

Type C Glass-Rich Layer

The Type C glass par ti cles, with com po si tions of 3.1 -

5.2 wt.% Na2O+K2O and 50.6 - 55.8 wt.% SiO2, are ba salt

or ba saltic an de site (Fig. 3a). The Type C glass par ti cles

fall in the compositional fields of vol ca nic rocks of the

Group I vol ca nic zone (Fig. 3b) and can not be linked to a

spe cific vol ca nic prov ince by their ma jor el e ment char ac -

ter is tic alone.

5.3 Vol ca nic Ac tiv ity

The ma rine tephrostratigraphy of Core MD01-2387 re -

cords the episodicity of large ex plo sive vol ca nism of the

Mindanao-Molucca Sea col li sion zone (Group I vol ca nic

zone, Fig. 1) over the past 338 kyrs (Fig. 8) and shows that

af ter ca. 180 ka, ex plo sive vol ca nism from spe cific vol ca nic

ar eas of the col li sion zone (the north west ern col li sion area

and the post-col li sion vol ca nic area) ap pears to have un der -

gone a de cline. This is in ferred from source track ing the two

types of ash lay ers, i.e., the crys tal-rich lay ers and the dark-

 glass-rich lay ers of Type B com po si tion (Fig. 8b). The for -

mer sig nif i cantly at tenu ates in the shal lower se quence of the

core (< 1975 cm in depth) while the lat ter dis ap pears en tirely 

in the up per se quence of the core (< 1444 cm in depth)

(Table 1 and Fig. 2b). The de cline or ab sence of these ash

lay ers in di cates two im por tant traits of the ex plo sive erup -

tion his tory of the re gion: fewer large ex plo sive erup tions

since ca. 240 ka, and the ter mi na tion of large ex plo sive erup -

tions with shoshonitic com po si tion af ter ca. 151 ka (Fig. 8b). 

The for mer oc curred in arcs of the north west ern col li sion

area in clud ing the Sulu, Daguma-Sarangani, and north ern

Sangihe Arcs, while the lat ter is found in the post-col li sion

vol ca nic area (the Cen tral Mindanao Area). Thus, the ma rine 

tephrostratigraphy of Core MD01-2387 doc u ments better

the ex plo sive vol ca nic his tory for the youn gest part (late

Mid dle Pleis to cene) of the last ma jor vol ca ni cally ac tive

period (since ca. 2.5 Ma) of the vol ca nic prov inces in the

Mindanao-Molucca Sea col li sion zone (Group I vol ca nic

zone).

At is sue is whether the vol ca nic ac tiv ity in ferred from

the ma rine tephrostratigraphy of MD01-2387 be ing con sis -

tent with pre vi ous onland re ports. Two onland vol ca nic

prov inces of this col li sion zone (Group I vol ca nic zone) are 

re lated to the tephra re cords with the up ward at ten u a tion in

the core. They are: (1) the Cen tral Mindanao Area and (2)

the north west ern Mindanao-Molucca Sea col li sion area.

The first prov ince is con sid ered to be the source area for the 

Type B dark-glass-rich lay ers. The sec ond prov ince is sug -

gested to be the source for the crys tal-rich lay ers. A de -

tailed com par i son be tween pre vi ous onland stud ies of the

two pro v inces and the cur rent tephrostratigraphic re cord is

given in the fol low ing. In ad di tion, the pre vi ous onland re -

port for dis cuss ing the vol ca nic ac tiv ity of the south ern

Molucca Sea and Celebes Sea (Group II vol ca nic zone) is

also men tioned.

5.3.1 Cen tral Mindanao Area

The onland in ves ti ga tion of the Cen tral Mindanao Area

by Sajona et al. (1994) shows that potassic and shoshonitic

magmatisms oc curred fre quently be tween 0.8 - 0.36 Ma. No

ev i dence of potassic and shoshonitic magmatisms in the

Cen tral Mindanao Area dur ing the past 0.36 m.y. was found.

The fea ture of ex tinc tion of shoshonitic magmatism is ob -

served in many post-col li sion re gions such as west ern Ana -

tolia in Tur key and the Ro man vol ca nic prov ince in It aly

(Sajona et al. 1994, 1997). Core MD01-2387 shows five lay -

ers of glass par ti cles com posed of shoshonite and high-K se -
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ries (Type B lay ers) (Fig. 3a) cor re lat able to the vol ca nic

prov ince of the Cen tral Mindanao Area (Fig. 3b). Based

upon the fact that these Type B lay ers were de pos ited prior to 

ca. 151 ka (Ta ble 1, Fig. 8b), we sug gested that the ces sa tion

of the shoshonitic magmatism oc curred much youn ger than

what sug gested by pre vi ous onland stud ies which re ported

an ex tinc tion age of 0.36 ± 0.12 Ma us ing K-Ar dat ing

(Sajona et al. 1994, 1997, 2000b).

5.3.2 North west ern Mindanao-Molucca Sea Col li sion

Area

The north west ern Mindanao-Molucca Sea col li sion area

in cludes three vol ca nic prov inces: (1) the Sulu Arc, (2) the

Daguma-Sarangani Arc in the com plete-col li sion zone, and

(3) the north ern Sangihe Arc in the tran si tion-col li sion zone

(Fig. 1). Based on the dat ing re sults of the vol ca nic rocks in

the tran si tion-col li sion zone from the south ern end of

Daguma-Sarangani Arc down to Sangihe Is land (Fig. 1),

Morrice et al. (1983) found that the ter mi na tion of the Qua -

ter nary vol ca nism in the north ern Sangihe Arc was a re sult

of the con tin u ous weld ing of the two arcs in the Mindanao-

 Molucca Sea area. This ter mi na tion front has mi grated from

the south ern end of Mindanao Is land to Sangihe Is land

(Morrice et al. 1983). The south ward mi gra tion of the ter mi -

na tion of vol ca nism in the tran si tion-col li sion zone may ex -

plain the at ten u a tion of the crys tal-rich lay ers in the deep sea

ba sin since ca. 240 ka (Fig. 8b).

5.3.3 The South ern Molucca Sea and Celebes Sea

Given the pres ent wind pat tern (Tanaka et al. 2004), the

win ter wind would dis perse the erup tive prod ucts of the

volcanic prov inces in the south ern-south east ern side of the

CSB (Group II vol ca nic zone) to the stud ied site. Based

upon the con stit u ent of 27 crys tal-rich lay ers and the geo -

chem i cal char ac ter is tics of 22 glass-rich lay ers of Core

MD01- 2387, how ever, the vol ca nic prov inces in Group II

vol ca nic zone are not a main source for the tephra lay ers of

the core.

The MD01-2387 deep-sea re cord agrees with the re port

of onland in ves ti ga tion in Group II vol ca nic zone. Onland

in ves ti ga tion of fered fea tures of ex plo sive erup tions in three

prov inces (Vol cano Una Una, Cen tral Sulawesi Area, and

Bacan Is land). First, for the area of the Gorontalo Gulf, the

vol ca nic ac tiv ity was vir tu ally ex tinct dur ing the Qua ter nary

(Katili et al. 1963), with the ex cep tion of Vol cano Una Una,

which com menced erup tion in his tor i cal time (Katili et al.

1963; Katili and Sudradjat 1984). How ever, the stron gest

ex plo sive event in re corded his tory oc curred from April to

Oc to ber 1898 (Katili et al. 1963; Katili and Sudradjat 1984).

The ashes re leased from this event were blown to the west,

fall ing on Bor neo (Fig. 1), and did not reach Site MD01-2387. 

Sec ondly, for the Cen tral Sulawesi Area, the youn gest vol ca -

nic rock, Barupu Tuff, is re ported to be of an age be tween 0.61 

- 0.55 Ma by K-Ar dat ing (Priadi et al. 1994), that is older than 

the es ti mated age for the core bot tom of MD01-2387. Fi nally,

for the Bacan Is land, the vol canism re cord of onland in ves ti -

ga tions was re ported with long-term ex tinc tion of vol ca -

nism af ter ca. 2 Ma (Baker and Malaihollo 1996). There fore, 

the onland re ports for the fea ture of ex plo sive erup tions of

these three prov inces sup port the ex pla na tion of why the

tephra par ti cles of 22 lay ers in Core MD01-2387 (Fig. 3a)

do not match geochemically with the volcanics in Group II

vol ca nic zone (Fig. 3c).

5.3.4 Spa tial and Tem po ral Dis tri bu tion

The ma rine tephrostratigraphy of Core MD01-2387 do -

c u ments a de tailed ex plo sive vol ca nic his tory for the youn -

gest part (< 338 ka) of the last ma jor vol ca ni cally ac tive pe -

riod (< 2.5 Ma) in the Mindanao-Molucca Sea col li sion zone 

(Group I vol ca nic zone) and shows that the ex plo sive vol -

canic ac tiv ity in the Mindanao-Molucca Sea col li sion zone

has been de clin ing since ca. 180 ka. Com pil ing the re sults of

Core MD01-2387 and pre vi ous onland re ports and other

deep-sea tephra re cords, spa tial and tem po ral dis tri bu tion of

the ac tive vol ca nic area sur round ing the Celebes Sea can be

il lus trated (Fig. 10). Fol low ing the clo sure of the Molucca

Sea, af ter 2.5 Ma (Fig. 10a), vol ca nism was ac tive in many

vol ca nic prov inces in Mindanao-Molucca Sea col li sion zone,

ei ther re lated to the subduction sys tems or as so ci ated with

the post-col li sion magmatism (Pubellier et al. 1991; Sajona

et al. 1997). Af ter 240 ka (Fig. 10b), the ex plo sive vol ca -

nism in north west ern Mindanao-Molucca Sea col li sion zone 

tended to be less fre quent than what oc curred dur ing 240 -

338 ka. In the post-col li sion vol ca nic prov ince (i.e., Cen tral

Mindanao), vol ca nism with potassic-shoshonitic com po si -

tion was ac tive start ing around 0.8 Ma (Sajona et al. 1994),

but be came ex tinct ap prox i mately ca. 151 ka.

6. CON CLU SIONS

Tephrostratigraphy of pis ton Core MD01-2387 shows

that ash lay ers ac cu mu lated densely in the lower part of the

se quence (ca. 180 - 338 ka). The up-se quence de cline in the

pro por tion of ash lay ers im plies that the ex plo sive vol ca nic

ac tiv ity in the Mindanao-Molucca Sea col li sion zone has

been de clin ing since ca. 180 ka. The re cord pro vides new

evidence in sug gest ing that the shoshonitic magmatism in

Central Mindanao be came ex tinct ap prox i mately ca. 151 ka,

much youn ger than what re ported by pre vi ous onland

studies.
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