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ABSTRACT

Tephra ash fall and pyroclastic flows in the Celebes and Sulu seas provide a good record of the explosive volcanic
activity of the neighboring volcanic arcs. Distribution of volcanic ash layers vs. time is compared to the average
distribution in the Philippine Sea and tentatively correlated with the volcanic sequences known on the surrounding
landmasses. During early Tertiary (Eocene and Oligocene), the Celebes Basin recorded mostly the activity of the
large volcanic arc that could be the Philippine or more likely the Sunda arc.

Paradoxically, the west Philippine Basin shows a decrease of the ash component during the early Oligocene.
After the almost complete cessation of volcanic activity in the Philippine arc, no volcanic activity is noticeable
until the latest Miocene except pyroclastic flows on the flank of the Cagayan Ridge and the Sulu Basin. Therefore
volcanic series known in the Philippines and on Sabah during early Miocene (21-17 Ma) and middle Miocene
(15-11 Ma) may not have produced explosive volcanism. However, the pyroclastic flows of the Sulu Sea did not
generate ash-fall deposits within the sediments of the Celebes Sea. The first pyroclastic event is coeval with the
early middle Miocene tectonic event of Panay and Mindoro that brought the Cagayan arc against the Palawan
block. The second pyroclastic event, at 10 Ma, corresponds to the second collision phase of the Philippine arc
with the Eurasian margin. It is recorded in both the central Philippine Basin and Sulu Basin-but not in the
Celebes Basin-and fits well the activity of the older Sulu arc. No volcanic activity is registered until 7.5 Ma, when
a new subduction, probably the Sangihe arc, began with the geochemical signature of an immature island arc.
Early Pliocene tephras record a basaltic series that could correspond to the proximal volcanic ridges of northern
Zamboanga, followed by a relative absence of discrete tephra. The Pleistocene renewal of volcanic activity from
two different magmatic series are compatible with the incipient volcanism along the Cotabato Trench (immature
island arc geochemistry), and with the basaltic plateaus of the central cordillera of Mindanao. This new
geodynamic framework is consistent with new subduction along the Philippine Trench around 4 Ma as suggested

by the tephra of the west Philippine Basin.

INTRODUCTION

The Celebes and the Sulu seas (Fig. 1) are fringed with
volcanic arcs ranging in age from middle Eocene to Quater-
nary (Hamilton, 1979; Mitchell, 1986). One of these, the Sulu
arc, lies along the boundary between the Celebes and the Sulu
basins and extends onto Mindanao on the Zamboanga Penin-
sula. Other arcs are the north Sulawesi, bordering the Celebes
Sea on the south, the Sangihe, between the Celebes Basin and
the Molucca Sea, the nascent Cotabato, the Cagayan, sepa-
rating the inner and outer Sulu Basins, the Negros-west
Luzon, and the Philippine, on the present boundary between
the Eurasian margin and the western edge of the Philippine
Sea Plate. In addition, large volcanic centers that have not
been related to any active subduction exist in central Min-
danao.

The ash layers are tephra-fall deposits ranging in thickness
from 2 mm to 15 cm; they also contain detrital clay or silt
when slightly reworked by bioturbation. The tephra-fall de-
posits record explosive volcanism in volcanic landmasses that
surround the basins. Pyroclastic deposits, which are also
discussed in this paper, depend on regional volcanism (Klein,
1985). On the other hand, ash deposition is very dependant on

! Silver, E. A., Rangin, C., von Breymann, M. T., et al., 1991. Proc. ODP,
Sci. Results, 124: College Station, TX (Ocean Drilling Program).

2 Laboratoire de Geotectonique, UPMC, 75252, Paris Cédex 05, France,

3 Instituto di Scienze della Terra, Universita di Udine, Viale Ungheria,
1-33100, Italy.

4 Laboratoire de géotectonique et Petrologie, Univ. d'Orléans, France.

5 Philippines Inst. Volcanology and Seismology, Philippines.

6 Laboratoire de Geochimie, Universite de Paris Sud, France.

atmospheric circulation patterns, tectonically controlled vol-
canism (Kennett et al., 1977; Karig, 1983), and proximity to
island and seamount sources. In the Lesser Antilles arc, over
80% of the volcanics produced were deposited in the adjacent
seas, but the distribution and the relative proportion of ash fall
and pyroclastics is dependent on the morphology of the arc
slope and on the wind direction in the troposphere (Sigurdsson
et al., 1980). In addition, basaltic magmas are rarely repre-
sented as ash deposits. Therefore, effusive volcanic series
dated on land are not necessarily present as ash layers within
contemporaneous sediments, and volcanic activity likely will
be detected by the presence of detrital-weathering smectite.
Once the source is known, dating of the sediments can provide
reliable ages for the beginning of volcanic arc activity that is
often difficult to date on land.

PRESENT AND PALEOWIND SYSTEMS

The ash particles, mainly glass shards, pumice, and crys-
tals, sometimes mixed with lithic fragments, are carried by
prevailing winds, including the upper atmosphere wind cur-
rents.

The present wind pattern (Times Atlas of the World, 1977)
indicates that, during winter, the Philippine arcs (Philippine
arc, Negros arc, Cotabato arc, Luzon arc), and to a minor
extent the arcs of the central and eastern Philippine Plate,
could act as sources for the ash layers of both Celebes and
Sulu basins. South of the present Equator, north-directed
winds could transport ash particles from the Sunda arc (Figs.
3 and 4) up to the Celebes Basin.

During July, most of the air masses move northward and
would disperse ash from the western and southwestern Ring
of Fire in the Philippine Sea. Kinematic and paleomagnetic
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Figure 1. Sketch map showing the dominant volcanic belts, arcs, and basins. 1: Pliocene-Quaternary ages, 2: Neogene,

and 3: Paleogene-latest Oligocene (Philippine arc).

data reveal that the Philippine Sea Plate has rotated clock-
wise since early Cenozoic time by about 40° (Karig, 1975;
Louden, 1977; Klein and Kobayashi, 1980; Ranken et al.,
1984), inducing subduction of its northern side along the
Nankai Trench and oblique collision with the eastern margin
of Eurasia since early Neogene time (Jolivet et al., 1989).
During the same period, Australia has been moving north-
ward relative to Eurasia, inducing closure of the marginal
basins of Eurasia (Rangin and Pubellier, 1990). Thus, we
assume that no continent or major mountain belt on the
Pacific side could drastically change the wind pattern during
the late Tertiary.

METHODOLOGY AND RELIABILITY OF DATA

We plotted all the discrete ash layers (disregarding scarce
dispersed ash in hemipelagic or pelagic sediments) vs. time,
taking into account core recovery. We calculated the recovery
within each time interval according to the method developed
by Cadet and Fujioka (1980) and Cadet et al. (1990) (Fig. 2).
Ash layers are dated using biostratigraphic (scale of Berggren,
1985) or magnetostratigraphic markers, and ages are extrapo-
lated between markers according to the sedimentation rates,
The chosen time unit is 0.5 Ma except for the basal part of the
sections, for which it is 1 Ma. Petrographic and geochemical
study of the most representative samples of each peak of ash
layer frequency allowed us to correlate between sites. We did
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electro-probe microanalyzer and atomic emission spectrome-
ter as well as X-ray fluorescence studies. Detailed discussion
of these analyses is given by Pouclet et al. and Desprairies et
al. (both, this volume).

Aside from the tephra-fall deposits, which often are altered
when older than Pliocene, we considered extensive pyroclas-
tic flows of the Sulu Sea Basin sites (see below). Likewise,
reworked ash materials near the bottom part of the section in
the Celebes Basin were included, as they indicate possible
contemporaneous volcanic activity on land and the large
amount of clastic turbidites of late early Miocene. Neverthe-
less, due to the high grade of alteration of the lower part of the
sections, few reliable data can be extracted from the Celebes
Basin prior to late Oligocene.

CELEBES SEA

Three major peaks in ash-layer frequency are present at
Site 767 of Leg 124 (Fig. 2) in the northern Celebes Sea. Spot
coring in Site 770 did not allow any correlation.

The most recent peak is Pleistocene to Holocene in age
(younger than 2.5 Ma) and is composed of numerous vitric
white-to-light-gray ash layers present above 200 mbsf. In
some layers, glass content is up to 95% and shows a rhyolitic
to dacitic composition with medium to high K,O and Na,O
content. These tephras are produced by large-magnitude
explosive eruptions (plinian to ultraplinian) (Walker, 1973) as
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Figure 2. Ash layers and volcaniclastic gravity flows frequency vs. 0.5 Ma time-interval histogram. From data compiled at DSDP Site 292 and

ODP Sites 767, 768, and 769.

described by Sigurdsson et al. (1985) in the Lesser Antilles.
These tephras, with high alumina-moderate alkali content,
which may correspond to a high alumina basalt series (Pouclet
et al., this volume).

Explosive volcanic activity seems to vanish between 2.5
and 4 Ma. A change in the nature of the alteration products of
volcano-derived materials also coincides with the beginning of
this period around 4 Ma (Desprairies et al., this volume).

The late Miocene to early Pliocene (410-250 mbsf and ap-
proximately 8—4 Ma) is a period of intermittent ash deposition. A
large part of the glass is altered into phillipsite and Al-beidellite
(Desprairies et al., this volume), but the rest displays andesitic
composition (Pouclet et al., this volume). Glass shards are
present, together with abundant lithic fragments, plagioclase,
hornblende and pyroxene. The type of fractionation and the low
Al and alkalies contents characterize the moderately potassic
andesitic series of an immature island arc (Pouclet et al., this
volume). This composition may indicate a renewal of volcanic
activity of the Sangihe (and Negros) trenches, at least by early
Pliocene time (Figs. 1 and 4).

During early and middle Miocene, (mostly between 400 and
650 mbsf) no discrete ash layer is recognizable and the
lithostratigraphic column is dominated by detrital grains in-
cluding thick turbidites in which the volcaniclastic fraction, if
present, is represented by silt-sized plagioclase. The paucity
of ashy material (Fig. 2) within the hemipelagic claystone is
also difficult to interpret. It could be either a gap in the
volcanic activity, a period of more effusive volcanism, or a
dilution by the turbidites. Clay component analyses (Rangin,
Silver, von Breymann et al., 1990) show a general decrease in
the weight-percent smectite, down to 10%, that fits with the
increase of the terrigenous fraction marked by the transition
from massive claystone to silty claystone. This curve is

disrupted by sharp peaks with values as high as 80%. This
could be interpreted as a general dilution of the smectite that
remained high between occurrences of turbidites. Alterna-
tively, the presence of sharp intervals of volcanic-derived
material polluting a low-smectite sedimentary background
cannot be excluded.

From the Mid-Eocene to early Miocene (below 700 mbsf),
a few diffuse ash beds are present, scattered in reddish pelagic
claystone. In this interval, the frequency diagram must be
interpreted with caution. This low-amplitude peak corre-
sponds in fact to a few occurrences of ash layers between
Cores 124-767C-76X and -9R in Hole 767C, but due to
sedimentation rate and compaction, they are distributed over
a wide span of time. Although the ash layers are reworked, the
morphology of glass reflects more-or-less contemporaneous
volcanic activity onshore with a maximum at the Oligocene-
Miocene boundary. Fresh glass is present that shows rhyolitic
composition and whose morphology reflects explosive volca-
nism. In addition to glass, volcanic components include crys-
tals and lithics. However, secondary minerals indicate in-situ
alteration of glass that could have been more abundant orig-
inally. In this portion of the section, smectite content is
paradoxically rather low compared to the portions where no
discrete ash is observed. This possibly indicates that the
smectite comes directly from the alteration of glass in sifu. In
such a case, all of the lower part of the section in the Celebes
Basin would have remained in an environment influenced by
volcanogenic input.

SULU SEA

Ash distribution in the Sulu Sea is fairly homogenous
throughout the lithostratigraphic columns of Sites 768 and 769,
located in the southeast Sulu Basin and on the southeastern

461



M. PUBELLIER, ET AL.

Q|Plio|

Late | Mid. | Early
Miocene

Late [Early | L.IE.]
Oligocene Eocene|

Phil. Sea Basin
Celebes 767 |— —+—

0O 5 10 15 20 25 30 35 40

Sulu 768 —
Cagayan769
Mindoro-Tablas—

f— — ———— ——

Sabah
S.Zamboanga | _

DagumaSangihe____
Central Phil.
E.Mindanao

E.Panay
Sunda arc -

— o — ]

Figure 3. Correlation of the volcanic sequences in landmasses surrounding basins, with the tephra-fall
deposits in the sediments of Sulu and Celebes basins.

flank of the Cagayan Ridge, respectively (Fig. 1). Spot coring
at Site 771 did not allow correlation. Diagrams (Fig. 2) show a
long period of activity from the end of Tortonian (7 Ma) to
Present in which two peaks can be distinguished.

The most recent peak is during the Pleistocene to Present
and shows rhyolitic to andesitic compositions, mostly rep-
resented by abundant glass and frequent crystals in both
Sites 768 and 769 (Rangin, Silver, von Breymann, et al.,
1990). Analyses of glass and minerals show moderate potas-
sic andesitic series of an immature island arc at least in the
middle to late Pleistocene strata of Site 769 (see Pouclet et
al., this volume). The source of these tephras is difficult to
establish because many volcanic arcs are active during this
period of time, including the Sangihe arc, the Cotabato arc,
the central Mindanao volcanic chain, the Sulu arc, and the
Pleistocene and Holocene west Philippine arc (Figs. 1, 3,
and 4).

The end of the Pliocene is marked by a decrease in the
frequency of ash layers at both sites of the Sulu Sea, accom-
panied by a significant increase in the crystal fraction of the
volcaniclastic deposits (Rangin, Silver, von Breymann et al.,
1990). Nevertheless, a probable high-alumina basalt series
origin is detected in late Pliocene-early Pleistocene tephras.
On land, close to the southeastern coast of the Sulu Sea,
post-upper Pliocene basaltic flows (undated) compose the
large northwest-southeast Aurora Ridge in northern Zam-
boanga and have been lately affected by extensional and
wrench-faulting tectonics.

The second peak in volcanic activity is centered around 4
Ma and is characterized by the absence of glass, or a very
weak proportion of the glassy fraction, relative to both crystal
and lithic fractions. However, the increase of the clayey
fraction may also be due to the alteration of glass.

Late early Miocene (17 Ma) to middle upper Miocene (7 Ma)
is a time of relative quiescence of explosive volcanic activity, as
the sedimentation is dominated largely by hemipelagic clay-
stone. Although no ash layer is recorded on top of the Cagayan
Plateau (Site 771) nor on the flank of the Cagayan Ridge (Site
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769) during this period, several thick fining-upward sequences of
tuff have been drilled in the Sulu Basin (Site 768) that document
a short period of activity between 12 and 9.5 Ma. These deposits
are definitely reworked together with plant debris and detritals
but contain very fresh angular glass that attest to nearly contem-
poraneous eruptions of a mature arc with high-K andesites series
(Pouclet et al. this volume). Considering the data on the Cagayan
Ridge that indicate cessation of arc activity by early middle
Miocene (Fig. 3), and because these tuffs were emplaced by
gravity flows, the source may be located on the southern side of
the basin, on the Sulu arc.

Late early Miocene strata are dominated by the emplace-
ment of gravity flows of coarse and fine vitric tuff and
lapillistones (Fig. 2). This part of the section is 197 m thick at
Site 768 (Fig. 2) and is composed of mudstone and fine tuff
with turbidite-like graded bedding and laminar flows of volca-
niclastic materials, bearing partially devitrified glass shards
and pumice. Hence we arbitrarily gave a maximum value to
the ash frequency to saturate the diagram and keep its
consistency. At Site 769 (Figs. 1 and 3) and Site 771, on the
Cagayan Ridge, submarine and subaerial hyaloclastites of
coarse tuff containing generally altered glass in addition to
pyroxene and plagioclase have been found. Fresher material
revealed a basaltic to andesitic composition with a signature of
immature arc (Pouclet et al., this volume). At the base of the
southeast Sulu Basin (Site 768), pyroclastites share similar
characteristics (immature to intermediate) although rhyolitic
compositions are also found. Basement underlying the hyalo-
clastites was not drilled. However, seismostratigraphic and
petrographic observations allow us to correlate the volcani-
clastic deposits in both Cagayan Ridge and Sulu Basin, where
they overlay and post-date the basement together with a few
meters of pelagic sediments. These sediments, although they
contain minor amounts of glass and volcanic minerals, do not
show well on the graphs (Fig. 2) because of the imprecisions of
biostratigraphic data. These observations therefore suggest
that the Cagayan arc was at least still active after the spread-
ing had begun.
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CORRELATIONS AND DISCUSSION

Frequency of ash beds and dispersed ash in hemipelagic
and abyssal deposits reflects the influence of the explosive arc
volcanism surrounding the basins.

The Eocene-Oligocene volcanic activity recorded in the
sediments of the Celebes Basin is coeval with the volcanic
event dated around Zones NP23-24 (Rangin, Bellon, et al.,
1990) in Sabah (Fig. 1). Its tectonic setting remains unclear,
but it may be related to the subduction of a proto South China
Sea (Holloway 1982, Taylor and Hayes, 1983) (Fig. 4). An-

other interpretation is to consider that these ash layers origi-
nated from the large volcanic arcs fringing the southern
margin of Eurasia or the western margin of the Philippine Sea
Plate. However, kinematic and paleomagnetic data from
DSDP Site 292 (Karig, 1975; Louden, 1977; Klein and Koba-
yashi, 1980, Ranken et al., 1984) indicate a northward motion,
of about 30°, of the Philippine Sea Plate carrying the volcanic
arc extending from Halmahera to Mindanao and Luzon (Phil-
ippine Mobile Belt). This arc was therefore farther south
during the Eocene (Fig. 4). The peak between 37 and 40 Ma
observed in the Philippine Sea Basin probably shows the
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beginning of the activity of the arc, as Site 292 appeared to
move away from the source with time. Comparison with the
distribution of ash layers at Site 292 shows that the 32-Ma
peak does not exist in the west Philippine Basin, supporting
this hypothesis. The other source for the ashy sediments of
the Celebes Sea is the Sunda volcanic arc, which may have
extended through Sulawesi, where late Eocene volcanism was
dated during summer 1990 (C. Rangin, pers. comm., 1990) and
was the result of the subduction of the Indian Ocean beneath
the Eurasian margin. Thus the peak in volcanic activity
observed around 32 Ma could correspond to the proximity of
both arcs by early Miocene time, when the Philippine arc
reached the vicinity of the Celebes Sea.

The presence of ash layers around 25 Ma in the Celebes
Sea fits very well with a maximum in the Philippine Sea Basin
(Fig. 2) that corresponds to the activity of the Palau Kyushu-
Bonin arc prior to splitting. If this is correct, the source of
these tephra is located even further from the Celebes Sea. On
the contrary, the relatively small volcanic arcs of Sulu,
Cagayan, and the North Sulawesi arm do not appear at all in
either the Celebes Basin or in the Philippine Sea Basin as
discrete ash. The coeval activity recorded in the west Philip-
pine Basin during Middle and early late Miocene seems
therefore to be more related to subduction of the Pacific
behind which the Shikoku Basin opened. Thus, it seems that
we can only detect, in remote marginal basins, large and
durable volcanic arcs.

Early Miocene pyroclastic flows of Sites 768, 769, and 771
have a source near the Sulu Sea. The correlation between the
pyroclastic flows of the Sulu Basin, which post-date at least
this part of the oceanic basement, and the hyaloclastites of the
Cagayan Ridge suggests that the Cagayan ridge hyaloclastites
do not belong to the arc that generated the back-arc basin.
Furthermore, we cannot forget that if no volcanism exists
below the Cagayan Ridge hyaloclastites before 17 Ma, the
Cagayan arc is not the remnant arc for this part of the Sulu Sea
back-arc basin. Volcanic series that include tuffs are known in
the Philippines (Panay Island) and Sabah during Burdigalian
time (20-16 Ma, Rangin and Pubellier, 1990), and are not
recorded within the sediments of the Celebes and Sulu basins.
We have to consider the possibility that volcanic activity was
present on the Cagayan-Sulu arc prior to the opening of the
basin, slowed down during the deposition of the brown clays
around 17 Ma, and finally appeared again as pyroclastic flows
(still in the nannofossil Zone NN35). On the other hand, the
Sulu Sea pyroclastics could have originated in the Sulu arc
southward (although they leave no trace within the sediments
of the Celebes Basin). These pyroclastics would correspond to
an early subduction of the newly born Sulu Basin. In any case
they faded at around 15 Ma, at the time when collision
occurred in Mindoro and Panay (Rangin, 1989). This middle
Miocene period corresponds in both basins to a gap in
tephra-fall deposits that accompanied an increase in continen-
tally derived sediments (Rangin, Silver, von Breymann et al.,
1990). It is related to a period of active erosion in the
Philippines.

Late Miocene volcanic tuff reworked as turbidites was
deposited around 10 Ma. It is found only in the Sulu Basin at
atime when the illite/smectite content is the highest in the clay
fraction and the detrital input is maximum in both basins.
These volcanics range from dacite to evolved rhyolite. If the
tuffs came preferentially from the Sulu Archipelago, then the
Celebes Basin was protected from these volcaniclastic tur-
bidites by a trench or ridge, possibly the tilted blocks offshore
southern Zamboanga (Hinz and Block, 1990). In Zamboanga,
east of the Sibuguey Gulf, the upper part of the Lumbog
formation of middle Miocene contains pyroclastic flows (Go-
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tas Member) which are not dated (Antonio, 1972). All along
the Zamboanga Peninsula, thick volcanic series of andesites
and volcaniclastics postdate Zone NNS5 calcareous sediments
and are covered uncomformably by the Lumbog formation.

This time of deposition is consistent with the ages obtained
in northeastern Kalimantan (BRGM, 1982) in northeastern
Sabah, where isotopic K/Ar ages between 13 and 10 Ma were
found (Rangin, Jolivet, et al., in press, Fig. 3), and the Antique
Range of Panay where highly deformed volcanics in the
collision front bear nannofossils of Zone NN9 (Rangin et al.,
1989). Therefore this second pyroclastic episode also appears
just prior to the collision of the Philippine arc with the
Eurasian margin, which occurred 10 Ma ago. This episode is
contemporaneous with a peak in the west Philippine Basin,
between 12.5 and 10 Ma.

In both Celebes and Sulu basins, volcanic activity is
intense between 0 Ma and 7 Ma (late Miocene to present) and
is coeval with the beginning of subduction in Sulu and Negros
trenches (Mitchell et al., 1986) but also to the Sangihe arc and
the Luzon arc (Wolfe, 1981). In the northern arm of Sulawesi,
volcanic activity is recorded from 7 to 4 Ma and is still active
in the northeast. This period exhibits two peaks well separated
by an apparent lack of volcanic ash-fall deposits in the Celebes
Basin (between 2.5 and 4 Ma), as well as a significant decrease
in the Sulu Sea (1.5 and 3.5 Ma on the Cagayan Ridge; 2 and
3.5 Ma in the Sulu Basin). In addition, these age groups differ
slightly in petrological composition. The discrepancy in these
ages (8 Ma in the Celebes Basin, 7.5 and 6.5 Ma on Cagayan
Ridge and in Sulu Basin) is less than the deviation of errors
and cannot be considered significant.

The latest Miocene to earliest Pliocene volcanism corre-
sponds on land to a compressive event marked by an uncon-
formity or cessation of sedimentation in the basins that
developed within the Philippine arc (Pubellier and Rangin
1989, Rangin and Pubellier, 1990, Aurelio et al., 1990). Also,
transpressional features formed along the suture between the
Philippine arc and the Eurasian margin along the Cotabato
Basin (Pubellier et al., 1990). The collision between the
Philippine arc and the Eurasian continental fragments led to
the reversal of the subduction into the present Philippine
Trench. It also generated the new Negros, Sulu, and Cotabato
subduction zones. This event corresponded to a maximum in
the ash-layer frequency but, due to lack of reliable ages on the
late Tertiary volcanic centers south of Luzon, it is difficult to
assign a specific source to the tephras found in the basins. The
maximum observed can be divided into two peaks, of which
only the older one (between 7 and 5 Ma) appears in the
Philippine Sea Basin. It is characterized by medium K rhyo-
lites, dacites, and abundant andesites from an immature arc
(Pouclet et al, this volume). All the volcanic centers in
Negros, Sulu, and east Philippines seem too young to have
generated these tephras. Only the Sangihe arc, whose remnant
slab extends northward beneath Mindanao Island, could be
the source. It would vanish around 5 Ma when the Philippine
arc docked with the Eurasian margin at the Miocene/Pliocene
boundary.

The most recent peak, younger than 2.5 Ma, is prominent
in both Sulu and Celebes Basins, as well as in the west
Philippine Basin and the Japan Sea (Leg 127). It represents a
well-documented change in the geodynamic evolution of the
western Pacific that is dominated by the beginning of collision
in Taiwan (Barrier, 1986) and in the Molucca Sea (Moore and
Silver, 1982). However, its amplitude only reflects the very
good preservation of the tephras. The older part of this peak in
the Sulu Sea (lower to middle Pleistocene) clearly shows
andesites, dacites, and rhyolites with high K (and low Al)
contents, reflecting the existence of an immature arc (Pouclet



et al., this volume). This could be related to either incipient
subduction along the Cotabato Trench, which is responsible
for the large volcanoes of North and South Daguma Range
(Fig. 1), or to the reactivation of subduction along the Sulu
Trench. This time interval is also filled by numerous radio-
metric ages in Luzon (Wolfe, 1981).

In the same time interval, Celebes Sea sediments recorded
tephras produced by plinian to ultraplinian explosive volca-
nism with high alumina basalt series. They seem compatible
with the tremendous amount of the central cordillera basaltic
plateau of Mindanao that revealed radiometric ages between
0.25 and 1.15 Ma and are located along major north-south
strike-slip fault zones (Pubellier et al., 1990). Volcanoes of
central Mindanao include the Apo Mountain and are among
the sources nearest to the Celebes Sea drilling sites. This
interpretation is supported by the absence of such geochemi-
cal characters within the tephra of Sulu sediments.

REFERENCES

Antonio, L. R., 1972. Geology and Mineral Resources of East Central
Zamboanga Peninsula, Mindanao, Philippines. Phil. Bur. Min.
Rep.

Aurelio, M. A., Rangin C., Barrier E., Muller C., 1990. Tectonique du
segment central de la Faille Philippine (Région de Bondoc-Mas-
bate): un décrochement trés récent. C. R. Acad. Sci. Ser. 2,
310:403-410.

Barrier, E., Angelier J., 1986. Active Collision in Eastern Taiwan: the
coastal range. Tectonophysics,125:39-72.

Berggren, W. A, Kent, D. V., Flynn, J. J., and Van Couvering, J. A.,
1985. Cenozoic geochronology. Geol. Soc. Am. Bull., 96:1407—
1418.

BRGM, 1982. Geological mapping and mineral exploration in north-
eastern Kalimantan 1979-1982, final report. Rapp. Bur. Rech.
Geol. Min., 82 RDM 0007A0.

Cadet, J. P., and Fujioka, K., 1980. Neogene volcanic ashes and
explosive volcanism: Japan Trench transect, Leg 57, Deep Sea
Drilling Project. In von Huene, R., Nasu, N., et al., Init. Repis.
DSDP, 56, 57 (Pt. 2): Washington (U.S. Govt, Printing Office),
1027-1041.

Cadet, J. P., Pouclet, A., Cambray H., 1990. Les cendres volcaniques
du Pacifique oriental, enregistrement du volcanisme explosif de
I'"Amerique Centrale (large du Mexique et du Guatemala: legs 66,
67, et 84 du Deep Sea Drilling Project). Bull. Soc. Geol. Fr.,
8:37-47.

Hamilton, W., 1979. Tectonics of the Indonesian region. Geol. Surv.
Prof. Paper U.S., No. 1078.

Hinz, K., and Block, M., 1990. Summary of geophysical data from the
Sulu and Celebes seas. InRangin, C., Silver, E. A., and von
Breymann, M. T., et al., Proc. ODP, Init. Repts., 124: College
Station, TX (Ocean Drilling Program), 87-92.

Holloway, N. H., 1982, The stratigraphy and tectonic relationship of
Reed Bank, North Palawan, and Mindoro to the Asian Mainland
and its significance in the evolution of the South China Sea. AAPG
Bull., 66:1357-1383.

Jolivet, L., Huchon, P., and Rangin, C., 1989. Tectonic setting of
Western Pacific marginal basins. Tectonophysics, 160:1065-1069.

Karig, D. E., 1975. Basin genesis in the Philippine Sea. In Karig, D.
E., Ingle, J. C., Jr., et al., Init. Repts. DSDP, 31: Washington,
D.C. (U.S. Govt. Printing Office), 857-879.

Karig, D. E., 1983. Temporal relationships between back-arc basin
formation and arc volcanism with special reference to the Philip-

TEPHRAS IN CELEBES AND SULU BASINS

pine Sea. In Hayes, D. E. (Ed.), The Tectonic and Geological
Evolution of Southeast Asian Seas and Islands (Pt. 2): Am.
Geophys. Union. Monogr. 27:318-325.

Kennett, J. P., McBirney, A. R., and Thunell, R. C., 1977. Episodes
of Cenozoic volcanism in the circum-Pacific region. J. Volcanol.
Geotherm. Res., 2:145-163.

Klein, G. D., 1985. The control of depositional depth, tectonic uplift,
and volcanism on sedimentation processes in the back-arc basins
of the Western Pacific Ocean. J. Geol., 93:1-25.

Klein, G. D., and Kobayashi, K., 1980. Geological summary of the
North Philippine Sea based on Deep Sea Drilling Project Leg 58
results. In Klein, G. deV., and Kobayashi, K., et al., Init. Repts.
DSDP, 58: Washington (U.S. Govt. Printing Office), 951-962.

Louden, K. E., 1977. Paleomagnetism of DSDP sediments, phase
shifting of magnetic anomalies, and rotations of the West Philip-
pine Basin. J. Geophys. Res., 82:2989-3002.

Mitchell, A.H.G., Hernandez, F., and Dela Cruz, A. P., 1986.
Cenozoic evolution of the Philippine Archipelago. J. Southeast
Asian Earth Sci., 1:3-22.

Moore, G. F., Silver E. A., 1982. Collision processes in the Northern
Molucca Sea. In The Tectonic and Evolution of Southeast Asian
Seas and Islands (Pt. 2). Geophys. Monogr. Ser., 27:360-372.

Pubellier, M., Rangin C., 1989. The Philippine Mobile Belt from Bicol
to Mindanao (Philippines): old structures and neotectonics. Eos,
70:1365.

Pubellier, M., Rangin C., Quebral R., Deffontaines B., 1990. Where is
the extension of the Molucca Sea collision zone in Mindanao?
Inter. Interdisciplinary Meeting ‘‘Orogenesis in Action,”" Geol
Soc. London, 18-20 April 1990. (Abstract)

Rangin, C., 1989. The Sulu Sea, a back arc basin setting within a
Neogene collision zone. Tectonophysics, 161:119-141.

Rangin, C., Bellon, H., Benard, F., Letouzey, J., Muller, C., and
Tabhir, S., 1990. Neogene arc continent collision in Sabah: North-
ern Borneo (Malaysia). Tectonophysics, 183:305-~319.

Rangin, C., Jolivet, L., Pubellier, M., and Tethys Pacific Working
Group, in press. A simple model for the tectonic evolution of
Southeast Asia and Indonesia regions for the past 43 Ma. Bull.
Soc. Geol. Fr,

Rangin, C., Pubellier, M., 1990. Subduction and accretion of oceanic
fragments along the Eurasian margin: southern Japan-Philippine
region. Some constrains for continental growth. In Aubouin, J.,
and Bourgois, J. (Eds.), Tectonics of Circum Pacific Continental
Margins, (V.S.P International Publ.), 139-144.

Rangin, C., Silver, E. A., von Breymann, M. T., et al., 1990. Proc.
ODP, Init. Repts., 124: College Station, TX (Ocean Drilling
Program).

Ranken, B., Cardwell, R. K., and Karig, D. E., 1984. Kinematics of
the Philippine Sea Plate. Tectonics, 3:555-575.

Sigurdsson, H., Sparks, R.S.1., Carey, S. N., and Huang, T. C., 1980.
Volcanogenic sedimentation in the Lesser Antilles arc. J. Geol.,
88:523-540.

Times Atlas of the World, 1977. London (Times Books).

Walker, G.P.L., 1973. Explosive volcanic eruptions—a new classifica-
tion scheme. Geol. Rundsch., 62:431-446.

Wolfe, J. A., 1981. Philippine geochronology. J. Soc. Geol. Phil.,
35:1-30.

Date of initial receipt: 6 June 1990
Date of acceptance: 26 November 1990
Ms 124B-143

465



