JOURNAL OF PETROLOGY VOLUME 47 NUMBER 2 PAGES 277-299 2006 doi:10.1093/petrology/egi075

Petrology and Geochemistry of West

Philippine Basin Basalts and Early Palau—

Kyushu Arc Volcanic Clasts from ODP Leg
195, Site 1201D: Implications for the Early
History of the Izu—Bonin—Mariana Arc

IVAN P. SAVOV', ROSEMARY HICKEY-VARGAS?,
MASSIMO D’ANTONIO?, JEFFREY G. RYAN' AND

PIERA SPADEA*

'GEOLOGY DEPARTMENT, UNIVERSITY OF SOUTH FLORIDA, TAMPA, FL 33620, USA

DEPARTMENT OF EARTH SCIENCES, FLORIDA INTERNATIONAL UNIVERSITY, MIAMI, FL 33199, USA
*DIPARTIMENTO DI SCIENZE DELLA TERRA, UNIVERSITY FEDERICO II, NAPOLI 80138, ITALY, AND
OSSERVATORIO VESUVIANO, ISTITUTO NAZIONALE DI GEOFISICA E VULCANOLOGIA, NAPOLI, ITALY
'DIPARTIMENTO GEORISORSE E TERRITORIO, UNIVERSITY OF UDINE, UDINE 33100, ITALY

RECEIVED MARCH 17, 2004; ACCEPTED JULY 28, 2005
ADVANCE ACCESS PUBLICATION AUGUST 31, 2005

Site 1201D of Ocean Drilling Program Leg 195 recovered basaltic
and volcaniclastic units from the West Philippine Basin that docu-
ment the earliest history of the Lzu—Bonin—Mariana convergent
margin. The stratigraphic section recovered at Site 1201D includes
90m of pillow basalts, representing the West Philippine Basin
basement, overlain by 459 m of volcaniclastic turbidites that formed
Jrom detritus shed from the Eocene—Oligocene proto-Tzu—Bonin—
Manana island arc. Basement basalts are normal mid-ocean ridge
basalt (N-MORB), based on their abundances of immobile trace
elements, although fluid-mobile elements are enriched, similar to
back-arc basin basalts (BABB). Sr, Nd, Pb and Hf isotopic
composuitions of the basement basalts are similar to those of basalts
Jrom other West Phulippine Basin locations, and show an overall
Indian Ocean MORB signature, marked by high *°*Pb/***Pb for
a given 29°Pb/?°*Pb and high '7CHf/'77 Hf for a given '*>Nd/
"N, Trace element and isotopic differences between the basement
and overlying arc-derwed volcaniclastics are best explained by the
addition of subducted sediment or sediment melt, together with
hydrous fluids_from subducted oceanic crust, into the mantle source
of the arc lavas. In contrast to tectonic models suggesting that a
mantle hotspot was a source of heat for the early Izu—Bonin—
Mariana arc magmatism, the geochemical data do not support an
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enriched, ocean island basalt (OIB)-like source for either the base-
ment basalts or the arc volcanic section.
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INTRODUCTION

The ‘Subduction Factory’ experiment represents an
effort by geophysicists, geochemists and petrologists to
model the processes of element recycling at convergent
plate margins. The conceptual framework of such
modeling is based on the assumption that there must be
a balance between what and how much is added to
the Earth’s mantle via subduction (slab inputs) and the
quantity and composition of island arc lavas, the residual
slab and associated forearc and back-arc regions (arc
outputs). As summarized by Stern et al. (2003), the
Izu-Bonin-Mariana (IBM) arc system presents an out-
standing opportunity to study the operation of the
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Subduction Factory at an intra-oceanic convergent mar-
gin because:

(1) its history is well constrained,

(2) samples have been obtained of the entire slab
inventory (input) including the sedimentary column
approaching the trench and the underlying altered ocea-
nic crust (AOC) (Plank & Langmuir, 1998; Kelley et al.,
2003);

(3) there is no accretionary prism, so sediments are
completely subducted;

(4) there are four opportunities across the arc to
sample materials produced by the Subduction Factory
(outputs)—the forearc, the active magmatic arc, across-
arc seamount chains and back-arc basins.

One major question about the IBM arc is how subduc-
tion was initiated, and how arc magmatism (i.e. outputs)
has varied in composition over the history of the arc
(Hickey-Vargas & Reagan, 1987; Hickey-Vargas, 1989,
1991; Stern et al., 1991; Arculus et al., 1995; Pearce et al.,
1999; Reagan et al., 2002). To understand element recyc-
ling at a specific convergent margin, we need to know
what are the temporal and spatial input-output vari-
ations through time. In the IBM arc, fragments of the
older Eocene—Oligocene proto-arc are preserved both in
the forearc and in the Palau—Kyushu Ridge remnant arc
(Fig. 1). One of the most exciting findings of Ocean
Drilling Program (ODP) Leg 195 was that the section
cored at Site 1201D sampled both West Philippine Basin
floor and overlying arc volcanics shed from the Palau—
Kyushu Ridge, a situation that is not found in any other
locale to date. In this paper we report on the geochemical
and isotopic features of this section, including samples
from the West Philippine Basin oceanic crust on which the
proto-IBM arc was formed, as well as the volcanic pro-
ducts of this early arc (Palau-Kyushu Ridge volcanics).

REGIONAL GEOLOGY AND

ODP SITE 1201D

The West Philippine Basin (WPB) opened within the
Philippine Sea Plate (PSP) between about 65Ma and
35Ma by spreading along the now extinct Central
Basin spreading center, which is marked at present by
the Central Basin Fault (CBT, Iig. 1). Despite exploration
on Deep Sea Drilling Project (DSDP) Legs 7, 31, 58 and
59, and ODP Legs 125, 126 and 195, the tectonic and
geochemical evolution of the West Philippine Basin is still
debated. Competing hypotheses are that the West
Philippine Basin is a trapped fragment of ocean floor
(Uyeda & Ben Avraham, 1972), or that it is a back-arc
basin associated with the proto-IBM arc (Seno &
Maruyama, 1984; Deschamps & Lallemand, 2002).
Basalts recovered from the West Philippine Basin floor
by DSDP Legs 7, 31, 58 and 59 have both mid-ocean
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ridge basalt (MORB) and oceanic island basalt (OIB)-like
characteristics (Marsh et al., 1980; Mattey et al., 1981;
Hickey-Vargas, 1991, 1998a, 1998b). Normal (IN)-
MORB-like basalts were found at DSDP Sites 290 and
447 near the Central Basin Fault to the SW of Site
1201D, and enriched (E)-MORB-like basalts were found
at DSDP Site 291 in the southern West Philippine Basin.
OIB-like basalts were found at DSDP Sites 292, 294 and
446 (Fig. 1). Among the OIB-like basalts, only those from
Site 292 are associated with a seamount, the Benham
Rise. Thus the geochemical character of West Philippine
Basin floor basalts is not linked with bathymetry in a
simple way. West Philippine Basin studies are also com-
plicated by the fact that the outcrops are 5-6 km under-
water, with the CBT fossil spreading axial valley reaching
almost 8 km water depth (Fujioka et al., 1999). One of the
principal objectives for drilling at Site 1201D was to study
the composition and temporal evolution of the eastern-
most West Philippine Basin and the bordering Palau—
Kyushu Ridge in the context of the proposed Subduction
Factory Science Plan (http://www.margins.wustl.edu/
SF/1-B-M/1ZUBonin.html).

ODP Site 1201D is located in the West Philippine
Basin in 5711 m of water, about 100 km west of the
Palau—Kyushu Ridge and 450km north of the CBF
(Fig. 1). Early interpretations of the magnetic lineations
(Hilde & Lee, 1984) indicated that Site 1201D lies on
49Ma crust near Chron 21, and formed by NE-SW-
directed spreading on the CBF. At about 42 Ma, the
spreading rate and direction changed to north-south,
and finally stopped at about 35 Ma as volcanism ceased
in the early IBM arc (Hussong & Uyeda, 1981). Because
the earliest magnetic anomalies in the region pre-date the
initiation of subduction at about 50-45Ma along the
IBM arc (Cosca et al., 1998), Hilde & Lee (1984) proposed
that the West Philippine Basin initially formed by entrap-
ment of an older North New Guinea or Pacific spreading
ridge. More recent bathymetric and magnetic surveys
(Okino et al., 1999) have shown that the site lies at a
transition from well-defined anomalies south of the
Oki—Daito Ridge to more complicated anomalies on
the north side, which implies that the crust to the north
may have formed at a different spreading center. Analysis
of paleolatitude and declination data from the Philippine
Sea Plate and its margins suggests that the plate has
drifted about 15° to the north and rotated clockwise by
up to 90° since the middle Eocene (Hall e/ al., 1995).

Although the age of the basement in the northern West
Philippine Basin has been estimated from magnetic
anomalies, paleontological confirmation has been impre-
cise because of spot coring, core disturbance and poor
preservation of microfossils. A goal of the ODP Leg
195 drilling was to obtain an accurate basement age
from undisturbed microfossils, magnetostratigraphy or
radiometric dating of ash horizons, using modern coring
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Fig. 1. Location map of ODP Leg 195 Site 1201D. The site was drilled ~100 km west of the Palau-Kyushu Ridge between the Oki Daito Ridge
(to the north) and Central Basin Fault (CBF) (to the south). Magnetic anomalies (chrons 20-23) are from Hilde & Lee (1984). Other DSDP sites in

the area (290, 292, 294, 295, 446 and 447) are also indicated.

techniques (Shipboard Scientific Party, 2002). Based
on 66 core sections Site 1201D vyielded 510m of
Miocene to late Eocene sediments, and 90 m of basalt
basement (Fig. 2).

The uppermost lithological unit [0-53 m below sea
floor (mbsf), Fig. 2] consists of soft pelagic clays, cherts
and interbedded sandstones and silty claystones that con-
tain significant amounts of red clay. The underlying
lithological unit (53-512 mbsf, Fig. 2) comprises a thick
section of interbedded turbidites composed of detrital
volcaniclastic material and traces of reef detritus from
the Palau—Kyushu remnant arc, which range in size from

coarse sandstones and breccias through silty claystone to
claystone. The individual turbidite layers range from tens
of meters to a few millimeters in thickness.

The topmost (0-29 mbsf) and the lowermost sections
(462-509 mbsf) are barren of nannofossils, but moder-
ately preserved nannofossils in the middle section allow
the recognition of six biozones spanning NP19/20 to
NP25. The turbidites between 53 and 462 mbsf represent
an expanded sequence of late Eocene to early Oligocene
age (Salisbury et al, 2002). Compared with DSDP
drilling results at Sites 290 and 447 (Arculus et al., 1995;
Deschamps & Lallemand, 2002) the late Eocene
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Fig. 2. Major lithological, age and mineralogical variations with depth at ODP Site 1201D. mbsf, meters below sea floor. After Salisbury et al.

(2002).

sediments (>34-3 Ma) recovered at this site are the oldest
so far identified on the sedimentary apron of the Palau—
Kyushu Ridge. Sediments at DSDP Site 447 reached a
maximum age of Middle Oligocene.

The combined biostratigraphic and paleomagnetic
results show that the sedimentation rates were moderate
(35m/Myr) in the late Eocene, then very high
(109 m/Myr) in late Eocene—early Oligocene time when
the turbidites were being deposited, and then decreased
to very low values (3 m/Myr) during the Miocene when
the pelagic sediments at the top of the section were being

deposited. The two lithostratigraphic units mentioned
briefly above have been described in more detail by
Salisbury et al. (2002).

The 90m of basement drilled at Site 1201D consist
entirely of pillow basalts. Geochemical and thin-section
analysis shows that the basalts have been altered, espe-
cially at the contact with the overlying sediments, where
they show significant Na uptake and depletion in Ca (see
also D’Antonio & Kristensen, 2004). Hyaloclastites in the
section have been palagonitized and altered to smectite;
mterpillow sediments recovered from within the upper
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10m of the volcanic basement contain marine micro-
fossils, indicating eruption in a marine environment.
Magnetic inclinations in the basaltic basement are shal-
low and indicate that during the Eocene the PSP was
near the Equator (Salisbury et al., 2002).

From the data provided above, it can be concluded that
the basement at Site 1201D formed near the Equator by
submarine eruption before 34-3 Ma. The absence of cal-
carcous nannofossils and the presence of siliceous micro-
fossils in the inter-pillow sediments and pelagic sediments
immediately overlying the basement suggest that the
basement formed in a deep-water environment below
the carbonate compensation depth (CCD) (Shipboard
Scientific Party, 2002).

Before the opening of the Parece—Vela and Shikoku
Basins at ~30 Ma (Okino et al., 1999), the Palau-Kyushu
Ridge and the Izu-Bonin-Mariana arc constituted a
single volcanic arc (~48 to 35Ma; Arculus et al., 1995;
Cosca et al., 1998; Deschamps & Lallemand, 2002; Stern
etal., 2003). In the late Eocene and early Oligocene (from
~35 to 30Ma), pelagic sedimentation at Site 1201D
became mixed with, and was finally overwhelmed by
increasingly thick, coarse and energetic turbidites, com-
posed of arc-derived volcaniclastics and reef detritus.
The composition and timing of the turbidites are con-
sistent with a source to the east in the Palau-Kyushu
remnant arc.

Between the late Oligocene and early Pliocene, the
deposition of turbidites came to an end and pelagic sedi-
mentation resumed at Site 1201D. The volcanism moved
to the east (to the West Mariana Ridge and current
Mariana island arc) in response to plate reorganization
(Deschamps & Lallemand, 2002) and the Palau—Kyushu
Ridge subsided.

SAMPLE SELECTION AND
ANALYTICAL METHODS

Samples representative of both volcanic clasts in turbid-
ites and basalts from the basement cored at Site 1201D
were selected for geochemical and isotopic analysis,
based on petrographic examination and the results of
shipboard major and trace element analysis. Major and
trace element analyses of some 30 basalt samples were
performed by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) onboard R.V. JOIDES
Resolution using a JY 2000 system (Shipboard Scientific
Party, 2002) (Table 1). Sample solutions were analyzed
for Si, Al, Mg, Mn, Fe, Ca, Na, K, Ti, Sr, Ba, Zr, Y, P,
Cr, Ni, Sc, V, Zn and Cu. Samples (0-1 g) of the pow-
dered and dried sample chips were mixed with 0-4 g of
LiBOy flux in Au-Pt crucibles. The samples were then
fused at 1050°C for 12 min and the resulting glass beads
were dissolved in 50 ml of 10% HNOj (dilution of 500).

Concentrations of the elements of interest were reprodu-
cible, based on monitoring by replicates of the certified
USGS and JGS standards AGV-1, BIR-1, BHVO-2,
W-2 and JGb-1. Precision was generally better than
5%. Replicate analyses of basalt sample solutions showed
accuracy to be 5-10%. Clasts were mechanically separ-
ated from the turbidites. Major elements, loss on ignition
(LOI) and some trace elements in the clasts were meas-
ured by ICP-AES using the JY 70 system at Florida
International University, following the procedures
described by Hickey-Vargas (1998a).

Based on major element analyses of basement rocks
analyzed aboard ship, LOI values and petrographic
mspection for alteration, 14 basement rocks and three
clasts were selected for high-precision trace element ana-
lysis by ICP-mass spectrometry (ICP-MS) and isotopic
analysis. Because samples analyzed aboard ship were
powdered in tungsten carbide, new powder splits were
prepared for the trace element and isotopic analysis using
alumina or agate vessels. For ICP-MS analysis, samples
were dissolved by HF-HNOj digestion and analyzed for
rare earth elements (REE), Y, Sr, Rb, Cs, Pb, As, Sb, U,
Th, Nb, Ta, Hf, Zr, Sc, V, Ga, Cu, Zn, Li and Be by ICP-
MS using the VG Elemental II system of the Department
of Earth Sciences at Boston University, Boston, MA.
Techniques and reproducibility have been reported by
Johnson & Plank (1999) and Kelley et al. (2003).

Nine basement basalts and three clasts were selected for
1sotopic analysis based on freedom from alteration, as
judged from trace element analyses, low LOI, and petro-
graphic inspection. Powdered samples were leached in
cold 0-1N HCI before dissolution to remove any embed-
ded carbonate and salts. Samples were prepared for Pb
isotope analysis at Florida International University and
measurements were carried out at the Geochemistry Sec-
tion of the National High Magnetic Field Laboratory
(NHMTFL) at Florida State University by thermal ioniza-
tion mass spectrometry (TTMS) using a Finnigan MAT
262. Measured ratios were normalized to the NBS 981
standard of Todt et al. (1993). Repeated runs of NBS-981
and their £2 SD errors, respectively, are as follows:
295ph/29*Ph =16-8865 (26 = 0-01497); *"Ph/**'Pb =
15-4260 (26 = 0-01438) and ***Pb/*"*Pb = 36-4935
(20 = 0-01421).

The Sr and Nd analyses were carried out on the sample
residue after Pb separation, at Osservatorio Vesuviano
(Istituto Nazionale di Geofisica e Vulcanologia, Naples,
Italy). Sr and Nd were extracted by conventional
ion-exchange chromatographic techniques in a clean
laboratory. Measurements were made by TIMS on a
ThermoFinnigan Triton TT multicollector mass spectro-
meter running in static mode. The normalization value
for fractionation of ®’Sr/®°Sr was %°Sr/®Sr = 0-1194;
that of '"Nd/'*'Nd was ""°Nd/'*'Nd = 0.7219.

Instrument errors for determinations of 2’Sr/%°Sr and
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"¥Nd/""*Nd are indicated in Table 4 as 26 of the mean.
External precision (20) for Sr and Nd isotope ratios from
successive replicate measurements of standards was
better than 7ppm for the SRM-987 International Sr
Reference Standard (average 87Sr/86S‘r =0-710249; n =
29; standard deviation = 6-6 X 107°) and better than
Sppm for the La Jolla International Reference Nd
Standard (average '*'Nd/'**Nd = 0-511850; n = 24;
standard deviation = 8 x 107°%). The total blanks for Sr
and Nd were negligible for the measured samples during
the period of measurements.

Hf isotopic analyses were performed on separate pow-
der splits, using the dissolution and separation techniques
described by Bizimis et al. (2004). Measurements were
made using the hot secondary ionization mass spectro-
metry technique at NHMFL/Florida State University,
following methods described by Bizimis ez al. (2004). The
JMC 475 Hf standard was measured at 0-282199 + 22
(2 S.D., n = 15) and values are reported relative to the
accepted value of 0-282160. Measured total Hf blanks
were negligible during the period of measurements.

PETROGRAPHY

Thin sections from the Site 1201D cores were prepared
both onboard R.V. JOIDES Resolution and onshore, cov-
ering all the rock varieties observed in the cores. We
examined 45 West Philippine Basin basalts and 15
Palau—Kyushu volcanic clast samples separated from
the turbidite sedimentary basement cover.

The West Philippine Basin basement basalts are mostly
aphyric to moderately porphyritic (~7% phenocrysts),
with phenocrysts of plagioclase, olivine, clinopyroxene,
and opaque minerals. A general trend of greater percent-
age of phenocrysts is observed with increasing core depth.
Glass-rich basalts contain microphenocrysts of plagio-
clase and clinopyroxene arranged in spherulitic textures,
but hyalopilitic and branching textures are common as
well. The more crystalline basalt varieties have felty,
intersertal, intergranular and subophitic textures. The
inferred order of crystallization is plagioclase £ olivine,
followed by clinopyroxene and later opaque minerals.
The degree of alteration and replacement varies signific-
antly as evidenced by the large LOI variations (0-77—
11-85%, Table 1). In altered samples, volcanic glass is
devitrified to clay minerals and zeolites, plagioclase is
commonly replaced by calcite, alkali feldspar and zeo-
lites, and olivine is represented by pseudomorphs of clay
minerals, iron oxyhydroxides and calcite (D’Antonio &
Kristensen, 2004). Based on shipboard X-ray diffraction
analysis, the replacement mineralogy of the Site 1201D
basement basalts suggests zeolite-facies metamorphic
grade.

The Palau-Kyushu arc-derived clasts are calc-alkaline
basalts, basaltic andesites, andesites and dacites. Many of
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these rocks are highly vesicular (up to 30% vesicles). The
dominant phenocryst minerals in the basalts are plagio-
clase and clinopyroxene in the proportion 60:40, £
orthopyroxene and magnetite, with interstitial brown
volcanic glass. Olivine pseudomorphs (up to 10%), now
an aggregate of calcite, clay minerals and chlorite) are
present in some samples. Alteration is more evident in the
basaltic clasts than in the basalt samples from the base-
ment. In some samples, the vesicles are filled with fibrous
and/or prismatic zeolite group minerals, and plagioclase
phenocrysts are albitized and/or zeolitized [for details,
see D’Antonio & Kristensen (2004)].

BULK-ROCK GEOCHEMISTRY
Major and trace elements
Basement section

The upper 20m of the basaltic section at Site 1201D
(Sections 45, 46 and 47-1 and -2, Tables 1 and 2) shows
elevated LOI values (average 6:45%), NaoO (up to
4-7 wt %), and highly variable KoO (1-3 wt %) and Sr
(27-490 ppm) contents. Below this depth, the basalts
show diminished signs of seawater alteration and their
LOI values stabilize to ~1-8%. The studied samples are
in general fairly primitive basalts, with high Mg/(Mg +
2Fe (range 55-68; average 64), MgO contents averaging
~8 wt %, and high Cr (average ~400ppm) and Ni
(average ~110 ppm) contents (Tables 1 and 2). The base-
ment samples also have low mean TiOg (~0-9 wt %), and
variable Zr (43-60ppm; average 52ppm), Sr (27—
490 ppm; average ~95 ppm) and Ba (4-28 ppm; average
10-3 ppm) contents (Tables 1 and 2). The immobile ele-
ment contents of the basalts, when plotted on a variety of
discriminant diagrams, show MORB-like tectonic affin-
ities with possible arc influence signatures (D’Antonio
et al., 2001; Savov et al., 2001; Salisbury et al., 2002). On
a total alkalis vs silica (T'AS) discriminant diagram (Le Bas
et al., 1986) (Fig. 3), almost all of the basement rocks have
basaltic compositions. Whereas most of these basalts
are subalkaline tholeiites, all of the more evolved lavas
are alkalic.

As noted by Savov el al. (2001), an N-MORB-like
character of the West Philippine basement basalts is
revealed by their REE abundances: 1-10 times CI chon-
drites (CI) in the light REE (LREE; La to Eu) and 10-20
times CI in the middle REE (MREE) and heavy REE
(HREE; Eu to Lu) (Fig. 4b; see also Table 7). The chon-
drite-normalized REE patterns are LREE depleted
(mean [La/Sm]y = 0-49) but flat in the MREE and
HREE (mean [Gd/Yb]|x = 1:00), which is typical for
N-MORB. LREE depletions are variable—{rom
[La/Sm|x = 0-36 to [La/Sm|x = 0-65-1. One sample
(49R-3-37-39) has a similar overall REE pattern to the
other samples, but REE abundances are lower by a factor
of two than other samples.
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Fig. 3. Total alkali vs silica (TAS) discrimination diagram, showing samples from Site 1201D basement and the volcaniclastic section. After Le

Bas et al. (1986).

The Site 1201 basement basalts analyzed for trace
elements by ICP-MS (Table 2) display some character-
istics similar to those of back-arc basin basalts (BABB) on
N-MORB-normalized trace element variation diagrams
(Fig. 5b). Site 1201D basement basalts have large ion
lithophile elements (LILE) Ba, Rb and Cs that are
enriched relative to REE and high field strength elements
(HFSE), whereas Th is not. They also differ from N-
MORB in having average Ba/Th = 149 and Ba/La =
6-4, compared with an average Ba/Th = 60 and Ba/La =
2-5 for N-MORB (see Table 7). Sr and Ba are strongly
and variably enriched (256490 ppm and 16-28 ppm,
respectively) in altered basalts from the upper part of
the unit, possibly as the result of zeolitization. However,
samples from this same upper part of the basement sec-
tion also have higher abundances of immobile elements
LREE, Nb, Ta and Th. Basalts from the upper unit have
[La/Sm|xy = 0-6-1-0 and Th/La = 0-043-0-07. All
basalts from the lower unit (cores 47-55), except sample
1201D-49R-1 (11-13), have much lower [La/Sm]y =
0-35-0-40 and Th/La = 0-035-0-041. Sample 1201D-
49R-1 (11-13) has immobile trace element abundances
like basalts from the upper 20m of basement basalts
([La/Sm]x = 0-73 and Th/La = 0-054), but it lacks the
strong Sr enrichment (95 ppm Sr). Therefore, there may

be primary differences in the trace element patterns of the
Site 1201 basement basalts that are partially obscured
and overprinted by the effects of seawater alteration.

Normalized trace element patterns of Site 1201D base-
ment basalts in Fig. 5b are similar to that of fresh basaltic
glass recovered from West Philippine Basin DSDP Site
447 (Fig. 1) (Hickey-Vargas, 19985), although Ba and,
especially, Rb and Cs are more enriched.

Volcaniclastic section

The Palau-Kyushu volcanic clasts selected for geochem-
ical analysis are all basalts with the exception of sample
1201D-10R-4 (63-65), which is an andesite (56 wt %
Si09; 4-89 wt % Na,O + K,O; Table 3). Basalt sample
1201D-5R-4 (136-138) is primitive, with 8-1 wt % MgO.
LOI values range from 0-8 to 1-7%. All three samples are
LREE enriched (Fig. 4a) with LREE 30-50 times CI, and
[La/Sm|y = 2-1-2-8 and HREE 20 times CI, with
[Gd/Yb]ny = 1-4-1-7. Andesite 1201D-10R-4 (63-65)
has higher REE abundances, but lower La/Sm than the
basalts. The Palau—Kyushu rocks have MORB-normal-
ized trace element patterns similar to those of Mariana
island arc volcanics (Arculus et al., 1995; Elliott ef al.,
1997) (Fig. 5a)—high LILE and Th abundances, and
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Fig. 4. Chondrite-normalized rare earth element abundances in: (a) clasts from the Site 1201D volcaniclastic section, and (b) the basaltic
basement. The typical island arc patterns in the PKR volcaniclasts and the MORB-like patterns of the WPB basement basalts should be noted. All

samples are normalized to chondrite values of Nakamura (1974).

large negative Nb and Ta anomalies. The two basalts also
show depletion in the HFSE Hf and Zr, whereas the
andesite does not. The trace element pattern of the
basalts is similar to that in the chemical end-member of
the spectrum of basalts erupted in the active Mariana
Island arc, which i1s dominated by a subducted sediment
contribution (Fig. 5a, Agrigan; Elliott et al., 1997)).

On a plot of Ba/Th vs [La/Sm]y (Fig. 6a), the volcanic
clasts have higher [La/Sm]|y than the underlying base-
ment basalts but overlapping Ba/Th. Compared with
carly IBM arc volcanics from other locations (Gill et al.,
1994; Hawkins & Castillo, 1998; Pearce et al., 1999) Site
1201D arc volcaniclasts show elevated [La/Sm]y and
similar Ba/Th ratios. When compared with modern Izu
and Mariana arc products (Elliott et al., 1997, and refer-
ences therein), the same rocks show elevated [La/Sm]y
and significantly lower Ba/Th. On a plot of Yb vs TiOq
(Fig. 6b), the Site 1201D volcanic clasts overlap with Mid-
Eocene to Early Miocene volcanic clasts recovered from
the Belau islands and the Palau Trench (Hawkins &
Castillo, 1998), as well as with 32-36 Ma basalts from
Palau—Kyushu Ridge (DSDP Site 448) and the Mariana
forearc region (Guam and Saipan) (Taylor, 1992; Gill
et al., 1994; Pearce et al., 1999). Their TiOy content is
lower when compared with the Site 1201D basement

basalts and is similar to the TiOy contents of both the
IBM proto-arc (Pearce ¢t al., 1999) and the modern IBM
island arc (Straub, 1997). The opposite is true for the Yb
abundances of the studied Site 1201D volcanic clasts.
They are similar to the basement basalts but lower than
the modern IBM arc (Straub, 1997) and higher than the
IBM proto-arc (Pearce et al., 1999).

Isotopes
Basement section

All nine Site 1201D basement basalts analyzed for iso-
topes were from the lower basement unit (Cores 47-55),
which lacks Sr enrichment and has low LOI. Sample
1201D-49R-1 (11-13), which has immobile trace
element abundances similar to the altered, upper core
section (e.g. higher [La/Sm]y) is included (Tables 2,
4 and 5). Site 1201D West Philippine Basin basalts have
initial *’Sr/*Sr of 0-70293-0-70320 and '*’Nd/
"Nd of 0-51306-0-51308 (Table 4). On a Sr-Nd isotope
co-variation diagram (Fig. 7), all the samples lic within
the field of Indian MORB. The basalts are all displaced
toward the high-*’Sr/**Sr side of the MORB field and
toward higher *’Sr/®Sr than West Philippine Basin
basement basaltic glasses from DSDP Site 447, at a
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Fig. 5. N-MORB normalized trace element patterns for samples from Site 1201D. Normalizing values are from Sun & McDonough (1989).
(a) Volcanic clasts; (b) basement basalts. In (a) volcanic clasts are compared with a basalt from the current Mariana island arc volcanic front
(Agrigan-2) (Elliott ¢t al., 1997). In (b) basement basalts are compared with a basaltic glass from DSDP Site 447 (Hickey-Vargas, 19986), which is

near Site 1201D.

nearly constant '**Nd/'**Nd value. There is no system-
atic Sr- and Nd-isotopic difference between basalts with
high and low [La/Sm]y (Table 4).

The basement basalts span a narrow range of initial Pb
isotope ratios: 17-78-18-19 (*°Pb/***Pb), 15-45-15-52
(*°"Pb/*°*Ph) and 37-69-37-96 (***Pb/*"*Pb) (Table 5;
Fig. 8). These values are similar to those of basalts
recovered from DSDP Site 447 in the West Philippine
Basin to the SW (Hickey-Vargas, 1991, 19984). Most of
the Site 1201D basement basalts have higher ***Ph/
2*Ph for a given **°Pb/?**Pb compared with Pacific
MORSB; this is a characteristic of other West Philippine
Basin basement basalts (Hickey-Vargas, 1991, 1998a,
19986; Hickey-Vargas et al., 1995), i.e. they are more
similar to Indian Ocean MORB. However, two samples,
1201D-51R-1 (2-4) and 1201D-49R-3 (37-39), are
slightly shifted toward higher **°Pb/***Pb and approach
the Pacific MORB field (Fig. 8). There is no systematic
difference in Pb-isotopes between basalts with high and
low [La/Sm]y (Table 5).

Recent results (Pearce et al., 1999; Hickey-Vargas et al.,
2005) have shown that West Philippine Basin basalts also

exhibit an Indian MORB Nd-Hf isotope signature,
marked by a higher '"°Hf/'""Hf for a given '**Nd/
"Nd compared with Pacific MORB. Three Site 1201D
basement basalts plot in a cluster (initial '"°Hf/'""Hf =
0-28327-0-28330, Fig. 9c) near a value reported for
DSDP Site 447 (Pearce et al., 1999; Hickey-Vargas et al.,
2005). Although two of these three samples are shifted
toward the Pacific MORB field on the Pb—Pb plot (Fig. 8),
such a spread is not shown by Hf vs Nd isotopes.

Volcaniclastic section

The three Palau-Kyushu arc-derived clasts have higher
and more variable initial Sr isotope ratios (0-70338-
0-70432, Table 4, Fig. 7), than the basement basalts.
The clasts also have slightly more radiogenic Pb-isotope
ratios, 18-37-18-41 (**°Pb/***Pb), 15-51-15-52 (*"Pb/
20%Ph) and 38-18-38-23 (***Pb/?*Ph) (Table 5, Fig. 8).
These values are within the broad range defined by
other southern Palau—Kyushu arc samples from Guam,
Saipan, DSDP Sites 448, 458 and 459, as well as dredge
samples from the Mariana Trench (Hickey-Vargas &
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Table 3: Major and trace elements in volcanic clasts

Jrom Site 1201D

Core & section: 5R4 5R4 10R4
cm interval: (110-112) (136—138) (63—65)
Depth (mbsf): 123-98 124-24 171-92
SiO, 48-90 50-35 54.75
TiO, 0-57 0-43 0-74
Al,03 20-81 17-37 19-05
Fe,03 7-84 9-18 8-52
MnO 0-15 0-16 0-15
MgO 4.22 8-10 4-09
Ca0 11-98 11-51 7-16
Na,O 3:16 2-33 3-95
K>0 0-66 0-22 1-16
P,05 0-23 0-20 0-41
Total 98-52 99-85 99-98
LOI 1-66 1-40 0-81
Li 8:76 10-07 9-66
Be 0-73 0-54 1-09
Sc 27-6 37-3 26-1
TiO, 0-57 0-43 0-74
\Y, 264 219 176
Cr 12:9 1393 10-3
Co 21-6 32:5 216
Ni 13:2 49-0 21-8
Cu 58-4 58-1 377
Zn 79-2 68-6 94-9
Ga 15-8 12-9 23-8
As 0-29 0-34 1-1
Rb 6-04 1-42 25-29
Sr 378:5 272-4 249-6
Y 36-8 39-3 36-9
Zr 47-4 38-2 125-4
Nb 0-52 0-38 1-52
Cs 0-05 0-03 0-44
Ba 69-7 319 152-3
La 93 13-5 13-4
Ce 16-2 24-9 31-6
Pr 2:33 3-51 4-85
Nd 10-8 15-8 21-5
Sm 277 4-06 5-62
Eu 1-05 1-40 1-57
Gd 3-88 5-43 6-29
Tb 0-63 0-89 1-02
Dy 379 5-13 5-86
Ho 0-86 1-08 1-21
Er 2:42 2-89 341
Yb 217 2-58 3-36
Lu 0-37 0-42 0-52
Hf 1-29 1-09 324
Ta 0-06 0-05 0-13
Pb 1-81 2-30 3-49
Th 0-33 0-26 1-38
U 379 0-74 0:63

Reagan, 1987; Hickey-Vargas, 1989, 1991; Stern e al.,
1991; Pearce et al.,, 1999; Reagan et al., 2002). Like the
basement basalts, Site 1201D clasts plot within the Indian
MORB field on a plot of '"°Hf/'""Hf vs """Nd/'**Nd
(Fig. 9¢), at slightly lower initial "**Nd/'"**Nd (0-51297~
0-51298) and initial '"°Hf/'7"Hf (0-28321-0-28326)
values than the basement basalts (Table 6, Fig. 9c).

DISCUSSION
Origin of basement basalts

Two models have been proposed to explain the origin of
the West Philippine Basin in the context of the evolving
intra-oceanic Izu-Bonin—Mariana convergent margin.
The first model proposes that the West Philippine Basin
is a large piece of trapped spreading ridge of the North
New Guinea—Pacific oceanic crust, based on magnetic
anomaly data and the observed high angle between the
fossil spreading axis (Central Basin Fault) and the paleo-
volcanic arc (Palau—Kyushu Ridge) (Hilde & Lee, 1984).
The second model describes the West Philippine Basin as
a back-arc basin, which opened between two active sub-
duction zones and was progressively rotated clockwise
(Hall et al, 1995; Deschamps & Lallemand, 2002;
Reagan et al., 2002). These models can be tested by
examining West Philippine Basin basalts for MORB vs
BABB character.

Rocks previously recovered from the West Philippine
Basin floor during DSDP Legs 58 and 59 have a wide
range of chemical affinities from N-MORB-like to OIB-
like (Figs 6-8; Mattey et al., 1981; Hickey-Vargas, 1991,
19984, 1998b). Rocks recovered from Site 1201D fall at
the MORB-like end of this range, both in their trace
element and Sr-Nd-Pb-Hf isotopic characteristics
(Figs 4-9). Like all other West Philippine Basin MORB
and OIB-like basalts studied to date, the Sr—Nd—Pb—Hf
isotopic characteristics of the Site 1201D basement
basalts show largely Indian Ocean MORB-like isotopic
signatures, suggesting that Philippine Sea Plate magmat-
ism tapped an upper mantle domain that was distinct
from that underlying the Pacific spreading ridges and
islands.

Compared with MORB worldwide and N-MORB-
like West Philippine Basin basalts from DSDP Site 447,
all Site 1201D basement basalts are strongly enriched in
Cs and Rb, and those from the upper section have high
Ba and Sr (Fig. 5). #Sr/%Sr isotopic ratios in basalts from
the lower section are slightly higher than those from
DSDP Site 447, but '**Nd/'**Nd, '"°Hf/'""Hf and Pb-
isotopic ratios are similar. Our interpretation is that the
elevated *’Sr/®Sr, and Cs and Rb enrichment are prob-
ably related to pervasive seawater alteration. This is sup-
ported in part by the fact that the analyzed Site 447
samples are hand-picked glasses (Hickey-Vargas, 1991,
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Fig. 6. Plots of [La/Sm]y vs Ba/'Th (a) and TiO, vs Yb (b) for ODP Site 1201D arc volcaniclasts and WPB basement basalts. For comparison are
also shown other early IBM arc volcanics from the literature (Gill e al., 1994; Hawkins & Castillo, 1998; Pearce et al., 1999), Eocene Basins on the
Philippine Sea Plate (PSP) (Pearce et al., 1999), as well as modern Izu and Mariana arc products (Elliott e al., 1997; Straub, 1997). AOC, altered
oceanic crust; AOC-fluid and MORB (mid-ocean ridge basalt) fields are after Elliott (2003). The reported [La/Sm]y ratios were normalized to
chondrite meteorite values reported by Nakamura (1974). The decreasing effect of sediment additions and the increasing degree of mantle source
fertility occurring during the transition from proto-IBM to Pliocene IBM arc products should be noted.
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Table 4: Sr and Nd isotope data for selected samples from ODP Site 1201D

Sample &7Sr/% S neas.  20* Rb/Sr ¥Sr/%Srt  "™Nd/"™Ndiess. 20 Sm/Nd  "®Nd/"™Ndine.  englt)t
Volcaniclastic section (35Ma)

195-1201D-5R-4 (110—112)  0-704341 0-000008 0-016  0-704318 0-513007 0-000005  0-258 0512971 735
195-1201D-5R-4 (136—138)  0-70394 0-000009 0-005  0-703933 0-513002 0-000006  0-257 0-512967 7.25
195-1201D-10R-4 (63—66) 0-703523 0-000008 0-101  0-703377 0-513013 0-000006  0-261 0512977 7-45
Basement section (45 Ma)

195-1201D-48R-2 (92—94) 0-703103 0-000009 0-086  0-702944 0513134 0-000004  0-383 0-513066 9-44
195-1201D-48R-4 (66—68) 0-703016 0-000008  0-047  0-702930 0513143 0-000004  0-386 0-513075 9.61
195-1201D-49R-1 (11—14) 0-703026 0-000007 0-042  0-702949 0-513148 0-000005  0-392 0-513078 9-68
195-1201D-49R-1 (47—49) 0-703186 0-000006 0-086  0-703027 0-513139 0-000003  0-393 0-513069 9:51
195-1201D-49R-3 (37—39) 0-703202 0-000008 0-003  0-703196 0513135 0-000006  0-448 0-513056 924
195—1201D-51R-1 (2—4) 0-703147 0-000007 0-073  0-703012 0513136 0-000004  0-391 0-513067 9-46
195-1201D-52R-2 (56—58) 0-703153 0-000007 0-050  0-703061 0-513142 0-000006  0-391 0-513073 957
195-1201D-53R-1 (119—121)  0-703193 0-000007 0-079  0-703047 0-513139 0-000004  0-392 0-513069 9:51
195-1201D-55R-1 (47—49) 0-703034 0-000006 0-033  0-702974 0-513141 0-000004  0-403 0-513070 9:51

*Two sigma of the mean.
fInitial ratios for the volcaniclastic section are calculated to 35 Ma; initial ratios for the basement section are corrected

to 45 Ma.

feng(t) is calculated using present-day values '**Nd/"*Nd = 0-51264 and '¥Sm/"*Nd = 0-1967 for CHUR.

Table 5: Pb isotope ratios for samples from ODP Site 1201D

Sample 206p /209phy oo 27Pb/?Pbess. 228Pb/2*Pbyeas.  U/Pb Th/Pb  2Pb/?Pb, .t 27Pb/®Pbiy.  2%Pb/?*Pby.
Volcaniclastic section (35Ma)

195-1201D-5R-4 (110-112)  19-100 15-555 38255 2:094 0-182  18:372 15-521 38234
(duplicate) 19-099 15-550 38-230 2:094 0-182 18372 15-516 38-209
195-1201D-5R-4 (136—138) 18521 15-519 38-225 0322 0-113 18410 15-514 38212
195-1201D-10R-4 (63—66) 18-468 15-519 38-221 0-181 0-395  18-406 15-516 38176
Basement section (45 Ma)

195-1201D-48R-2 (92—94) 18-181 15-480 37-840 0565 0-187  17-933 15-468 37813
195-1201D-48R-4 (66—68) 17-870 15-524 37-703 0215 0-061 17-776 15-520 37-694
195-1201D-49R-1 (11-14) 18-092 15-461 37-780 0480 0-325 17-882 15-451 37733
195-1201D-49R-1 (47—-49) 18-121 15-505 37-976 0121 0-127  18-068 15-502 37-958
195-1201D-49R-3 (37—39) 18-189 15-481 37-823 0-003 0-010 18-188 15-481 37-822
195-1201D-51R-1 (2—4) 18-482 15-519 37-971 0716 0-144  18-166 15-504 37-950
195-1201D-52R-2 (56—-58) 18-001 15-496 37-769 0251 0-143  17-892 15-491 37748
195-1201D-53R-1 (119—121) 18168 15-489 37-901 0-312 0-182  18-031 15-483 37-875
(duplicate) 18-157 15-476 37-862 0-312 0-182 18020 15-469 37-835
195-1201D-55R-1 (47—-49) 18-017 15-454 37773 0-042 0-160  17-999 15-453 37750
(duplicate) 18-013 15-450 37.757 0042 0-160  17-995 15-449 37.733

*Typical external reproducibility is +0-05% per a.m.u.

tInitial ratios for the volcaniclastic section are corrected to 35Ma; initial ratios for the basement section are

corrected to 45 Ma.
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Fig. 7. Initial *’Sr/%Sr vs initial '**Nd/"**Nd for samples from ODP

Site 1201D, compared with fields for Pacific and Indian MORB, MORB-

like and OIB-like basalts from the West Philippine Basin. Data for West Philippine Basin basalts are from Hickey-Vargas (1991, 19984). MORB
data are from sources listed by Hickey-Vargas (19985). Analytical errors (Table 4) are smaller than the symbols plotted.

19984), whereas Site 1201D samples are holocrystalline,
and that zeolites are observed in the upper Site 1201D
unit (D’Antonio & Kristensen, 2004). An N-MORB char-
acter for the Site 1201D basalts 1s also supported by the
extremely low [La/Sm]y and Th/La ratios found in the
lower section (Table 7). However, because Ba, Sr, Cs and
Rb are all mobile elements, it 1s difficult to distinguish
post-eruptive alteration from addition of hydrous subduc-
tion fluids to the source of the basalts, as is observed in
some BABB (e.g. Stolper & Newman, 1994).

An alternate source of enrichment, mantle source
enrichment by OIB-like melts or veins, which is a pro-
posed origin for E-MORB (e.g. Wood, 1979), including
E-MORB from DSDP Site 291 (Hickey-Vargas et al.,
2005), 1s also not consistent with the pattern of trace
element enrichment in the Site 1201D basement section.
Because there is no isotopic difference between samples
with relatively higher and lower Th, Nb, Ta and LREE,
it is likely that these differences are related to sub-ridge
partial melting processes (e.g. Langmuir et al., 1992).

Sources for early Izu-Bonin—Mariana
basaltic magmas

Site 1201D is the only location among older IBM
arc locales where a volcaniclastic section containing

early-IBM arc basalts 1s found directly overlying West
Philippine Basin basalts. This provides a near-ideal situ-
ation in which to examine the relative importance of
subduction materials and processes vs pre-subduction
mantle wedge heterogeneity in producing the geochem-
ical characteristics of the early IBM arc basalts.
Although the exact nature of the sediment column
subducted beneath the early IBM arc cannot be recon-
structed, specific sediment types subducting beneath the
active IBM arc can be used to define the range of possible
compositions. As this sediment column is largely Creta-
ceous in age (Elliott et al, 1997; Plank & Langmuir,
1998), it pre-dates the initiation of subduction and the
eruption clasts within the Site 1201D volcaniclastic sec-
tion. Pacific sediment end-members defined by Elliott
et al. (1997) are: pelagic clays (CL), cherts (CH) and
seamount-derived volcaniclastics (V). Based on the occur-
rence of OIB-like basalts in the West Philippine Basin,
Macpherson & Hall (2001) and Deschamps & Lallemand
(2005) hypothesized that a hotspot located in the West
Philippine Basin could have provided the anomalous heat
required for the production of voluminous boninites in
the early proto-IBM arc. Although the only evidence for
eruption of voluminous OIB is the Benham Rise, in the
far western West Philippine Basin, the scattered occur-
rence of OIB in deep areas of the basin such as DSDP
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1997; Pearce et al., 1999) are shown for comparison. Mixing lines (dashed) are drawn between the mantle source for Site 1201D basement basalts
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seamount (OIB)-derived volcaniclastic sediment. A dotted mixing line is

drawn between clay-rich sediment (CL) and altered Pacific MORB (APM). MORB values are from sources listed by Hickey-Vargas (19985).

Site 294 and 446 suggests that OIB sources may be
‘embedded’ in the West Philippine Basin upper mantle.
For this reason, both subducted sediment and West
Philippine Basin OIB mantle sources are considered in
the following discussion.

Sr-Nd-Pb-Hf isotope and trace eclement ratios
(Table 7, Figs 6-9) are useful in distinguishing potential
source materials. Assuming that the basement basalts can
be used to infer the mantle source composition for the
subsequent arc basalts, the lower "*Nd/'*'Nd and
higher #’Sr/%°Sr of the arc basalts could result from
admixture of a small amount of any of the Pacific sedi-
ment types [pelagic clays (CL), cherts (CH) and sea-
mount-derived volcaniclastics (V)], or West Philippine

Basin OIB sources, into the sub-arc mantle wedge
(Fig. 9a and Table 7). The curvature of mixing lines
between mantle and clay-rich and siliceous subducted
sediments in Iig. 9a results from the low Sr/Nd for
these sediments or sediment melt (Elliott et al., 1997,
Table 7). In contrast, like many arc basalts, the Site
1201D volcanic clasts have higher than MORB-like
Sr/Nd (Table 7), which requires a source of additional
Sr, less radiogenic than subducted sediment. As proposed
by many workers [see references given by Elliott (2003)],
this source could be a Sr-rich fluid phase expelled from
subducted altered Pacific MORB (Fig. 9a). Mixing with
West Philippine Basin OIB mantle sources or subducted
Pacific OIB-derived volcaniclastic sediments (V) could
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Fig. 9. Nd-Sr—Pb-Hf isotopic ratios in Site 1201D basement basalts and volcanic clasts compared with fields for Pacific Ocean MORB (POM)
and Indian Ocean MORB (IOM), West Philippine Basin (WPB) MORB-like and OIB-like basalts (Hickey-Vargas, 1991, 19984, 1998b; Pearce
et al., 1999) and three types of Pacific plate sediment: (a) "**Nd/"*Nd vs #/Sr/%Sr; (b) "*Nd/"**Nd vs 2°°Pb/***Pb; (c) '"°Hf/'"Hf vs "**Nd/
"Nd. Pacific plate sediment types: CL, clay; CH, chert; V, scamount (OIB)-derived volcaniclastic sediment. Trace element ratios are from
Elliott et al. (1997) and isotopic ratios are calculated from data from Pearce et al. (1999). Mixing curves (dashed) are drawn from the mantle source
of Site 1201D basement basalts to sediments. APM in (a) stands for altered Pacific MORB. A continuous line in (c) divides the fields for IOM and
POM, after Pearce et al. (1999). Analytical errors (Tables 4-6) are smaller than the data symbols plotted.

also explain the lower "**Nd/'**Nd in the arc magmas,
but not the elevated Sr/Nd (Table 7).

Based on the Pb-isotope data (Fig. 8), simple mantle—
sediment or mantle-West Philippine Basin OIB source
mixing can explain the offset between basement and arc

basalts. For clay-rich (CL) and siliceous sediments (CH),
which have high *’Pb/***Pb for a given ***Pb/***Pb, an
end-member with low 2*’Pb/***Pb is suggested, rather
than the average composition of the basement basalts.
Like nearly all arc basalts, the volcaniclastic samples have
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Table 6: Hf isotope data for samples from ODP Site 1201D

Sample 78H¢/ 26 of Lu/Hf  "7®Hf/ enrl(t)t

"Hfmeas.  Mean 7y *

Volcaniclastic section (35Ma)

195-1201D-5R-4 0-283287 0-00002 0-287 0-283259 18:04
(110-112)

195-1201D-5R-4 0-283272 0-000017 0-163 0-283256 17-94
(136—138)

195-1201D-10R-4 0-283225 0-000009 0-160 0-283209 16-28
(63—66)

Basement section (45 Ma)

195-1201D-48R-4  0-283314 0-000022  0-273 0-283280  20-20
(66—68)

195-1201D-49R-3  0-283347 0-000029  0-417 0-283295  21-36
(37-39)

195-1201D-61R-1  0-283302 0-000016  0-273 0-283268 1977
(2—-4)

*|nitial ratios for the volcaniclastic section are corrected to
35Ma, and initial ratios for the basement section are
corrected to 45 Ma.

tens(t) is calculated _using present-day 7815/ 771t
0-282772 and "®Lu/"""Hf = 0-0332.

higher Pb/Ce and Pb/Nd than MORB or OIB (Table 7).
This observation favors sediment admixture as an
explanation, because high Pb/Nd is characteristic of
pelagic sediments (Table 7). However, excess Pb could
also be carried in a fluid derived from altered subducted
MORB (Elliott, 2003). In this latter case, mixing lines
through the arc lavas may extend from Pacific sediment
to altered Pacific MORB, rather than to the basement
basalts (Fig. 8), accounting for the somewhat low
27Ph/?**Ph inferred for the second mixing end-member.

In Fig. 9b, the curvature of mixing lines between man-
tle and clay-rich or siliceous sediments through the arc
volcanics results from the higher Pb/Nd in the sediments
compared with the mantle end-member. In contrast,
mixing of mantle with Pacific volcaniclastic sediments,
and especially West Philippine Basin OIB-source mantle,
is linear, because the two end-members have similar
Pb/Nd (Table 7). Thus these materials do not account
for the elevated Pb/Nd in the arc volcanics.

Figure 9c¢ shows mixing relationships on a plot of
VOHE/V7HE vs ""Nd/ ™" Nd. The sense of the Nd iso-
topic shift of the Site 1201D clasts compared with base-
ment is consistent with mixing of mantle with a clay-rich
or siliceous sediment or sediment melt with low Hf/Nd,
but not with mixing with OIB-derived volcaniclastic sedi-
ment. Mixing with West Philippine Basin OIB-sources is
also plausible as mixing lines would be linear. However,

as shown in Table 7, Hf/Nd in the volcanic clasts is
lower than those of the basement basalts, which is a
characteristic of clay-rich sediment, but not West
Philippine Basin OIB.

In general, therefore, the isotopic shift between Site
1201D basement basalts and the overlying early IBM
volcanic clasts is consistent with either addition of a
small percentage of subducted clay-rich sediment or
incorporation of a small amount of OIB-source mantle.
However, trace element constraints favor sediment addi-
tion, particularly addition of the clay-rich end-member
(CL), because such mixing can also explain the low
Hf/Nd ratios and contribute to the high Pb/Nd in the
arc volcanics. About 0-1% of the clay-rich end-member
added to the mantle source of the basin basalts closely
matches the Pb, Hf and Nd isotopic composition of the
voleanic clasts, and the #”Sr/®°Sr isotope ratio of the least
radiogenic sample. Based on these observations, we con-
clude that the most likely explanation for both isotopic
and trace element differences between the Site 1201D
West Philippine Basin basement basalts and overlying
arc-volcanic clasts is that a small amount of subducted
sediment or sediment melt was incorporated into melts
generated in the mantle wedge (Indian MORB source),
together with Sr- and Pb-rich hydrous fluids from sub-
ducted Pacfic MORB basalt.

Using the clay-rich sediment end-member (CL), and
basement basalt 1201D-55R-1, we estimate that about
15% of the Sr and Nd, about 50% of the Pb and less than
5% of the Hf in the arc basalts are derived from sub-
ducted sediment. Recent controversy has centered on
whether Hf is mobilized by subduction processes
(Pearce et al., 1999; Woodhead et al., 2001; Prinkney
et al., 2002). This result suggests that a small amount of
Hf can be mobilized, in this case by bulk sediment
incorporation or sediment melting.

Implications for a hotspot in the eastern
part of the West Philippine Basin
Geochemical arguments mitigate against an OIB mantle
source component for both the MORB-like West
Philippine Basin basement basalts and the early IBM
arc volcanics sampled in the upper section of Site 1201D.
Taken together, geochemical and geological evidence
suggests that although a mantle hotspot may have formed
the Benham Rise in the western West Philippine Basin
during the Eocene, its geochemical influence apparently
did not extend to the eastern West Philippine Basin near
ODP Site 1201D or DSDP Site 447. As these locations
are closest to the Palau-Kyushu Ridge near the recon-
structed location of the Bonin Islands before opening of
the Shikoku Basin (Deschamps & Lallemand, 2005), this
observation does not support the hypothesis that a mantle
hotspot provided the heat needed to trigger boninitic
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Table 7: Average trace element ratios in Site 1201D basement basalts, volcaniclastics and possible source materials

Site 1201D Site 1201D Pacific sediments

Basement Primitive Normal WPB Arc Clay Chert Volcanic

basalts* mantlet MORBT OIB} volcaniclastics§ (CL) (CH) (V)
Sr/Nd 15-0 15-6 12-3 15-5 20-8 1-6 6-9 12-5
Pb/Nd 0-068 0-052 0-041 0-056 0-159 0-377 0-382 0-130
Hf/Nd 0-263 0-228 0-281 0-157 0-113 0-034 0-127 0-190
(La/Sm), 0-49 1-00 0-61 2:06 1-95 2:49 2-87 2:98
(Gd/Yb), 1-00 1-00 1-00 2:55 159 1-86 159 2:55
La/Nb 1.7 0-96 1-07 0-81 18-8 7-94 179 0-80
Ba/La 6-4 10-2 2:52 9-14 7-07 3-07 10-4 6-58
Ba/Th 149 82 53 104 133 33 62 52
Th/La 0-043 0-124 0-048 0-088 0-053 0-092 0-167 0-126

*Average of eight basalts analyzed for isotopes from Table 2.

tFrom Sun & McDonough (1989).

tAverage of 17 WPB OIB from Hickey-Vargas (1998b).
§Average of three samples in Table 3.

From Elliott et al. (1997).

volcanism in the early IBM arc (Macpherson & Hall,
2001; Deschamps & Lallemand, 2005).

Temporal changes in the sources of

IBM arc magmas

Eocene to Oligocene IBM arc volcanic rock samples are
very limited and their recovery locations may not be
representative for the entire spread and nature of IBM
arc volcanism. Therefore, it is difficult to evaluate the
temporal geochemical changes that took place in the
mantle source regions as the IBM arc evolved. In Fig. 6a
and b, the new Site 1201 samples from both the West
Philippine Basin basement and the overlying early arc
volcanic sequence are compared with existing West
Philippine Basin and carly IBM arc datasets (Gill et al.,
1994; Straub, 1997; Hawkins & Castillo, 1998; Pearce
et al., 1999). In Fig. 6a, the Site 1201 clasts plot at relat-
ively high [La/Sm]y and low Ba/Th, which indicates
dominance of sediment or sediment melt over fluids from
the altered oceanic crust (AOC fluids) (Elliott, 2003). This
is consistent with our interpretation based on other trace
element and isotopic constraints. Based on Iig. 6a, it is
apparent that sometime in the late Eocene the erupted
sland arc volcanic products began to experience less of
the effect of the subducted sediments (appearance of
volcanic rocks with lower [La/Sm]y). The subduction
signal shifted toward AOC fluid-dominated signatures,
similar to the one currently present in the modern Izu
and Mariana island arc volcanic products (i.e. Elliott,
2003; high Ba/Th and low[La/Sm]y).

Using the immobile elements Yb and TiOy as tracers,
in Fig. 6b we see an increase in Yb and TiO, abundances
accompanying the transition between Eocene boninites
and island arc tholeiites (proto-IBM arc), and the Site
1201 and other early IBM arc volcanic rocks. As Yb and
TiOy are not likely to be transported from the subducted
slab, this indicates an increase in the fertility of the mantle
source regions producing the early IBM arc magmas.
The mantle source regions become even more fertile in
the Pliocene Izu segment of the island arc [see the tephras
of Straub (1997)], which are similar to the average mod-
ern Mariana island arc lavas (TiOy/Yb ~0-34, Elliott
et al., 1997).

One possible explanation for both trends is that the
early IBM subduction zone was significantly hotter than
at present. Models of the initiation of the IBM arc (Stern,
2004) show that the early stage of subduction is accom-
panied by asthenospheric upwelling over the shallow
parts of the downgoing plate. This leads to the generation
of boninite by extensive, hydrous, low-pressure melting of
the mantle wedge and would also lead to the high tem-
peratures at the slab surface needed to cause melting of
sediment on the subducting plate. With gradually matur-
ing subduction, the upper oceanic crust and mantle
wedge will cool, allowing hydrous fluids to be subducted
into the zone of arc magma generation, resulting in flux
melting and the dominance of AOC-fluid vs sediment
melt signatures in the young samples. In this scenario,
increasing Yb and TiO, contents could be linked to
decreasing extents of melting to produce arc magma,
and increasing source fertility as a result of replenishment
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of the mantle wedge by convection. The pattern of vol-
canic sediment accumulation at Site 1201 indicates that
maximum delivery of volcanic debris occurred in the late
Eocene—early Oligocene (35-30 Ma), toward the end of
the activity of the early IBM arc (Cosca et al., 1998), and
just prior to the beginning of rifting and opening of the
Shikoku Basin at about 28 Ma (Okino et al., 1999). Such a
pattern could indicate maximum growth of the northern
IBM arc at this time, and possibly maximum rates of
magma production, which also supports increasing
source fertility. Rigorous evaluation of these trends
requires a much larger body of geochemical data and
better constraints on the ages of early IBM volcanic rocks
than are available at present.

SUMMARY AND CONCLUSIONS

Based on geological, petrological and geochemical infor-
mation, the basement and overlying volcaniclastic section
recovered at ODP Site 1201D represents the pre-45 Ma,
West Philippine Basin floor, and Eocene—Early Oligo-
cene arc volcanic debris shed from the proto-Izu-Bonin
Mariana arc to the east. The basin basalts have trace
element characteristics of MORB, and enrichments in
Ba, Sr, Cs and Rb and ®’Sr/®Sr result from mild
post-eruptive alteration. Sr, Nd, Pb and Hf isotopic char-
acteristics are similar to those of MORB-like West
Philippine Basin basalts from other locations, and
resemble Indian MORB more than Pacific MORB.

Volcanic clasts clearly have an island arc origin based
on enrichment in LILE, and depletion in Ta and Nb
relative to HFSE. The clasts also have low Hf/Sm,
which, together with their isotopic composition, suggests
that their mantle source incorporated a small amount of
subducted sediment or sediment melt, together with
fluids from the subducted Pacific plate. The geochemical
characteristics of the arc volcanics, as well as the base-
ment basalts, do not indicate that OIB sources were
involved in their generation.
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