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ABSTRACT

The West Philippine Basin (WPB) is a back-arc basin that opened within the Philippine Sea Plate (PSP) between the current position of the Palau-Kyusl
Ridge (PKR) and the margin of East Asia. Spreading occurred at the Central Basin Fault (CBF) mainly from 54 until 30 Ma. The PKR was active since ~48 t
35 Ma constituting a single volcanic arc with the Izu-Bonin-Mariana (IBM) Arc. At ~42 Ma ago spreading rate and direction changed from NE-SW to N-S,
stopping at ~30 Ma. A late phase of spreading and volcanism took place between 30 and 26 Ma. ODP Leg 195 Site 1201 is located in the WPB, ~100 km wi
of the PKR, on 49 Ma crust formed by NE-SW spreading at the CBF. From ~35 to 30 Ma, pelagic sedimentation at Site 1201 was followed by turbidite sedi
mentation, fed mostly by arc-derived volcanic clasts. The geochemical and isotopic features of Site 1201 basement rocks, which represent Eocene WI
oceanic crust, compared with those of Site 1201 volcanics from the turbidite sequence, representing products of the early Mariana Arc (PKR), provide son
insights into the early history of the IBM subduction factory. The WPB basement is made up of aphyric to porphyritic basalts with altered olivine, and pre-
served plagioclase, clinopyroxene and opaques. The PKR volcanics are porphyritic basalts and andesites with plagioclase, clino- and orthopyroxene, ho
blende, alkali feldspar and opaques. Variable textures, and degree of alteration suggesting zeolite facies metamorphic grade, characterize both groups of ro

The mineralogical and geochemical characteristics of the investigated Site 1201 PKR volcanics highlight their calc-alkaline affinity. This feature is at vari-
ance with both other PKR rocks, having mostly boninitic and arc tholeiitic affinity, and WPB basement basalt, having tholeiitic affinity, with some characters
transitional to arc-like, as expected for a back-arc basin. New Sr and Nd isotope data, coupled with published Sr, Nd, Pb and Hf isotope data (Savov et :
2006), highlight the Indian Ocean MORB-like character of Site 1201 basement basalts. This suggests that WPB volcanism tapped an upper mantle dom:
distinct from that underlying the Pacific Plate. The isotopic features of Site 1201 PKR volcanics are more enriched relative to those of basement basalts r
flecting higher amounts of subduction-derived component(s) in the source of arc magmas. Th-Nb relationships and isotope geochemistry of the WPB bas
ment and overlaying arc volcanics suggest addition of subducted sediment mostly as siliceous melts, to the mantle source of the arc volcanics. In that respi
Site 1201 PKR volcanics resemble calc-alkaline volcanics of the currently active Mariana Arc. In addition, the calc-alkaline affinity, unradiogenic neodymi-
um, and inferred Middle Oligocene age of PKR volcanics, suggest they might represent an evolved stage of arc volcanism at Palau-Kyushu Ridge, perha
shortly before the end of its activity.

INTRODUCTION lution through time (see Stern et al., 2004, and Pearce et al.,
2005, for a review).

During Ocean Drilling Program (ODP) Leg 195 in West-  The West Philippine Basin (WPB) is located within the
ern Pacific Ocean (March-May 2001), a 453 m thick se- Philippine Sea Plate (PSP) between the Palau-Kyushu Ridge
quence of turbidites containing volcanic clasts, overlying 94 (PKR) and the eastern margin of Asia (Fig. 1). During ODP
m of basaltic pillows and hyaloclastites, was recovered atLeg 195 in the WPB, Site 1201, Hole D was drilled in 5711
Site 1201, Hole D (Salisbury, Shinohara, Richter et al., m of water, about 100 km west of the PKR and 450 km
2002; Salisbury et al., 2006). Geological, volcanological north of the Central Basin Fault (CBF). At present, this sub-
and petrological interpretation of the entire volcanic se- merged ridge represents an inactive spreading center, which
quence cored at Site 1201 and several adjacent Deep Segnerated the oceanic crust building the WPB basement.
Drilling Project (DSDP) Sites revealed that turbidites con- The main spreading phase at CBF occurred from ~55 to 30
tain volcanic clasts derived from a paleo-volcanic island Ma (Hilde and Lee, 1984; Hall et al., 1995; Fujioka et al,
arc, whereas the basement basalts erupted in a back-af®99; Deschamps and Lallemand, 2002; Deschamps et al.,
basin setting (Salisbury, Shinohara, Richter, et al., 2002;2002). Based on interpretations of the magnetic lineations
Savov et al., 2006). These findings provide a unique oppor{Hilde and Lee, 1984), Site 1201 lies on 49 Ma crust (Chron
tunity for investigating the nature and relationships between21, Fig. 1) formed by NE-SW spreading at the CBF. The
magmas erupting at the volcanic front of arcs versus thosd°’KR and the IBM arc constituted a single volcanic front, ac-
feeding back-arc spreading centers. The investigated arctive between ~48 and 35 Ma (Arculus et al., 1995; Cosca et
basin system is part of the I1zu-Bonin-Mariana (IBM) sub- al., 1998; Stern et al., 2004). At ~42 Ma the spreading rate
duction factory located in the West Philippine Basin (Fig. and direction changed to N-S (Hussong and Uyeda, 1981),
1), characterized by complex geodynamic setting and evostopping at ~30 Ma (Deschamps and Lallemand, 2002) as
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Fig. 1 - Sketch map showing the main basins
WestiE=: Vela and ridges in the Western Pacific Ocean
F'hilippine Basin (modified after Salisbury, Shinohara, Richter,
Sl Easin et al., 2002). Large numbers indicate either
DSDP or ODP drilling sites (red square indi-
cates the location of ODP Site 1201); smaller
numbers in parentheses are ages inferred from
magnetic lineations, white small numbers in-
dicate Chrons (Hilde and Lee, 1984). The in-
set shows the location of the study area
(boxed) in relation to Japan, China, Indonesia
and Papua-New Guinea.
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volcanism ceased at the PKR (Hilde and Lee, 1984). How-same region (currently with active volcanism) provide a
ever, late spreading and/or volcanism may have continuednuch needed baseline for such comparisons.
between 30 and 26 Ma (Scott and Kroenke, 1983; Cosca et
al., 1998; Deschamps et al., 1999; 2002; Fujioka et al.,
1999; Okino et al., 1999; Deschamps and Lallemand, 2002) PETROGRAPHY
in response to opening of the Parece Vela and Shikoku
back-arc basins to the east (Fig. 1). These basins formed as The turbidite sequence recovered at Site 1201 includes
a consequence of renewed subduction and hinge roll-back a24 cores (1R to 24R) made up of PKR volcanic clasts
the Pacific Plate along the eastern Philippine Sea Plate martmainly lava fragments mm- to dm-sized), and abundant
gin. Roll-back of the Pacific Plate triggered E-W intra-arc single crystals (up to 2-3 mm in size), variably dispersed in
rifting (Hall, 2002; Deschamps et al., 2002), leaving an in- a clay-rich matrix, containing rare fossil shell fragments.
active segment to the west (the Palau-Kyushu Ridge rem-Considering the large variety of lithological types, the re-
nant arc) and shifting arc volcanism to its current location atcovered volcanogenic sequence can be considered as made
the lzu-Bonin-Mariana arc front. In the Late Eocene to Mid- up of polymict tuffs (Fig. 2A). The clasts consist of highly
dle Oligocene (from ~35 to 30 Ma), pelagic sedimentation vesicular basic to intermediate calc-alkaline volcanic rocks
at Site 1201 was followed by flysch sedimentation, fed by (Fig. 2B-C). The textures are generally porphyritic and/or
island arc-derived volcanic clasts mixed with reef detritus glomeroporphyritic (15-30% phenocrysts), with groundmass
(Salisbury, Shinohara, Richter, et al., 2002). exhibiting various textural types including intergranular, in-
In this paper we present new mineral chemistry, andtersertal, felty and pilotaxitic. The phenocrysts are strongly
bulk-rock geochemical and Sr-Nd-isotopic data for Site altered olivine (in basic rocks), plagioclase (partially altered
1201 calc-alkaline volcanic clasts and polymict tuffs de- to secondary alkali-feldspar, zeolites and calcite), generally
rived from the Palau-Kyushu Ridge (proto IBM arc). These fresh clinopyroxene, orthopyroxene, rare hornblende (in in-
data are integrated with those published for three well-studtermediate rocks), and diffuse opaque oxides, likely Ti-mag-
ied large volcanic clasts from the PKR and for a suite ofnetite. The clast groundmass contains variable amounts of
well-studied basement basalts from Site 1201 (D’Antonio recrystallized or zeolitized, black to brown glass. Single
and Kristensen, 2005a; Savov et al., 2006) representing ol@drystals in the matrix are mostly plagioclase, variably al-
WPB oceanic crust. The comparison will provide important tered to secondary alkali-feldspar, zeolites and calcite, and
insights into the early history of the IBM subduction facto- minor fresh pyroxene. The silt- to sand-sized matrix is a
ry. In chaotic terranes like melanges or variegated forma-mixture of clay minerals, iron oxyhydroxides (“iddingsite”)
tions, studying ancient volcaniclastic sequences in tectonicand calcite. Considering this secondary mineral association,
or lithostratigraphic proximity to supra-subduction zone it can be inferred that Site 1201 volcanic clasts in turbidites
ophiolites, may provide extremely valuable information suffered low temperature alteration in a generally oxidizing
about the temporal evolution of entire supra-subductionenvironment.
basins including the forearc, arc and back-arc regions. The Site 1201 basement basalts (WPB) occur as mostly
Therefore, our results, combined with existing data for thepillows and minor massive lavas (Fig. 2D-E-F). The rocks
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Fig. 2 - Typical macro- and micro-petrographic features of Site 1201 volcanic rocks. A) Photograph of a polymict tuff from the turbidite sequence (interval
195-1201D-13R-6, 113-130 cm), consisting of several volcanic clasts included in a clay-rich matrix (Salisbury, Shinohara, Richter, et al., 2002); B) photomi-
crograph showing typical mineral paragenesis and texture of a glass-rich volcanic clast (sample 195-1201D-2R-2, 74-77 cm; cross-polarized light); C) phc
tomicrograph showing typical mineral paragenesis and texture of a highly porphyritic volcanic clast (sample 195-1201D-18R-3, 122-125 cm; cross-polarize
light); D) photograph of fragments of a pillow basalt and hyaloclastite from the basement sequence (interval 195-1201D-48R-4, 12-26 cm; Salisbury, Shinc
hara, Richter, et al., 2002); E) photomicrograph showing typical texture of a glassy aphyric basement basalt (sample 195-1201D-48R-2, 74-76 cm; plane-p
larized light; Salisbury, Shinohara, Richter, et al., 2002); F) photomicrograph showing typical mineral paragenesis and texture of a moderately porphyritic
basement basalt (sample 195-1201D-55R-1, 103-106 cm; cross-polarized light; Salisbury, Shinohara, Richter, et al., 2002).
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are aphyric to porphyritic (up to ~7 % phenocrysts), with kaline series, since it has also been described for clinopy-
variable degree of alteration (LOI = 0.77-11.85 wt.%; Sal- roxenes from mid-ocean ridge tholeiites (e.g., Hodges and
isbury, Shinohara, Richter, et al., 2002). The primary min- Papike, 1977; Dungan et al., 1978; Mevel et al., 1978;
erals consist of: plagioclase, ranging in composition from Wood et al., 1979). The enstatites have a relatively narrow
labradorite through bytownite to andesine; olivine (pre- range of Mg# (74.1-61.3), only partially overlapping that of
sumably magnesian, now completely replaced by sec-augites, and show a trend of enrichment in Fs content
ondary minerals); chromian-magnesian-diopside; Ti-mag-which mirrors that of augites. The coupled variation of
netite (partially maghemitized) and chromian spinel. Min- high-Ca and low-Ca pyroxenes is typical of calc-alkaline
eral paragenesis, composition of relict primary mineralsbasalts and andesites. Literature data for pyroxenes from
and geothermobarometric estimates suggest a rather primithe Palau-Kyushu Ridge (Ishii, 1980; Scott, 1980; Hawkins
tive composition for the parent magmas (D’Antonio and and Castillo, 1998) display overall comparable variations;
Kristensen, 2005a). Glass-rich basalts exhibit spherulitic,however, these studies also report some extreme Fe-augite
hyalopilitic and branching textures (Fig. 2E). More crystal- and pigeonite compositions that are missing in Site 1201
lized basalts show felty, intersertal, intergranular and sub-volcanic clasts and crystal population within the matrix
ophitic textures (Fig. 2F). The volcanic glass is devitrified (Fig. 3C).

to clay minerals and zeolites. Skeletal, swallow-tailed pla- In Site 1201 basement basalts only clinopyroxene is pre-
gioclase crystals are commonly replaced by calcite, alkalisent. It classifies as chromian-magnesian-augite, with a to-
feldspar and Ca-Na-zeolites. Euhedral crystals of formertal range of Mg# between 88.0 and 71.3 (D’Antonio and
olivine are completely replaced by clay minerals, iron oxy- Kristensen, 2005a) denoting a more primitive character of
hydroxides (“iddingsite”) and calcite. Clay minerals are K- the magmas in comparison to the volcanic clasts from the
Fe-Mg-rich (mostly glauconite, minor Al-saponite and Fe- PKR arc.
beidellite), whereas zeolites are Ca-Na-rich (natrolite

group zeolites and analcite). The secondary minerals para-

genesis suggests zeolite facies metamorphic grade, likel

occurred under mostly oxidizing conditions at tempera-

tures not exceeding 100-150°C (D’Antonio and Kris- " Wo -
tensen, 2005b). A /7 \

/ EJ% \ Site 1201

MINERAL CHEMISTRY o "\ volcanic clasts

Selected electron microprobe analyses for preserved min ~ / A
erals (pyroxene and plagioclase) occurring in Site 1201 vol- pnf——x—F By PRV R P
canic clasts and as single crystals within the matrix enclos- S Wo 5
ing the clasts, are presented in Tables 1, 2 and 3. These da R 7 N\
are plotted on conventional mineralogical diagrams in Figs. )
3 (Diopside-Hedenbergite-Enstatite-Ferrosilite) and 4 (Al- n o Site 1201
bite-Anorthite-Orthoclase) together with available data for / matrix crystals
Site 1201 basement basalts (from D’Antonio and Kris-
tensen, 2005a). Literature data for other samples from the & e ~—
Palau-Kyushu Ridge drilled during DSDP Leg 59 (Ishii, En — ——=
1980; Scott, 1980) are also shown for comparison. Di Hd

C /7 ALY

Fs

Pyroxenes Palau-Kyushu Ridge

Chemical analyses of pyroxene are plotted on the f 2 from literature
quadrilateral classification diagram Di-Hd-En-Fs (Fig. 3). f
This diagram reveals that both clinopyroxene and orthopy- _ Sy e\
roxene are present in the volcanic clasts (Fig. 3A) and als¢="
within the single crystals population of the matrix (Fig. Di Hd
3B). According to their Wo, En and Fs contents, the D ™ AN
clinopyroxene crystals plot in the field of magnesium-rich /G%u ° \
augite, and are often aluminian, and sometimes also ferriat £ = Site 1201
and chromian (Table 1). The orthopyroxene is ferroan en- / \ basement
statite, sometimes aluminian and/or ferrian (Table 2; classi- /
fication and nomenclature according to Rock, 1990 and ,’“ T e .

Yavuz, 2001). The augites have Mg# [= atomic 100 x =" i
Mg?*/(Mg?*+Fe*+Mn?%)] ranging between 83.4 and 62.4.

More primitive crystals (Mg# reaching up to 83.4) also

have relatively high (_‘203 contents (up to 0.35 wt%). Fig. 3 - Classification diagram Di-Hd-En-Fs for pyroxenes (Rock, 1990),
Moreover, dlinopyfoxehecrystals cisplay a trend of de- S1901% i hemies vty o pyoenes o ) e 120, s
creas!r!g E.n and. Wo with mcreasmg_Fs on th.e quat_jrllatera Palau-Kyushu Ridge (data from DSDP Leg 59, Sites 448, 448A and 451,
classification diagram (Fig. 3). This trend is typical of gy 1950; Scott, 1980) and D) Site 1201 basement basalts (D'Antonio
clinopyroxenes from calc-alkaline basalts and andesitesand kristensen, 2005a). Di- diopside; Hd- hedenbergite; En- enstatite; Fs-
(e.g., Ewart, 1982); however, it is not exclusive of calc-al- ferrosilite; Wo- wollastonite.
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Plagioclase tals, so that the analytical data presented above have been
acquired mostly on crystal cores. When core-rim pairs were
easurable, both normal and reverse chemical zoning has
een found. One case of strong reverse zoning, frogirn
the core to Ag at the rim, has been detected in a crystal
from a volcanic clast (sample 195 1201D 10R-4, 63-66 cm).
The plagioclase of Site 1201 basement basalts shows a

In the Site 1201 volcanoclastic sequence primary plagio-
clase occurs both in individual clasts and as single crystal
within the turbidite matrix. The plagioclase chemical data
are plotted separately on the ternary Ab-An-Or classifica-
tion diagram (Fig. 4A, B). The anorthite content of plagio-

clase crystals from the volcanic clasts ranges fror, &n more restricted compositional range (Fig. 4D), mostly from

An_,, whereas single crystals in the matrix display a morebytownite to labradorite (Apto An.), with only one ande-

restricted range, between Arand An, (Table 3). The Or ; e : : )
content is generally lower than 1 wi%, and may reach 1 35ine (An,,, D’Antonio and Kristensen, 2005a). The less cal

wt%. Overall, the majority of plagioclase crystals fall in the (gc pleégmcl_abs% ?ms de:elctedhm the basement rO(l:)I|<s he;]ve

bytownite and labradorite fields (Fig. 4A, B), within the peen described Tor crystals WHose cores, presumanly richer
Lo 4 e in anorthite, were completely altered to secondary clay min-

large varlab|llty range (Ap to An27)_ displayed by Palau- erals. zeolites and/or calcite

Kyushu Ridge plagioclase from literature (Scott, 1980), ' ’

shown for comparison in Fig. 4C. The compositional range

displayed by the Site 1201 plagioclase is that expected for

calc-alkaline basalts, basaltic-andesites and andesites (e.g.,

Ewart, 1982). The most extreme plagioclase composition, Geothermobarometric estimates for Site 1201 volcanic

An,, is likely that of a xenocryst out of equilibrium with the . : ) .
hogi rock, which is an evolved basalt (sample 195 1201DCIaStS can be made using both clinopyroxene-orthopyrox

15R-2, 61-65 cm: Table 4). Similar extremely An-rich pla- ene, and plagioclase-liquid equilibria. For temperature cal-

; . - culations employing coexisting clinopyroxene and orthopy-
?l'gglg)sa )r(c? Q&C%Srftﬁveeéeer ;Lllj ?s?a% SHakaS and CaStIIIOroxene pairs, we used the QUILF software, version 6.42, of

, . . _Andersen et al. (1993). This provided estimates of 1,155 +
Alteration affected the rims of several plagioclase crys 56°C for the most primitive compositions found in volcanic
clasts (Cpx: X, = 0.451, X, = 0.350; Opx: X, = 0.687,

GEOTHERMOBAROMETRY

An Xuwo = 0.045), and 1,142 + 12°C for those found in single
Site 1201 crystals within the matrix (Cpx: % = 0.486, X, = 0.369;
A volcanic clasis Opx: X, = 0.721, X, = 0.043). Temperature estimates for

the evolved pyroxene compositions gave values of 981 + 17
°C for volcanic clasts (Cpx: X = 0.447, X, = 0.322; Opx:
Xg, = 0.612, X, = 0.029), and 989 + 22°C for single crys-
tals in the matrix (Cpx: X = 0.438, X, = 0.349; Opx: X,
= 0.601, X,, = 0.031), respectively. The quite low uncer-
tainties given by the calculations are good indication that
B the Cpx-Opx pairs selected for temperature estimates were
Site 1201 in equilibrium. Independent temperature calculations have
matrix crystals been carried out for two volcanic clasts (Savov et al., 2006)
% by using the plagioclase-liquid geothermometer, as recently
refined by Putirka (2005) to provide also pressure estimates.
The temperature and pressure estimated for the equilibrium
; between the basalt 195-1201D 5R-4, 136-138 cm and a pla-
C gioclase with An are 1477 + 23 KI(1204°C) and 6.3
1.8 kbar, respectively; the estimates for the equilibrium be-
Paiar i B tween the andesite 195-1201D 10R-4, 63-65 cm and a pla-
alau y.us U RIGEE gioclase with Ap, (Table 3) are 1345 + 23 KJ(1072°C)
from literature and 2.9 + 1.8 kbar, respectively.

The temperature values estimated with the two geother-
mometers are similar, considering the uncertainties. The
overall temperature range, 1,160-980°C, agrees well with
the basalt-andesite compositional spectrum shown by the
analyzed PKR volcanic clasts; furthermore, the pressure es-
timates, even with their uncertainty (see discussion in Putir-

Site 1201 k_a, 2005), suggest a_rough decrea:_;i_ng depth of crystalliza-
: tion for magmas varying in composition from basalt to an-
basement desite. A similar temperature range of 1,130-970°C was de-
termined by Ishii (1980) using pyroxene geothermometry on
Ableav wde go v v \.AO[. DSDP Leg 59 basaltic to andesitic samples from Palau-
Anorthoclase Samidine Kyushu and West Mariana Ridges_
Fig. 4 - Ternary classification diagram Ab-An-Or for feldspars, showing Estimates of temperature and pressure for Site 1201 base-
the chemical variability of plagioclase of A) Site 1201 volcanic clasts (this ment basalt were carried out by D’Antonio and Kristensen
work), B) Site 1201 matrix single crystals (this work), C) Palau-Kyushu (2005a). They estimated a temperature of 1,171°C for the

Ridge (data from DSDP Leg 59, Sites 448, 448A and 451; Scott, 1980) and

D) Site 1201 basement basalts (D’Antonio and Kristensen, 2005a). For theequ“ibril'|m between the basalt 195-1201D 55R-1, 103-106

latter, the chemical variability of secondary alkali-feldspar is also shown. €M @nd the An-richest plagioclase microlite analyzed in that
Ab- albite; An- anorthite; Or- orthoclase. rock (An,,), using the plagioclase-liquid geothermometer of
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Kudo and Weill (1970) refined by Mathez (1973). A slightly considering the high loss on ignition (L.O.l.; 6.4 - 15.7
higher temperature of 1304 + 23 KI{,203°C), and a pres- wt%) and CaCQcontents (5.0 - 10.8 wt%; Table 4), which
sure of 4.99 £ 1.8 kbar can be calculated by applying the for-confirm petrographic observations for presence of diffuse
mulation of Putirka (2005) to the same plagioclase-rock pair.zeolites, clay minerals, iron oxyhydroxides, and calcite. The
The latter T and P estimates agree well with those carriedrery high L.O.l. values of some samples are due to the fact
out by D’Antonio and Kristensen (2005a) using the geother-that they are composites including both clasts and clay rich-
mobarometer clinopyroxene-liquid (Putirka et al., 1996), matrix. Thus, in order to better classify the Site 1201 PKR
which gave average temperatures of 1195°C (N = 46, st. devolcanics, the Jensen cation plot, which is based on the
= 22°C) and pressure of 4.7 kbar (N = 43; st. dev. = 1.9 kb)poorly mobile elements Al, Fe, Ti and Mg (Rickwood,
Both temperature and pressure estimates are in agreemef®89; Fig. 5) has been adopted. On this diagram, the Site
with the primitive nature of the parent tholeiitic basalt mag- 1201 PKR volcanics fall in the field of calc-alkaline series
ma of Site 1201 basement. and classify mostly as basalt, with a few andesites. It is in-
teresting to note that they are compositionally distinct from
literature data for the Palau-Kyushu Ridge. Furthermore,

GEOCHEMISTRY Site 1201 PKR volcanics show a limited overlap with WPB
basement basalts, the latter having distinctly less alumini-
Bulk rock major oxide and trace element contents um. These compositional differences will be treated in the

discussion section.

In Table 4 new X-ray fluorescence (XRF) major and The calc-alkaline affinity of Site 1201 PKR volcanics

trace element data for 11 representative Site 1201 poniCEan be clearly seen in the Miyashiro's discrimination dia-

tuffs (composites of several volcanic clasts plus matrix) are :
listed. The new geochemical data are plotted on classifica—fgarl"flsmi?1 EEIeg.th%)l'eﬁtlitgﬁ‘)iglgdhir? r;ﬁ esgli”npls E:Seavol\\//l eé all.(,)t2006)
tion and tectono-magmatic discrimination diagrams (Figs. Ovs. FeQ/MgO plot.

; : 20 In that respect, the Site 1201 PKR volcanics differ from
57). In these diagrams, comparisons can be made with: thE’KR literature data, most of which have either boninitic or
data field for other PKR volcanic rocks (Armstrong and ., \“soleiitic affinities (Armstrong and Nixon, 1980;
Haukins and Caslo, 1998 Perce et . 1989, ice nri2 980 Matey et o, 1980, St 1380, Hanki an
:‘/rlc?rl:]aé)E)ERSi\{glizglf (Cslgﬁtssbu?; dSY:{rF: fh :rzseRr?cehr;terbaésEa;ﬁsWPB basement basalts straddle the boundary between the
2002: Savov et al., 2006); WPB basement lavas from DSDF;hole||t|c and calc-alkaline fields on the two diagrams.

Sites 291 and 447 (Pearce et al., 2005). The three individual The high degree of alteration of the studied volcanic

Site 1201 volcanic clasts studied by Savov et al. (2006) ancgoscﬁsaﬂ:g\rl,gné?adrrzmggamaeiﬁgtmggilﬁ\ggzggg odn'ai?]:j%rzs’H%JVﬂ]
the polymict tuffs of the present work will be hereafter re- 9 g )

ferred to as Site 1201 PKR volcanics. ever, the available geochemical data allow us to make some

Considering the advanced alteration and/or low-T meta'(r:noa:g?na;t?ggi;NcI:ihm(i);g(;[)rlla Egga;ggngvrnBofggglgsd 8 ?hiCtngl?/_
morphism experienced by the investigated volcanic rOCkS’giagrams employing fluid-immobile major oxides and/or

classification diagrams based on mobile elements, such a :
A : ’ face elements (e.g., Ti, V, Zr, Nb and Y) should be selected
the Total Alkali-Silica diagram (Le Bas et al., 1986) may be for such altered rocks. The Ti-V discrimination diagram

unreliable. The high degree of alteration is clearly ev'dem(Shervais, 1982: Fig. 7) shows well the arc tholeiite affinity
of both Site 1201 PKR volcanics and other PKR samples

Fem] +Ti from the literature (Armstrong and Nixon, 1980). It is inter-
TR esting that WPB basalts from ODP Site 1201 and DSDP
m pubnict s, s wosk Sites 291 and 447 fall partly in the field of MORB and
2 R back-arc basin basalts (BABB), and partly in that for arc
West Phil ppine Fiasin basemsat tholeiites. Moreover, other WPB basalts, in particular those
ey from DSDP Sites 292 and 294 (Pearce et al., 2005; Hickey-

Vargas et al., in press), have a clear Ocean Island Basalt
(OIB) affinity. Thus, immobile trace element data confirm
and reinforce the difference between the Palau-Kyushu
Ridge volcanics and the West Philippine Basin basalts.
Savov et al. (2006) have recently pointed out other trace
element characteristics of both basement basalts (WPB) and
some representative volcanic clasts recovered at Site 1201.
As expected for back-arc basalts formed close to an active
island arc, REE patterns of WPB basalts are LREE-depleted
to flat. MORB-normalized spiderdiagrams are arc-like with
Al Mg variable degre(_es of LILE-e.n.richments, large neggtive Nb
and Ta anomalies, and positive Sr and La anomalies. These
Fig. 5 - Jensen cation classification diagram (Rickwood, 1989) for Site patterns strongly resemble those of younger Mariana
1201 PKR volcanics (data from Table 4 and from Savov et al., 2006). Lit- Trough back-arc basalts and modern low-K Mariana Arc
eré(ljtlilrglt;lfzt?df%r if;);e;ergcsot:ndggfs (%S'Z:; l;i% 552{' s;;els I‘;‘:}% 4&8/:“ volcanics (e.g., Arculus et al., 1995; Elliott et al., 1997). The
an u ing S u, Gu i S| S ; _ ; i
strong and Nixon,_ 1980; Ishii, 1980; Mattey et al., 1980; ‘S_coltt, 1989; Ellfltqovt(l?llgsagI(C:)fCImaf)EjSe?rTOh\;lvawa?]F;BAPgI;/n(;ﬁ‘:“a?rigsp\?\/tltt?’lrr(]:sal(s:l-gll-
Hawkins and Castillo, 1998; Pearce et al., 1999). West Philippine Basin < o . .
basalts are from ODP Site 1201 (Salisbury, Shinohara, Richter, et al.,Kaline affinity, with high LILE abundances and deep nega-
2002) and DSDP Sites 291 and 447 (Pearce et al., 2005). tive Nb anomalies. The REE patterns are arc-like with
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strong LREE enrichment. It is worthwhile to point out that
modern Mariana Arc volcanics have strongly variable affin-
ity, from sub-alkaline to shoshonitic lithological types (e.g.,
Peate and Pearce, 1998; Sun and Stern, 2001; Pearce et al.,
1999; 2005).

Isotope geochemistry

New Sr- and Nd-isotope data for nine Site 1201 PKR
polymict tuff samples are presented in Table 4. The Nd-iso-
tope ratios are reported both as measured and age-corrected
(to 35 Ma), whereas Sr-isotope ratios were not age-correct-
ed. Since the powders have been long leached with hot 6N
HCI to remove alteration, it is likely that the leaching proce-
dure have significantly affected the original Rb and Sr con-
tent of the rocks. It is likely that the residue left after the
leaching was made up only of plagioclase and clinopyrox-
ene. These minerals do not contain appreciable amounts of
Rb, whereas they are quite rich in Sr. Thus, their Rb/Sr ratio
must be very low, and the Sr-isotope ratio measured on
leached samples can be reasonably assumed as the initial.

Initial 8’SrPéSr ratios range between 0.70340 and
0.70374; initial**3Nd/**Nd ratios vary between 0.51293
and 0.51300. Savov et al. (2006) report slightly more radi-
ogenic initial®’Srf%Sr ratios, in the range 0.70338-0.70432,
with homogeneous initial**Nd/**“Nd ratios (0.51297-
0.51298), for three Site 1201 volcanic clasts. Isotope data
for the Palau-Kyushu Ridge in the literature are very scarce.
The few published data are for rocks drilled by DSDP dur-
ing Leg 59 at Sites 448 and 448A, and for Eocene forma-
tions cropping out at Palau, Saipan and Guam islands. These
rocks have initiaf’SrfSr ratios in the range 0.70307-
0.70355, and initial*3Nd/*4Nd ratios in the range 0.51302-
0.51306 (Armstrong and Nixon, 1980; Hickey-Vargas,
1991; Pearce et al., 1999). One sample with extremely high
87SrffeSr ratio of 0.706267, ant*3Nd/**“Nd ratio of
0.513048, reported by Pearce et al. (1999), is likely severely
altered by seawater.

In the Sr-Nd covariation plot (Fig. 8A), comparisons can
be made among Site 1201 PKR volcanics and WPB base-
ment (Savov et al., 2006; this work), other WPB basement
rocks (Hickey-Vargas, 1998b; Hickey-Vargas et al., in
press) and the fields of Pacific and Indian Ocean MORBS,
and the active Mariana Arc (Hickey-Vargas and Reagan,
1987; Elliott et al., 1997). The basement basalts and most
PKR volcanics of Site 1201 fall within the field of Indian
Ocean MORSB, although the latter fall at distinctly lower ini-
tial 1*3Nd/**4Nd values. Two volcanic clasts which are en-
riched in radiogenic Sr with respect to the other samples are
shifted rightwards, falling outside the field of the active
Mariana Arc. These samples were likely severely altered by
seawater and the leaching procedure, carried out with dilute
acid (0.1 N HCI) before dissolution and isotopic analysis
(Savov et al., 2006), did not remove effectively all seawater-
derived Sr. Apart from these two samples, all the Site 1201
PKR volcanics fall at the enriched end of Indian Ocean
MORSB field, and also plot within the field of active Mari-
ana Arc. Other PKR volcanic rocks from the literature plot
within this field too, but at distinctly higher initial
143N d/A4Nd values.

The isotopic similarity of Site 1201 basement basalts to
Indian Ocean MORB, notwithstanding they have been em-
placed in the Western Pacific Ocean, is a common charac-
teristic of other West Philippine Basin basement basalts
(Hickey-Vargas, 1991; Hickey-Vargas et al., 1995; Spadea
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Fig. 5.

et al., 1996; Hickey-Vargas, 1998a; 1998b; Savov et al.,
2006; Hickey-Vargas et al., in press). This isotopic feature
is shared also by the Palau-Kyushu Ridge volcanics, as ob
served first by Pearce et al. (1999), and then by Savov et a
(2006) and confirmed by the new isotope dataset presente
here (Table 4 and Fig. 8). For both the basement basalts ar
the volcanic clasts recovered at Site 1201, Savov et al

(2006) also found Pb- and Hf-isotopic evidence for an Indi- :

an Ocean MORB affinity. Indeed, most of the Site 1201
basement basalts and volcanic clasts have hi§tirs?*Pb

for a given?°%PbPPh. Also, they have highéreHf/1""Hf

for a given™3Nd/**/Nd, compared with Pacific Ocean
MORSB, as is clearly visible on Fig. 8B. The Indian Ocean
MORB Nd-Hf isotope sighatures were recently described
for WPB basalts from other locations (Pearce et al., 1999;
Hickey-Vargas et al., in press).

DISCUSSION AND CONCLUSIONS

The rock sequence recovered at Site 1201 Hole D during
Leg 195 has an inherent importance, as noted by Salisbury
Shinohara, Richter, et al. (2002), Salisbury et al. (2006) anc
Savov et al. (2006), and emphasized here. Indeed, thes
rocks provide a unique opportunity to investigate the geo-
chemical and isotopic features of volcanic rocks from a
now-extinct intra-oceanic volcanic arc, the Palau-Kyushu
Ridge, and from the back-arc basin related to the activity of
that same arc, i.e. the West Philippine Basin. Volcanic rocks
belonging to the now submerged PKR crop out in very few
locations (Palau, Saipan, Guam and Belau Islands; e.g.

Hickey-Vargas and Reagan, 1987; Hawkins and Castillo,

1998; Pearce et al., 1999). Thus, Site 1201 volcanic clasts
from turbidite deposits, generated when the arc was

emerged, are of great importance to better characterize the
history of the early IBM volcanic arc.

The mineral chemistry investigation carried out on py-
roxene and plagioclase of Site 1201 volcanics has highlight-
ed clinopyroxene of magnesium-rich augite composition,
orthopyroxene of ferroan enstatite composition, along with
bytownite-labradorite plagioclase, amphibole, olivine and
opaque oxides (Tables 1-3; Figs. 3-4). This is a mineralogi-
cal association typical, though not exclusive, of calc-alka-
line basalts and andesites (e.g., Ewart, 1982). The Site 1201
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basement basalts to the contrary, are characterized only b T T T T Tt
Mg-rich augite, in addition to olivine, bytownite-labradorite Palau-Kyushu Ridge

plagioclase and opaque oxides, i.e. an association more typ 10
cal of tholeiitic basalts (D’Antonio and Kristensen, 2005a).

B polymict tuffs, this work
@® volcanic clasts, Savov el al. (2000)

L Sl

The results of geothermobarometric estimates carried ou 37, liloratime data 2
on PKR volcanic clasts suggest that the magmas were 'WP;rPhiiippine Risiii Basarignit Q}
evolving through fractional crystallization processes from Th/Y'L E'l‘ -ODP Site %2[”' T / i
basalt to andesite compositions, in a temperature range be i oo ]
tween ca. 1160 and 980°C, at a pressure decreasing from ¢ 1 L O DSDP Sites 291, 292, 204, 447 N7
6.3 to 2.9 kbar. In agreement with the more primitive nature £ Mariana active arc £ A
of their tholeiitic parent magma, the basement basalts drillec F <X titerature data g S$L ]
at Site 1201 appear to have equilibrated at slightly higher (> 1

temperatures, ca. 1200°C, with respect to that of PKR vol-
canics, and at pressures of ca. 5 kbar, (D’Antonio and Kris- -
tensen, 2005a; this work).
One of the most interesting results of this investigation ~ U.1
concerns the geochemical affinity of the studied Site 1201
PKR volcanics. When plotted on classification and tectono-
magmatic discrimination diagrams using elements poorly
sensitive to alteration (Figs. 5-7), the investigated Site 1201 s
PKR volcanics reveal well their calc-alkaline affinity. This s
is at variance with most of the other PKR samples available 41
in the literature, which have either boninitic or low-K tholei-
itic affinity (Armstrong and Nixon, 1980; Ishii, 1980; Mat-
tey et al., 1980; Scott, 1980; Hawkins and Castillo, 1998;
Pearce et al., 1999). The calc-alkaline nature of Site 1201 /
PKR volcanics is also confirmed by their pyroxene compo-
sition, as was pointed out earlier. The underlying Site 1201
basement basalts fall between the calc-alkaline and the
tholeiitic fields. Particularly interesting is the position of 0.01 0.1 Nb/Y 1
these rocks when they are plotted on the Ti vs. V diagram rig g - Th/y vs. Nb/Y diagram for Site 1201 PKR volcanics (data from
where they straddle the boundary between the field of table 4, and Savov et al., 2006). The contours provide the percentages of
tholeiites and that of back-arc basin basalts/mid-ocean ridgeTh added to the mantle by subduction. Literature data for PKR and WPB
basalts (Fig. 7). as in caption of Fig. 5. Literature data for Mariana arc from Pearce et al.,
The initial Sr- and Nd-isotope ratios of all the Site 1201 2005 and quoted references.
volcanic rocks (Fig. 8; Savov et al., 2006; Hickey-Vargas et
al., in press; this work) are similar to the most enriched Indi-
an Ocean MORBs. Moreover, they fall within the field of the and DSDP Sites 291, 292, 294 and 447) define a MORB-
currently active Mariana Arc, suggesting similarity of source OIB array which best represents the local mantle domain.
region characteristics and/or magmatic processes betweeQffsets in the Th/Y ratio from this mantle array are manifes-
the early arc, i.e. the Palau-Kyushu Ridge, and the currentation of subduction-related additions. Given the geochemi-
Izu-Bonin-Mariana arc-basin system. However, we pointedcal characteristics of Th (Elliott et al., 1997), the subduction
out that the Site 1201 PKR volcanics have initt@lld/A4Nd input highlighted in Fig. 9 must represent addition of
values distinctly lower than those of other PKR volcanic siliceous melts (Pearce et al., 2005 and quoted references).
rocks, for a similar range of initif[Srf°Sr values. The ob-  This diagram also provides quantification of the subduction
servation that the PKR volcanic rocks have mostly boninitic input, and for Site 1201 PKR volcanics, the contribution is
and low-K tholeiitic affinity, whereas the investigated Site bracketed between 75 and over 90%, or essentially the same
1201 PKR volcanics have calc-alkaline affinity, appears con-as the modern Mariana arc volcanics.
sistent with the difference in their initi&Nd/4“Nd ratio. The role of aqueous fluids cannot be investigated in the
The lower initial**INd/*Nd suggests that Site 1201 samples PKR volcanics due to the sensitivity to alteration of com-
could represent magmas derived from an Indian Oceamonly used element tracers such as Ba, Sr and K. However,
MORB-like source region, modified by a higher amount of the Th enrichment with respect to Nb (as shown in Fig. 9)
subduction-related components (aqueous fluids and clay-richestifies to the significant role of siliceous melts, i.e. deep
sediment or sediment melts; see Savov et al.,, 2006) comeomponents, as contribution to the mantle from subduction,
pared to those inferred for the boninites and low-K tholeiitesmost possibly during the late stage PKR arc volcanism.
emplaced during earlier stages of arc development. Thus, the generation of the calc-alkaline volcanics investi-
The nature of the subduction components added to theyated in this study could have occurred during an evolved
mantle source can be better highlighted by means of binargtage of arc volcanism at Palau-Kyushu Ridge, perhaps
diagrams employing ratios of trace elements with similar in- shortly before the end of its activity, which may have oc-
compatibilities, one subduction-mobile and one subduction-curred as late as 29 Ma (Scott and Kroenke, 1983). Indeed,
immobile, divided by a trace element that is incompatible according to the geological and geochronological recon-
and highly conservative in subduction systems (Pearce estruction of the early IBM arc resulting by the study of ter-
al., 2005). Following the approach of Pearce et al. (2005)ranes cropping out at Guam, Palau, Saipan and Belau is-
we constructed a Th/Y vs. Nb/Y diagram (Fig. 9). In this lands (e.g., Hickey-Vargas and Reagan, 1987; Hawkins and
plot, all the West Philippine Basin basalts (ODP Site 1201 Castillo, 1998; Pearce et al., 1999), volcanism began with
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emplacement of boninitic rocks in the Middle Eocene, andDeschamps A., Okino K. and Fujioka K., 2002. Late amagmatic
later evolved into tholeiitic and finally calc-alkaline series  extension along the central and eastern segments of the West
rocks in Early-Middle Oligocene. The Site 1201 calc-alka- ggg'P;;gez'SgS'“ fossil spreading axis. Earth Planet. Sci. Lett.,
line volcanics belong to the uppermost ca. 250 meters el (799
(Cores 1R-18R) of a turbidite sequence dated Late Eocene nggém a'\rfdAF'ioRdgg?se f;J\;M'i9L7°8”gTEéEgeﬁﬁggsaéﬂdDgzac?Zarﬂg?&
Middle Ollgocene_ (Sallsb_ury, Shinohara, Rlch_ter, et al., of basalts from Site 396, Legs 45 and 46 of the Deep Sea
2002). Thus,_ a Middle Ollgo_cene age can be_ |_nferred for Drilling Project. In: L. Dmitriev, J. Heirtzler, et al., Init. Repts.
these rocks, in agreement with an evolved activity stage of p spp. 46:89-114.
the Palau-Kyushu Ridge. Further investigations on moregjjiott T., Plank T., Zindler A., White W.M. and Bourdon B.,
volcanic clasts, particularly those occurring in deeper cores 1997. Element transport from subducted slab to juvenile crust
at Site 1201, will be necessary in order to clarify better the at the Mariana Arc. J. Geophys. Res., 102: 14,991-15,019.
earlier evolution of the Palau-Kyushu Ridge arc volcanism. Ewart A., 1982. The mineralogy and petrology of Tertiary-Recent
orogenic volcanic rocks, with special reference to the andesitic-
basaltic compositional range. In: R.S. Thorpe (Ed.), Andesites:
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