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suggest involvement of pelagic sediments in their source
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Abstract

New Hf isotopic compositions for island arc basalts from the Luzon arc (Philippines) define a
remarkable sub-horizontal trend in Hf-Nd isotopic space with a small range of €y; (+5 to +17)
associated with a large variation in gy, (-7 to +8). The data plot above and barely overlap the
terrestrial array defined by oceanic basalts and continental crust. Mixing hyperbola passing
through the data intersect fields for depleted mantle and pelagic sediments suggesting that
these two components formed the source of the Luzon arc lavas. An exception is the Batan
Island where the low €, ratios are associated with low €, values. A mixing hyperbola fitting
the Batan samples suggests that their mantle source was modified by subducted material prior
to contamination by terrigenous clays.

The relationship between Nd and Hf isotopic compositions in the Luzon volcanics show that
the type of sediment subducted under an island arc is a determining factor in the control of the

two isotopic systems in island arc environments.

Introduction

Subduction zones are important sites of the Earth surface because they are regions where
continental crust is extracted from the mantle. Petrological and geochemical studies show that
island arc lavas have compositions that approach that of average continental crust (Taylor and
McLennan 1985; Taylor and McLennan 1995) but differ significantly from those of lavas at
mid-ocean ridges or in oceanic islands such as Hawaii. Possible explanations for the close
similarities between the compositions of continental crust and island arcs are not yet fully
developed but they can be separated into two distinct categories: (a) The distinctive chemical
characteristics of both arcs and the continental crust (negative Nb-Ta anomalies and
enrichment of the LILE) is a primary feature unique to magma formation in subduction zones.
These features are bequeathed to the continental crust as island arcs are accreted and reworked
during crust-forming processes. (b) The chemical characteristics of arc magmas are secondary,
being inherited from sediments of continental origin. The continental signature is transmitted
from subducted sediment to the mantle source of arc magmas as the sediments dehydrate or
partially melt during the subduction process. It is very likely that both explanations are valid;

the continental signature was created initally in ancient subduction zones, then recycled each



time a new subduction zone forms. The critical question is the relative importance of the two
processes in modern subduction zones. While the presence of ubiquitous and large negative
Nb anomalies in arcs showing otherwise little to no involvement of sediments in their source
argue in favor of specific fractionation processes during arc lava formation (McCulloch and
Gamble 1991; Elliott et al. 1997), other studies have demonstrated that the composition of
subducted sediments strongly influences the composition of the island arc basalts (White and
Dupré 1986; McDermott et al. 1993; Plank and Langmuir 1993; Vroon et al. 1993; Vroon et
al. 1995). The question remains therefore open.

Because Hf is a high field strength element (HFSE) and Nd is a rare earth element (REE), they
behave differently during sedimentary processes. Hf is concentrated in zircon which is
deposited as a detrital component, typically in coarser-grained terrigenous sediments; Nd is
present mainly in clay minerals which are deposited in finer-grained sediments or in chemical
precipitates. Detrital sediments therefore have high Hf/Nd and low Lu/Hf ratios which leads to
non-radiogenic Hf isotope ratios while pelagic sediments and Fe-Mn crusts and nodules have
low Hf/Nd and high Lu/Hf which generate more radiogenic Hf with time (Patchett et al. 1984;
White et al. 1986; Ben Othman et al. 1989; Godfrey et al. 1997; Albarede et al. 1998;
Vervoort et al. 1999; David et al. 2001). The Hf-Nd isotopic array of arc lavas will therefore
depend on the type of sediment subducted under the arc. Similarly, the process responsible for
the addition of sediments to the source of arc lavas will affect the Nd-Hf isotopic relationship.
Because Nd is more soluble than Hf in aqueous fluids, dehydration of sediments and/or
basaltic crust will favor Nd input relative to Hf while bulk melting should transfer both
elements in relatively unchanged proportions (Tatsumi et al. 1986; McCulloch and Gamble
1991; Saunders et al. 1991; Hawkesworth et al. 1993a; Hawkesworth et al. 1993b;
Hawkesworth et al. 1994; Pearce et al. 1999). This process also has consequences on the Nd-
Hf isotopic array in the arc lavas. In summary, both the contribution to the arc source of a
subducted material with variable Nd-Hf isotopic compositions, and the various processes
affecting the REE and HFSE in subduction zones are potential causes of Nd-Hf geochemical
and isotopic variations in arc lavas.

Very few studies have focussed on the Hf isotopic compositions of island arc basalts (White
and Patchett 1984; Salters and Hart 1991; Vroon et al. 1998; Pearce et al. 1999; Woodhead et
al. 2001) and much understanding of the processes occurring under the arcs can be gained by
further work. The Luzon arc is an excellent site to evaluate Nd-Hf isotopic systematics in arcs
because this arc displays a very large range of Nd isotopic compositions (Defant et al. 1989;

Defant et al. 1990; McDermott et al. 1993; Fourcade et al. 1994). This suggests that Hf

3



isotopic compositions should also vary widely. Previous authors have suggested the
involvement of different types of sediments in the source, terrigenous sediments in the opinion
of McDermott et al. (1993) and pelagic sediments for Fourcade et al. (1994) . Various
mechanisms for the transfer of the sedimentary component from slab to wedge were also
suggested: aqueous fluid transfer in the opinion of Maury et al. (1992) and siliceous melts for
Bau and Knittel (1993), Schiano et al. (1995), Maury et al. (1998), Prouteau et al. (1999) and
Sajona et al. (2000). Combining Hf isotopic compositions with previously published trace-
element and Nd isotope data should therefore help constrain the source composition and the

processes involved in the formation of the Luzon arc.

Geological setting

The Luzon arc extends from Luzon, the northernmost island of the Philippines archipelago to
Taiwan in the West Pacific (Fig. 1). It includes many active or dormant volcanoes distributed
over about 1200 km between Taiwan and Mindoro Islands and it formed through the eastward
subduction of the South China Sea beneath the Luzon plate (Hayes and Lewis 1984; Stephan
et al. 1986; Teng 1990; Huang et al. 1997). The subduction of the South China oceanic
lithosphere is limited in the north by the collision between the arc and the Chinese continental
platform and in the south by the Mindoro collision zone.

The basement of the volcanoes is exposed in Luzon Island where it consists of Cretaceous
ophiolites overlain by volcanoclastic sediments (Pubellier et al. 1996). No old continental
crust basement has been described in our study area in the northern part of the Luzon arc. We
selected 19 basalts, basaltic andesites and andesites from the islands of Lutao, Lanshu, Batan,
Babuyan, Calayan and Camiguin in the northern part of the Luzon arc and from Mount Cagua
and Baguio volcanoes on Luzon island. Their *K-*Ar radiometric ages, determined on whole
rock samples by Richard et al. (1986a and b), Defant et al. (1990) and Maury et al. (1998),
range from 5.7 Ma to 1480 years B.P. (Table 1).

Previous work

Several recent papers have concentrated on the petrologic, geochemical and isotopic

characteristics of volcanics from the northern part of the Luzon arc (Richard et al. 1986a;
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Richard et al. 1986b; Jacques 1987; Defant et al. 1989; Vidal et al. 1989; Chen et al. 1990;
Defant et al. 1990; McDermott et al. 1993; Fourcade et al. 1994; Maury et al. 1998). These
studies show that basalts and andesites from the Luzon arc have major element compositions
ranging from low-K tholeiites to high-K calc-alkaline lavas. They also display a large variety
of trace element patterns, ranging from nearly flat patterns in the arc tholeiites to patterns
strongly enriched in large ion lithophile elements (LILE) and light rare earth elements (LREE)
in the high-K calc-alkaline volcanics. Their Sr, Nd and Pb isotopic compositions are also
highly variable (Defant et al. 1989; Vidal et al. 1989; Chen et al. 1990; Defant et al. 1990;
McDermott et al. 1993). For example in a "“Nd/"**Nd versus ¥'Sr/**Sr diagram (Fig. 4 of
McDermott et al. (1993)) the Luzon volcanics range from values close to those of MORB
(¥Sr/**Sr = 0.703 and '*Nd/"*Nd = 0.5131) in the arc tholeiites to enriched compositions
(*Sr/**Sr = 0.706 and '"“Nd/'*Nd = 0.5123) in the calc-alkaline lavas.

Analytical procedure

On the basis of published Nd isotopic compositions (Defant et al. 1990; McDermott et al.
1993; Fourcade et al. 1994), we selected 19 samples and analysed them for Hf isotopes.
Chemical separation was carried out in Grenoble following the procedure described by
Blichert-Toft et al. (1997) and measurements were performed using the VG Plasma 54 in
Lyon. Blanks were negligible relative to the amount of Hf present in the samples and the
average measured '"*Hf/'""Hf ratio for the standard JMC 475 was 0.282165+10 (1o, 17 runs).
The Hf isotopic compositions are reported in Table 1.

Some trace element concentrations for our samples were published by Defant et al. (1990) and
McDermott et al. (1993) but data were not complete. We therefore measured trace element
concentrations by ICP-MS in Grenoble. The analytical procedure was described by Barrat et
al. (1996) but the following modifications were added: a larger number of trace elements was
measured and no chemical separation followed sample dissolution. As in Barrat et al. (1996),
BHVO-1 was used for calibration of the machine and reported concentrations are relative to
the BHVO-1 composition given in Table 1. Values measured for other standards are also

reported in Table 1.



Results

A - Hf isotopic composition of the Luzon volcanics

Lavas from the Luzon arc have '"*Hf/'""Hf ratios ranging from 0.283251 (g = +16.9) to
0.282693 (g, = -2.8) (Table 1). The arc tholeiites have the most radiogenic Hf isotopic
compositions whereas the high-K calc-alkaline lavas have the lowest ¢y values. These Hf
isotopic compositions are very different from those measured in other volcanic rocks. For
example, in an g, versus €y, diagram, even samples with low g, values have radiogenic Hf
isotopic ratios (Fig. 2). Samples from the northern and the southern Luzon islands define two
roughly parallel arrays, both of which have significantly lower slopes than that defined by
other terrestrial samples including MORB, OIB, continental crust and other island arcs
(Patchett and Tatsumoto 1980; White and Patchett 1984; Salters and Hart 1991; Vervoort et al.
1999).

The only samples that do not fall in the subhorizontal field are the Batan island volcanics.
These samples have low g, (-3 to —1) associated to low €y, (-5 to —2), values comparable to

those reported by White and Patchett (1984) for the Banda arc (Fig. 2).

B - Trace element composition of the Luzon volcanics

Measured trace element concentrations are listed in Table 1 and plotted in Fig. 3. The new
data confirm the geochemical features measured previously. The Luzon rocks show a large
range of trace element concentrations, from arc tholeiites moderately enriched in LILE and
LREE to high-K calc-alkaline lavas strongly enriched in LILE and LREE relative to HREE.
They are also characterized by strong depletions in Nb and Ta relative to the neighbouring
incompatible trace elements. These depletions increase from arc tholeiites which have La/Nb
ratios of about 2 to high K calc-alkaline samples with La/Nb ratios of 11 (see also Fig. 3). A
positive Pb anomaly is present in all trace element patterns and it translates into low Ce/Pb
ratios of 2.3 to 6.7, values that are much lower than the Ce/Pb ratio of about 25 found in
MORB and OIB (Hofmann et al. 1986).

Additional features of Luzon arc lavas are illustrated in Figure 4. Three groups can be
identified when Hf isotopic compositions are used in conjunction with Sm/Hf, Pb/Hf and

Sr/Hf ratios:



- Lavas from volcanoes in the southern part of the study area (Baguio, Cagua, Camiguin,
Calayan + sample Bb 39 for Babuyan) have highly radiogenic Hf isotopic compositions (€
from +13 to +17) combined with a large range of Sm/Hf ratios (between 1 and 2.1) and a
relatively small range of Nd/Hf (3.5 to 8.9).

- Lavas from the northern part of the arc (Lutao and Lanshu islands) have lower ¢, values
(between +5 and +11) and they show a restricted range of Sm/Hf ratios (1.1 to 1.6). Their
Nd/Hf ratios vary from 4.9 to 14.6.

- Batan Island defines a third group with the lowest ¢, values and a restricted range of Sm/Hf

and Nd/Hf ratios (1.1 to 1.6 and 6.4 to 8.3 respectively, see Fig. 4a).

The trace element signature of Luzon lavas have some other interesting characteristics. As
shown in Fig. 5, samples from the northern and southern island groups display significant Ce
negative anomalies that correlate with the Hf isotopic compositions. In contrast, Batan lavas,
which have the lowest Hf isotopic compositions of our data set display no significant Ce

anomalies.

Discussion

A- Contamination of the mantle source or assimilation within the arc crust?

The Luzon arc volcanics have Sr, Nd and Pb isotopic compositions that extend from isotopic
ratios close to MORB to isotopic ratios close to continental material (Defant et al. 1989; Vidal
et al. 1989; Chen et al. 1990; Defant et al. 1990; McDermott et al. 1993; Fourcade et al. 1994).
These features are commonly attributed to variable proportions of sedimentary material in the
mantle source rather than to the assimilation of wall rocks during magma ascent through the
arc crust. We believe that the compositions of Luzon volcanics are not solely due to crustal

contamination for the following reasons:

1) When the Luzon arc started to form in the Middle Miocene (= 20 Ma ago), it was located
on the Philippines oceanic plate far away from any continental detrital source (Hall et al.
1995; Lee and Lawver 1995). The basement of the arc consists therefore of oceanic crust

and it is not covered by a thick pile of continental sediments (Defant et al. 1990).



2) McDermott et al. (1993) showed that the lavas with the lowest €y, are also the most
magnesian. This is the opposite of what could be expected during assimilation and
fractionation processes within the crust.

3) The presence of mantle xenoliths in some Batan lavas (Richard et al. 1986b) suggests a
rapid ascent of the magmas through the arc crust and argues against contamination during
magma ascent.

4) Nd and Hf isotopes as shown in Figure 2 lie on an array significantly above the terrestrial
array. To produce this array by crustal contamination would require an extremely
peculiar composition for the underlying crust, a composition with high "°Hf/"""Hf and

low 'Nd/'**Nd that has never reported for any crustal material.

Consequently, the enriched signature of the lavas cannot be attributed to contamination by the

arc crust and its origin has to be found in the source region.

B- Mixing processes in the arc source

Numerous studies have demonstrated that the chemical and isotopic compositions of arc lavas
reflect contamination of their mantle source by the materials recycled through the subduction
zone (Gill 1981; Hawkesworth et al. 1993a). The arc source corresponds to a mixture of
multiple components: the subarc mantle and materials coming from the subducted basaltic
crust and overlying sediments (Ellam and Hawkesworth 1988; Hawkesworth et al. 1993a;
Turner et al. 1996; Elliott et al. 1997; Class et al. 2000).

In the Luzon arc, the Sr, Nd and Pb isotopic compositions of the volcanic rocks show clearly
that sedimentary material is present in their source (Defant et al. 1989; Vidal et al. 1989; Chen
et al. 1990; Defant et al. 1990; McDermott et al. 1993; Fourcade et al. 1994). This suggestion
is confirmed and reinforced by the Ce anomalies shown in Fig. 5. Similar negative Ce
anomalies were also reported for the Mariana arc lavas where they were cited as decisive
evidence for the involvement of sedimentary materials in the source of the lavas (Hole et al.
1984; Woodhead 1989; Lin 1992; Elliott et al. 1997). The presence of similar negative Ce
anomalies in the Luzon arc volcanics implies that sediments were also present in the source of
Luzon lavas, but this does not preclude that, as suggested by some authors, other components

from the subducted basaltic crust could also have contaminated the mantle wedge under the



arc (Maury et al. 1992; McDermott et al. 1993; Schiano et al. 1995; Maury et al. 1998;
Prouteau et al. 1999; Sajona et al. 2000).

Using the relationship between Nd and Hf isotopic compositions and the trace element data,
we should be able to better constrain both the number and the origin of the components
involved in the genesis of the lavas. Figures 4a, b and ¢ provide crucial information about the
mixing processes because the relationship between Hf isotopes and trace element ratios with
Hf as denominator will define straight lines only if a binary mixture is responsible of the
isotopic change. Mixing of magmas should produce linear arrays in diagrams in which trace
element ratios with Hf as denominator are plotted versus the Hf isotopic ratio (Langmuir et al.
1978). In contrast, if mixing occurs in the source before the melting event and if the two
elements have different partition coefficients during melting, the data will scatter in the same
diagrams. Ratios of elements with the same incompatibility as Hf will define straight lines in
the case of binary source mixing while elements with contrasting partitioning behavior will
scatter around the mixing array. This is observed in Figure 4 where Sm/Hf defines straight
lines when plotted against €, (Figure 4a) while Pb/Hf and Sr/Hf show some scatter (Figs 4b
and 4c). These relationships favor mixing of sources prior to melting.

Using trace element versus isotope relationships, the number of end-members involved in lava
genesis can be evaluated. In Figure 4a where Sm/Hf is plotted as a function of Hf isotopic
composition, the northern, southern and Batan lavas are distributed along three distinct linear
arrays. This distribution provides constraints on the contamination processes occurring under
the arc: each section of arc (the northern part, the southern part and Batan Island) appears to
result from a simple binary mixture of two end-members.

In order to investigate the nature and origin of the mixing processes occurring in Luzon and
provide explanations to the unusual Hf isotopic compositions of the Luzon arc lavas,

information about the composition of the subducted materials appears critical.

C- Composition of the South China Sea oceanic crust and sediments.

The basaltic crust of the South China Sea has never been sampled by drilling or dredging. Tu
et al. (1992) reported geochemical analyses of basalts from the region, but these samples are
from oceanic island that erupted on the seafloor and cannot be taken as representative of the

oceanic crust. The South China seafloor is covered by a 1500-3000m thick sedimentary pile



(Hayes and Lewis 1984; Jinmin 1994) that was drilled during ODP Leg 184 in 1999 (location
shown on Fig. 1). Its lithological composition corresponds to a simple combination of clays
derived from the Chinese continental platform and calcareous nannofossil oozes (Prell et al.
1999). £, measured on the terrigenous-hemipelagic clay fraction range from -7.7 to —13.3
(Clift et al. 2002; Li et al. 2003). However, the calcareous fraction, which represents 10% to
60% of the sedimentary material, was not analyzed and the bulk composition of the sediment
is difficult to evaluate.

Geochemical data representing the uppermost meters of the sedimentary pile are available for
piston-cores sampled along the subduction trench (Figure 1) (Chen et al. 1990; McDermott et
al. 1993). In the northern part of the arc, their €, values vary between —8 and —12 (Chen et al.
1990; McDermott et al. 1993) and are similar to the range reported for the clay fraction of the
ODP Leg 184 samples. In the central part of the South China Sea, which is located farther
away from the Chinese continental input, the Nd isotopic compositions are more radiogenic
with an gy, value of —0.4 (McDermott et al. 1993). Unfortunately, no Hf isotopic compositions
were measured on any of the South China Sea sediments.

Fourcade et al. (1994) suggested that the sediments currently on the sea floor in front of the
Luzon arc are not necessarily identical to the sediments involved in the source of the Luzon
arc lavas because the Nd/Sr ratio of the sedimentary material inferred to have contaminated
the source differs from that of the presently subducting sediments. These authors suggest that
the sedimentary material in the source was pelagic rather than the lithogenous-hemipelagic
clay and calcareous ooze mixture currently in the sedimentary pile overlying the South China

Sea basaltic crust.

D. Constraints on the mixing processes provided by Hf and Nd isotopes

Because Hf isotopic compositions are not available for the subducted material, and because
the sediments present today on top of the South China Sea oceanic crust might not be
representative of those in the Luzon arc source, another approach has to be used to constrain
the nature and origin of the components in the sources of the Luzon arc lavas. We therefore
choose to use the relationships between trace element ratios and Nd and Hf isotopic
compositions to constrain the form and position of the mixing arrays in €,;-€y4 1SOtope space.

While €, and ¢, values are identical in arc volcanics and in their source, the trace-element

ratios are often modified during partial melting and/or fractional crystallisation. It has been

10



shown that Nd is more incompatible than Hf not only during the mantle melting that produces
MORB and OIB (Hofmann 1988; Sun and McDonough 1989; Chauvel and Blichert-Toft
2001) but also during the formation of island arc basalts (Pearce et al. 1999). The Nd/Hf ratio
measured on lavas is not necessarily the source ratio. In contrast, Sm has been demonstrated to
have about the same compatibility as Hf during formation of the vast majority of magmas, and
the Sm/Hf ratio appears unchanged during magma formation (Hofmann 1988; Sun and
McDonough 1989; Blichert-Toft and Albarede 1999; Blichert-Toft et al. 1999b; Chauvel and
Blichert-Toft 2001). It can therefore be used, together with €., and €, values, to evaluate
source compositions.

In Fig. 4a, each of the three Luzon arc groups (northern islands, southern islands and Batan
island) defines a linear relationship between Sm/Hf and €. suggesting that each group could
result from simple mixing of only two sources. When Hf/Nd is plotted as a function of €, as
in Figure 6, the situation is more complicated. The simple mixing relation is perturbed
because Nd is slightly more incompatible than Hf (or Sm) during partial melting. Hf/Sm is
therefore a better proxy to the source compositions than Hf/Nd and it is for this reason that we
used it in Figure 7. Theoretically, the mixing arrays in Figure 7 are not straight lines but
hyperbola but their curvature is very limited if the Sm/Nd ratios of the end-members are
similar. Figure 8 shows that for each of the three island groups, Sm/Nd varies by a factor of
less than 2.

In Figure 7, the correlation coefficients are not as good as for the Sm/Hf versus €, relationship
(Figure 4a) (0.81, 0.61 and 0.84 instead of 0.96, 0.91 and 0.72), probably because of scatter
that we attribute to changes of Sm/Nd ratios during partial melting. However, the mixing
arrays can be approximated as straight lines and we can use them to characterize the source

compositions of the lavas.

The equations defining the three linear arrays in Figures 4a and 7 are given in the Figures and
can be combined to derive the relationship between *Hf/'"”’"Hf and '“Nd/'**Nd in Figure 9. For

each island group, a mixing hyperbola can be calculated :

Epr = — ! + 21.72 for the Northern islands (1)
: 0.0032-¢,, +0.083

Epp = — ! + 21.60 for the Southern islands (2)
: 0.0088-¢,, +0.124
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1
—0.0054-£,, +0.034

and €, = ( ) —19.85 for Batan volcanics (3)

Figure 9 shows clearly that the arrays for the northern and southern islands are similar while
the curvature of the Batan island array is in the opposite direction. Because each array in Fig.
9 is a hyperbola, the asymptotic values can be used to constrain the isotopic compositions of
the end-members. Reference to Figure 9 shows that the radiogenic end-members of the
northern and southern islands have ¢, values no higher than +21.7 and +21.6, respectively
(Fig. 9), while for Batan Island the €y, value of the radiogenic end-member should be lower
than +6.3. The non-radiogenic end-members of the northern and southern islands should have
€na Values higher than -25.9 and -14.1, respectively, while for Batan Island, the non-radiogenic

end-member should have an ¢, value higher than —19.9 (Fig. 9).
E. Potential origins for the radiogenic end-members

In Figure 9, the mixing arrays of the northern and southern islands are seen to pass through the
MORSB field, which suggests that the radiogenic end-members of these two groups could be
normal MORB-like mantle. However, these two radiogenic end-members seem to have
different ¢y, ratios because the two mixing hyperbolas do not intersect in the MORB field.
Using Figure 4a, the €, values of the radiogenic end-members for the northern and southern
islands can be shown to differ by about 3 to 5 epsilon units because the Sm/Hf ratio of the
depleted mantle source should be within known limits. It cannot be lower than about 0.4, the
extremely low value reported by Murton et al. (1992) for Western Pacific boninites and is
most probably no higher than normal depleted MORB mantle.

The northern and southern islands of the Luzon arc therefore seem to have slightly different
mantle sources, the southern group of islands having a depleted mantle component with a
more radiogenic Hf isotopic composition than the northern group.

For Batan Island, the situation is different because the mixing curve does not pass through the
MORSB field and the hyperbola has an ey, asymptotic value of +6.3 (Fig. 9). In addition, the
correlation between ¢y, and Sm/Hf for the Batan volcanics indicates that the radiogenic end-
member has a Sm/Hf ratio higher than that of MORB (Figure 4a). These two constraints

suggest that the radiogenic end-member for Batan Island is not the depleted mantle source of
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normal MORB. Chen et al. (1990) suggested that the source could be enriched mantle, like
the source of some oceanic island basalts but McDermott et al. (1993) argued that Pb isotopes
provide no evidence for the involvement of such an enriched source. As an alternative, we
suggest that the radiogenic end-member of the Batan lavas could be a depleted mantle source
already contaminated by subducted materials. The relatively low ey, (= +6) and the elevated
Sm/Hf ratio of this modified mantle suggest that the component added to the depleted mantle
was at least partly derived from sedimentary materials and not only from a basaltic crust with

MORB characteristics.

F. The unradiogenic end-members

The unradiogenic end-members of the three Luzon groups are inferred to represent fluids or
siliceous melts derived from the subducted sediments and from the basaltic crust. The
compositions of these components lie on the three mixing hyperbolas but their exact locations
are not well constrained. Little isotopic information on the South China Sea sediments is
available in the literature, and the only published data were reported by Chen et al. (1990),
McDermott et al. (1993), Clift et al. (2002) and Li et al. (2003) who measured the &y, values of
terrigenous clays and reported values ranging from -8 to -13. They did not measure the gy,
values of the nannofossil oozes that are mixed with the terrigenous-hemipelagic clays and
represent 10 to 60% of the sedimentary pile (Clift et al. 2002; Li et al. 2003). Palmer and
Elderfield (1985) and Palmer and Elderfield (1986) measured the Nd isotopic composition of
similar oozes in the Atlantic ocean and demonstrated that these samples register the
composition of seawater. Since seawater in the Western Pacific and South China Sea has €,
values of —6 to —4 (Piepgras and Jacobsen 1988; Albarede and Goldstein 1992; Li et al. 2003),
we can assume that the nannofossil oozes should have the same Nd isotopic composition. The
€na Value of the South China Sea nannofossil oozes should therefore be significantly less
negative than the €y, value of —8 to -13 reported for the clay fraction, and the average Nd
isotopic composition of the sediment pile should be at least as radiogenic as the clay fraction.

On the other hand, fluids derived from the subducted basaltic crust should have a radiogenic
Nd isotopic composition close to that of MORB, with an g, 0f +10. As a consequence, the
range of isotopic composition reported for South China Sea clays (gyy = -8 to —13) should
represent the minimum &, values for the unradiogenic end-members since all other subducted

materials, calcareous nannofossil oozes and basaltic crust, have more positive €y, values. This
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range is reported in Figure 9 and should be considered as the lowest possible value for the

subducted material.

Fourcade et al. (1994) suggested that the Sr-Nd isotopic compositions of the Luzon lavas

required a contribution from pelagic sediments with compositions different from those of

sediments now in the ocean basin. In other areas such sediments have ¢, values of about -2 to

—8 (Ben Othman et al. 1989; Godfrey et al. 1997), values that are higher than the €y, of -8 to -

13 of present day South China clays.

In summary, it appears that the Nd isotopic ratios reported for clays from the South China Sea

represent minimum values for the material recycled into the subduction zone and involved in

the source of lavas under the Luzon arc. The Hf isotopic composition of the subducted
material remains unknown since no local sediments were analyzed.

The three mixing arrays shown on Figure 9 can be used to constrain the compositions of the

enriched component that mixed with peridotite in the mantle wedge and by consequence its

possible origin.

The mixing hyperbola defined by the northern islands place strong constraints on the

composition of the enriched end-member since the lavas with the lowest €y, values (-6.7) are

located close to the field of South China Sea sediments in Figure 9 and the curvature of the
mixing array is not strong in the portion covered by the South China Sea sediments. The bold
portion of the mixing hyperbola in Figure 9 illustrates possible combinations of €; and €y, for
the enriched end-member: €, from —2.4 to +5.5 and ¢y, from —13 to —7. The unradiogenic end-
member of the northern islands therefore plots above the Hf-Nd terrestrial array of Vervoort et
al. (1999) with a composition similar to values reported for Fe-Mn crusts and nodules (see

Figure 9). However, two factors argue against involvement of such sediments in the source of

the lavas:

* even though Fe-Mn crusts have been reported by Li et al. (2003) in the central part of the
South China Sea, the monotonous, 900m thick sedimentary pile drilled during Leg ODP
184 does not contain any ferromanganese crust and such deposits cannot constitute a
significant component of the South China Sea sedimentary cover.

* Fe-Mn crusts and nodules have high Nd/Hf ratios ranging from 14 to 35 (Ben Othman et
al. 1989; Godfrey et al. 1997), ratios that are incompatible with the Nd/Hf ratios of 7 to 11

calculated for the unradiogenic end-member using the mixing relationships.
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The only other sediments with equivalent Nd and Hf isotopes are the 7 pelagic clays analyzed
by White et al. (1986), Ben Othman et al. (1989) and Godfrey et al. (1997) and Marini et al's.
(2003) recent analyses of Pacific pelagic sediments. These materials, which consist of clay
minerals (including authigenic clays) and siliceous microfossils, have Hf-Nd isotopic
compositions similar to those of Fe-Mn crusts and nodules and plot above the Hf-Nd
terrestrial array (see Fig. 9). These pelagic clays also have Nd/Hf ratios ranging between 7 and
14, the values required for the unradiogenic end-member of the Northern Luzon islands. In
addition, involvement of pelagic materials would help explain the negative Ce anomalies that
characterize lavas from the northern islands (Fig. 5) since such anomalies are typical of
biogenous and hydrogenous pelagic sediments (Shimizu and Masuda 1977; Elderfield and
Greaves 1981; Elderfield et al. 1981; Palmer 1985; Palmer and Elderfield 1986; Ben Othman
et al. 1989; Toyoda et al. 1990; Lin 1992). The involvement of such pelagic sediments in the
source of the northern islands could therefore account for both the Hf-Nd isotopic

compositions and the trace element characteristics of the lavas.

For the southern islands, the composition of the unradiogenic end-member is more difficult to
constrain because the mixing hyperbola shown in Figure 9 is almost vertical when it
approaches the €y, values of South China Sea sediments. Isotopic compositions as diverse as
those of Fe-Mn crusts, pelagic sediments and lithogenous sediments could all, in principle,
explain the mixing array. However, if we combine the isotopic constraints with those from the
trace elements, we can restrict the type of subducted material that was involved in the source
of the southern islands. Because of the curvature of the mixing array in Figure 9, the position
in the array of the unradiogenic end-member has strong implications for its Nd and Hf
contents. As for the northern islands of the arc, the enriched end-member could lie above the
“terrestrial array” and be located in the field of Fe-Mn crust and nodules in Fig. 9. In this case
its Nd/Hf ratio would be low, at about 12. As argued above for the northern island group, the
rarity of Fe-Mn crust in the South China Sea and the very high Nd/Hf ratios of what exists
argue against their involvement in the arc source. The relatively low Nd/Hf calculated for the
unradiogenic end-member, together with the systematic negative Ce anomaly of the southern
lavas (see Figure 5) point to the involvement of pelagic sediments.

Alternatively, the enriched end-member could belong to the terrestrial array and have an
elevated Nd/Hf ratio of about 25 to 30. However, this is much higher than values reported for

sediments with similar Hf and Nd isotopic compositions (see for example, White et al. (1986),
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Ben Othman et al. (1989), McLennan et al. (1990), Pearce et al. (1999) and Vervoort et al.
(1999) who report Nd/Hf values between 0.7 to 14). Dehydration of subducted sediments
could produce aqueous fluids with high Nd/Hf ratios because Hf is particularly insoluble in
aqueous liquids compared to Nd (Stalder et al. 1998). However such fluids would also
fractionate other element ratios, in particular the U/Th ratio (Turner et al. 1996; Hawkesworth
et al. 1997a; Hawkesworth et al. 1997b). Fig. 10 shows clearly not only that the Luzon arc
lavas do not have elevated U/Th ratios but also that for each island group a trend of decreasing
U/Th ratios is associated with a decrease of €y, values. This is the opposite of what would be
expected for fluid produced by dehydration of subducted materials. It can be concluded that
fluids produced by dehydration of either subducted sediments or the basaltic oceanic crust are
unlikely candidates for the unradiogenic end-member of the southern islands mixing array.
Elevated Nd/Hf ratios can also result from rutile fractionation during melting or dehydration
of sediments since experimental studies show that Hf is much more compatible than Nd in
rutile compared with fluids or silicate melts (Brenan et al. 1994; Stalder et al. 1998; Foley et
al. 2000). The presence of residual rutile beneath the Mariana and Aleutian arcs has already
been proposed by Elliott et al. (1997) and Class et al. (2000) to explain the relationship
between Nb and Th in those arcs; they did not, however, consider the effect of its fractionation
on the Nd/Hf ratio. If rutile fractionates during melting of a sedimentary component, the
resulting liquid should have elevated Th/Nb, La/Nb and Nd/Hf associated with low €. This
is exactly what is seen in Figure 11 where, in samples from the northern and southern Luzon
islands, a decrease in Hf isotopic ratios correlates with an increase in Th/Nb and La/Nb ratios.
The increase of Th/Nb and La/Nb ratios is a measure of the magnitude of the Nb-Ta anomalies
in the Luzon lavas trace element patterns (Figure 3) which become deeper as the
concentrations of the most incompatible elements increase. Such behaviour cannot be
attributed to the involvement of aqueous fluids with extremely low Nb contents because, as
mentioned above and shown in Figure 10, the variations of U/Th argue against such an
interpretation. Neither can the large negative Nb anomalies that characterize the Luzon lavas
be due to the involvement of Nb-poor sedimentary materials because most Luzon arc lavas
have Th/Nb and La/Nb ratios higher than common sediments (Fig. 11). Consequently, the Nb
anomalies are most likely to be due to preferential retention of Nb in a residual HFSE-rich
phase like rutile. The retention of such a phase during partial melting could therefore explain
the high Nd/Hf ratios inferred for the unradiogenic end-member. However, residual rutile

cannot explain the systematic negative Ce anomalies found in the southern Luzon volcanics
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(Figure 5) and this leads us to consider that the most likely candidate for the enriched end-

member is pelagic sediment as for the northern islands..

For Batan island, the situation is different because in Figure 9 the mixing array is curved in the
opposite direction to that of the other islands. The unradiogenic end-member of the mixing
array is constrained to have an €y, value between -13 and -5 and an ¢, of —10 to -3 (Fig. 9). It
cannot have had a negative Ce anomaly (see Figure 5) and its U/Th ratio must have been
lower than 0.15 (Figure 10). Unlike the cases considered previously, the Nd/Hf ratio of this
end-member cannot be calculated using the curvature of the hyperbola because the nature and
composition of the radiogenic component of Batan island is not well constrained. All we know
is that it is not ordinary depleted mantle, as discussed earlier. In Figure 9, the Batan Island
mixing hyperbola lies below the field of Fe-Mn crust and nodules but passes through the field
of lithogenous-hemipelagic clays. It follows that lithogenous-hemipelagic clays similar to
those drilled in the South China Sea during ODP leg 184 could contribute to the source of

Batan lavas.

In summary, our new Hf isotopic measurements, when combined with other isotopic and trace
element data, provide useful constraints on the nature of the sources involved in the genesis of
the Luzon arc volcanics. The relationship between Sm/Hf and Hf isotopic compositions (Fig.
4a) demonstrates that three different geographic groups can be distinguished along the Luzon
arc. For each group, the REE and Hf characteristics of the lavas results from simple mixing
between only two end-members. The mixing arrays that characterize the northern and southern
islands indicate that the sources located under the islands consist of MORB-like depleted
mantle contaminated by liquids derived from sedimentary material with radiogenic Hf
isotopes, negative Ce anomalies, elevated Th/U and very low Ce/Pb ratios. These
characteristics are best attributed to pelagic clays. For Batan Island, the situation is slightly
different since mixing occurs between contaminated or metasomatised depleted mantle and an

unradiogenic component derived from lithogenous-hemipelagic clays.

Our new Hf isotopic results reinforce the conclusions reached by previous workers about the
control of lava composition by the type and amount of subducted sediment (Defant et al. 1989;
Defant et al. 1990; McDermott et al. 1993; Fourcade et al. 1994). In particular, the correlation

between the amplitude of negative Ce anomalies and Hf isotope ratios is a strong argument in
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favour of an authigenic origin for the sediment in the source of the lavas. Such sediments
differ from the lithogenous-hemipelagic clays and calcareous nannofossil oozes that are
presently being subducted at the trench but they are consistent with the suggestion made by
Fourcade et al. (1994) to explain the Sr-Nd array. In addition, the relationships between REE
and Hf, and in particular between Sm/Hf and the Hf isotopic ratio (Fig. 4a), show that fluid
from subducted basaltic crust does not represent a discrete end-member. Although the
subducted basaltic crust no doubt contributes to the REE and HFSE budget of the Luzon
source, this contribution is always combined, and probably overwhelmed by the sedimentary
contribution. Indeed, the significantly negative €y, values of the three identified unradiogenic
end-members of the mixing arrays imply that fluids liberated by the basaltic crust cannot play
a major role in the Hf and Nd isotopic budget of the Luzon volcanics. Most of the REE and
HFSE that is transported from the slab into the source of the arc lavas originates from fluids or

silicate melts derived from subducted sediments.

G- How does Luzon compare with other oceanic island arcs?

The Lesser Antilles and Sunda-Banda arcs share with the Luzon arc a large range of €y,
values, from compositions similar to those of MORB to very non-radiogenic values (Fig. 2).
However, in €y, vs g, space (Fig. 2) data from the three arcs have different slopes. The Luzon
arc is characterized by high Hf isotope ratios and the Lesser Antilles arc has the lowest €y,
values. The Sunda-Banda arc lies in an intermediate position and is characterized by two
fields, the most radiogenic having Nd and Hf isotopes like the Luzon volcanics and the least

radiogenic being similar to the Lesser Antilles (Figure 2).

We attribute the difference between the Lesser Antilles, Sunda-Banda and Luzon to
differences in the type of sediments involved in the source of the lavas. The subduction of
terrigenous sediments from the Guiana craton beneath the Lesser Antilles explains the Sr-Nd
isotopes of these lavas (White et al. 1985; White and Dupré 1986) and can also account for
their low €y, values. In the case of the Luzon arc, we attribute the radiogenic Hf isotopic
composition to a contribution of pelagic sediments. Finally, in the Sunda-Banda arc, the Hf
isotopic compositions indicate that different types of sediments contribute to the source.
Pelagic sediments could be involved in the source of lavas with radiogenic Hf isotopic

compositions whereas terrigenous-hemipelagic sediments could be present in the source of
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lavas with low €, and €,. Both types of sediments have been recognized in the sedimentary
pile present in front of the Sunda-Banda trench. Vroon et al. (1995) reported that terrigenous
sediments from the Australian continent were subducted at the Banda trench and Plank and
Langmuir (1998) have identified pelagic clays and terrigenous materials at DSDP Sites 211
and 261 and at ODP Site 765 in front of the Java-Sunda trench. Pelagic sediments dominate in
the central part of the arc, on the crust subducting beneath Java and Bali, but the proportion of
terrigenous sediments from Australia increases to the est in the region of Banda (Vroon et al.

1995).

Summary and conclusions

In Hf-Nd isotopic space, data from the Luzon arc form a subhorizontal trend distinct from
those of the other intra-oceanic arcs: especially at low Nd isotope ratios, the Hf isotopic
compositions of the Luzon lavas are unusually radiogenic. The only exception is Batan Island
where the Hf-Nd isotopic correlation is more normal and similar to that of the Lesser Antilles
and Banda arcs. On the basis of Nd-Hf isotopes and trace element data, three geographical
groups can be distinguished; for each group the data can be explained in terms of simple
binary mixing between two source end-members. The presence of authigenic pelagic clays is
suggested in the source region under both northern and southern Luzon islands while more
usual lithogenous-hemipelagic clays would explain the enriched end-member under Batan
Island..

More generally, the correlation between Nd and Hf isotopic compositions in arc lavas seems
to be controlled by the nature of the sediments involved in the source. While in Luzon pelagic
sediments explain best the subhorizontal isotopic array, in other arcs such as the Lesser
Antilles and the Sunda-Banda arc, the Nd-Hf isotopic array is controlled by terrigenous

sediments from a continental source
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Figure Captions

Figure 1 Location map of the Luzon arc. Black dots indicate the locations of the studied
volcanic islands in the northern part of the arc (segments 1,2 and 3 from Defant et al. (1989
and Defant et al. (1990)). Volcanoes in the southern part of the arc (for example segment 4,
which includes Mt Pinatubo and Taal) have been omitted for clarity as they are not studied
here. Also shown are the locations of the Lamont-Doherty sediment cores analysed by Chen et
al. (1990 and McDermott et al. (1993) and the ODP sites 1144 to 1148 (Leg 184) where the
clays analysed by Clift et al. (2002) and Li et al. (2003) were sampled.

Figure 2 ¢, vs. g, diagram showing data for the Luzon arc together with the fields of the
other oceanic arcs (data from White and Patchett (1984), Pearce et al. (1999) and Woodhead et
al. (2001). The “Depleted arcs” term is used to group the Marianas, Izu, New Britain,
Aleutians and Kermadec arcs which have isotopic compositions close to MORB. Fields for
MORB and OIB were drawn using literature data (Patchett and Tatsumoto 1980; Patchett
1983; Stille et al. 1983; Stille et al. 1986; Salters and Hart 1991; Chauvel et al. 1992; Salters
1996; Salters and White 1998; Blichert-Toft and Albarede 1999; Blichert-Toft et al. 1999a;
Chauvel and Blichert-Toft 2001).

Figure 3 Trace element patterns of the Luzon arc lavas normalized to the primitive mantle

values of Hofmann (1988).

Figure 4 (a) Sm/Hf vs. g, diagram of the Luzon arc lavas. On the basis of relations between
Sm/Hf and the € ratios, three distinct groups can be identified in the Luzon arc: the northern
group, the southern group and Batan Island. Babuyan Island is located at the boundary
between the northern and southern groups. One sample of this island (Bb 39) is included in the
southern group but another sample, Bb 20, has a composition intermediate between the two
groups. (b) and (c) Pb/Hf and St/Hf vs. €, diagram of the Luzon arc lavas showing the same
three Luzon groups. The primitive mantle and MORB values in this and other diagrams are

from Hofmann (1988).

Figure 5 Ce/Ce* vs. g, diagram for the Luzon arc lavas. Ce anomalies, denoted Ce/Ce* are

defined as the ratio of Ce content normalized to primitive mantle (Cey) to Ce* calculated as
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the average of Lay and Ndy values. The northern and southern groups have negative Ce
anomalies whose magnitude correlates with their g, ratios. These anomalies are comparable to
those in the Marianas arc lavas (White and Patchett 1984; Pearce et al. 1999; Woodhead et al.

2001). Batan samples do not have significant Ce anomalies.

Figure 6 Hf/Nd vs. &, diagram for the Luzon arc lavas. The data scatter around linear arrays
because of the combined effects of mixing and melting which both change the Hf/Nd ratio
(see text for further explanation). The range of the present day South China Sea sediments has
been drawn using the data of Chen et al. (1990), McDermott et al. (1993), Clift et al. (2002)
and Li et al. (2003).

Figure 7 Hf/Sm vs. g, diagram for the Luzon arc lavas. For the northern, southern and Batan
lavas the Hf/Sm ratios show approximate linear correlations with the ey, values (see text for

discussion). Data sources as in Figure 6.

Figure 8 Sm/Nd vs. gy, diagram showing that the Sm/Nd ratio of each group of lavas does not

change by more than a factor of two. Data source as in Figure 6.

Figure 9 ¢; vs. g, diagram showing the mixing hyperbolas of the three Luzon lavas groups,
together with the oceanic sediments. On each hyperbola, the ranges of the non radiogenic end-
members are indicated by thick strokes. Lithogenous sediment data and Fe-Mn crusts and
nodules field are from White et al. (1986), Ben Othman et al. (1989), Godfrey et al. (1997),
Albarede et al. (1998), Pearce et al. (1999), Vervoort et al. (1999) and David et al. (2001).
The present day South China Sea sediment range is from Chen et al. (1990), McDermott et al.
(1993), Clift et al. (2002) and Li et al. (2003). The field for Site 1149 Pacific pelagic
sediments is from Marini et al. (2003). These sediments are mixtures of clay minerals,
volcanic ash and siliceous nannofossils, and have Hf and Nd isotopic compositions similar to
those of Fe-Mn crusts and nodules. The “terrestrial array” is from Vervoort et al. (1999) and

the MORB field has been drawn using the same references as in Fig. 2.
Figure 10 U/Th vs. g, diagram for Luzon arc lavas. The U/Th ratios of the lavas do not

increase as €y, decreases showing that the non radiogenic components of the source do not

have high U/Th ratios.
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Figure 11 (a) Th/Nb vs. g and (b) La/Nb vs. gy, diagrams for Luzon arc lavas, together with
compositions of lithogenous sediments (McLennan et al. 1990; Pearce et al. 1999; Vervoort et
al. 1999) and the average upper continental crust value (McLennan 2001) . The increasing
Th/Nb and La/Nb ratios cannot be explained by involvement of HFSE-depleted aqueous fluids
because there is no associated increase in U/Th ratios (see Fig. 10). Nor can the involvement
of sediments from continental crust explain the data because the northern and southern Luzon
lavas have HFSE anomalies that are often bigger than in detrital sediments. Consequently
these diagrams suggest that Nb is retained in the source in a residual HFSE rich mineral such

as rutile.
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LOCATION Lutao Lutao Lutao Lanshu Lanshu Batan Batan Batan Batan Batan Batan Batan

ROCK TYPE Andesite Andesite Andesite Bas. andesite Bas. andesite Bas. andesite Bas. andesite Andesite Basalte Bas. andesite

SAMPLE TW 36 TW 40 TW 41 TW 31 TW 32 B 3m B10 B42 B8O BS8 B15 B21
K-ArAge (Ma)  1.88+ 0.28 2.94%0.15 2.88%0.15 3.86% 0.2 545 0.27 1480 £ 50 years 2310 £ years __ 1.09 £ 0.08 2.30%0.35 0.76 % 0.04 7.19 9.36
Co (ppm) 16.9 155 9.75 136 19.1 18.6 192 182 333 2.1 163 14.6
Rb 63.2 59.2 39.1 18.8 18.8 114 107 65.9 21.7 113 28 25
Sr 2622 2743 600 582 232 641 953 1366 492 587 292 294
Y 16.4 14.0 17 16.0 16.2 19.6 22 14.5 14.4 19.6 112.2 20.0
Zr 224 203 82.0 88.4 773 195 237 143 82.3 253 78 72
Nb 17.0 14.9 421 227 1.72 9.74 118 6.40 3.61 13.9 3.1 3.0
Cs 7.51 745 1412 0.74 050 8.69 9.05 275 1.32 3.61 0.71 1.99
Ba 1594 1524 425 282 186 701 826 549 288 657 326 316
La 169 164 205 15.1 106 38.6 486 295 127 341 23.0 11.8
Ce 282 271 39.1 30.2 205 81.6 103 61.4 29.0 80.3 29 23.2
Pr 25.8 245 453 372 250 9.69 122 7.74 391 105 50 29
Nd 776 724 16.2 14.5 9.65 36.2 458 316 16.9 406 229 118
Sm 8.73 7.75 2.89 2.84 213 6.17 7.96 5.81 3.51 6.81 538 264
Eu 1.72 1.55 0.85 0.85 0.66 1.44 1.87 1.30 0.92 145 1.90 0.83
Gd 419 368 238 269 214 424 538 4.47 2.81 4.41 7.90 278
Tb 052 0.46 0.34 0.41 0.35 0.58 0.69 0.49 0.41 0.59 122 0.46
Dy 261 225 1.90 254 225 313 362 254 2.44 3.26 8.65 295
Ho 052 043 0.40 0.55 0.51 0.65 0.72 0.50 050 0.66 235 0.67
Er 1.55 133 1.16 1,60 1,60 1.92 2.08 123 142 193 7.39 1.99
Yb 1.51 1.34 1.16 148 1.54 1.84 1.89 1.21 1.36 1.85 6.56 205
Lu 0.24 0.21 0.19 0.25 0.26 0.30 0.30 0.17 0.21 0.29 122 0.33
Hf 531 4.97 225 238 2.00 4.81 576 3.83 224 6.34 215 1.95
Ta 0.93 0.85 0.27 0.14 0.1 0.57 0.66 0.35 0.20 0.78 0.19 0.17
Pb 52.8 745 11.0 4.96 6.35 18.0 19.0 12.0 7.30 153 7.0 9.9
Th 87.4 85.2 748 4.82 3.29 215 24.4 9.07 4.94 343 39 37
U 15.7 155 1.59 1.20 0.83 3.99 4.48 220 0.92 538 0.78 0.70
“Nd/ ™ Nd0.512295 0.512316 0.51259 0.512735 0.512641 0.51248 0.51255 0.51251 0.512552 0.51239 0.512630

20 0.000009 0.000007 0.000015 0.000011

€ na 67 6.3 0.9 +1.9 +0.1 -3.1 17 25 17 48 0.2

ToHE 1 TTHE 0.282925 0.282942 0.283001 0.283064 0.283074 0.282804 0.282798 0.282786 0.282895 0.282693

20 0.000007 0.000016 0.000011 0.000018 0.000007 0.000016 0.000015 0.000013 0.000008 0.000015

€ H +5.4 +6.0 +8.1 +10.3 +10.7 +1.1 +0.9 +0.5 +4.3 -2.8

Table 1 K-Ar ages, trace elements, Nd and Hf isotopic data of Luzon arc lavas. K-Ar ages and Nd isotopic data in italics are from Richard et al. 1986a, 1986b; Defant et al. 1990;
McDermott et al. 1993; Fourcade et al. 1994 and Maury et al. 1998. &, values were calculated with (”‘*Hf / 177Hf)CHUR =(0.282772 after Blichert-Toft and Albarede 1997 without an age
correction. The reference values for BHVO-1 come from: ' Govindaraju (1994),  Plank (pers comm) and * Eggins et al. (1997) and are similar to other published values (Jenner et al.,
1990, Raczek et al., 2001). Values measured for BIR-1 when samples were run are also given together with values (and 1o) for the Bora Bora in-house standard run over a long period of
time.



LOCATION Batan Batan Babuyan Babuyan Camiguin Camiguin Cagua Cagua Baguio Values used International Std  In-house standard

ROCK TYPE Andesite Basalte Andesite Bas. andesite Bas. andesite Bas. andesite Basalte for ICP-MS calib. BIR-1 BR24
SAMPLE B85 B87 Bb20 Bb39 Cm5 Cm 54 Ca9 Ca26 47 A BHVO-1 n=2 n=16 16 %
K-ArAge (Ma)  5.84 4.59 1.68 £ 0.09 114+ 0.14 0.69% 0.1 0.74 % 0.06 0.64%0.19 < 10000 years 2.9
Co (ppm) 24.9 12.4 216 30.2 19.4 183 14.0 18.6 30.1 45' 52.2 51.9 46
Rb 22 28 36.8 179 213 315 28.4 25.1 197 9.202 0.186 79.3 41
Sr 358 373 301 378 746 507 634 529 519 3992 109 617 40
Y 177 18.4 174 14.7 16.2 19.8 20.0 195 28.0 28° 16.6 31.0 34
Zr 68 60 87.8 480 69.5 97.2 63.8 62.9 101 1847 15.19 3146 36
Nb 33 44 3.19 1.78 238 317 432 347 3.8 19.72 0.543 41.81 33
Cs 161 0.80 0.77 1.11 0.65 239 149 152 0.49 0.09672 0.005 0.754 5.1
Ba 222 242 222 179 287 325 501 406 249 132.862 6.34 393 33
La 10.8 133 15.9 106 11.0 216 14.7 1.8 13.0 155 0.603 34.7 28
Ce 21.7 27.2 326 25 233 43.1 275 222 275 38° 1.89 74.4 32
Pr 27 34 419 2.99 2.99 532 3.39 298 410 5.45° 0.37 9.99 3.0
Nd 111 137 16.7 121 124 20.7 13.8 122 18.4 24.7° 2.34 4.1 26
Sm 256 283 3.60 2.80 2.64 4.03 3.03 291 453 6.17° 110 8.68 27
Eu 0.82 0.88 0.97 0.85 0.81 1.4 0.95 0.95 1.40 2.06° 0510 260 50
Gd 268 2.75 3.09 2.64 271 375 327 295 4.89 6.22° 187 7.83 26
Tb 0.44 045 0.46 0.39 0.40 0.55 0.49 0.47 0.73 0.95° 0.365 110 29
Dy 275 268 271 2.40 2.44 313 295 2.96 434 5,25° 246 5.87 24
Ho 0.60 0.60 0.58 052 0.54 0.65 0.66 0.67 0.95 7 0.58 1.09 25
Er 1.81 1.78 1.59 147 162 1.95 2.02 1.95 263 2.56° 1.70 279 29
Yb 173 1.88 1,60 1.39 157 1.90 197 1.91 240 198 162 215 27
Lu 0.27 0.30 0.26 0.23 0.25 0.28 0.29 0.31 0.37 0.278° 0.253 0.306 3.1
Hf 1.82 1.75 234 1.35 1.91 249 1.81 1.71 2.70 449 0578 6.98 23
Ta 0.19 0.26 0.19 0.10 0.14 0.17 0.24 0.21 0.21 1212 0.038 251 38
Pb 56 76 101 745 349 7.05 752 5.82 461 2.055% 3.00 362 72
Th 3.0 32 5.03 293 277 6.35 3.98 3.16 259 1,247 0.031 4.81 28
U 0.62 0.65 1.06 0.58 0.71 1.26 1.02 0.95 0.81 0.412 0.010 119 37
“ Nd/ M Nd 0.51256 0.51258 0.51302 0.512778 0.51264 0.51287 0.512937
20 0.000015 0.0000009 0.000014
€ Ng -1.5 -1.1 +7.5 +2.7 0.0 +4.5 +5.8

Duplicate 47A
ToHE 1 TTHE 0.283085 0.283145 0.283226 0.283186 0.283178 0.28317 0.283189 0.283155
20 0.000010 0.000011 0.000011 0.000018 0.000011 0.000016 0.000015 0.000016

€ Hr +11.1 +13.2 +16.1 +14.6 +14.4 +14.1 +14.7 +13.5




LOCATION Lutao Lutao Lutao Lanshu Lanshu Batan Batan Batan Batan Batan Batan Batan
ROCK TYPE Andesite Andesite Andesite Bas. andesite Bas. andesite Bas. andesite Bas. andesite Andesite Basalte Bas. andesite

SAMPLE TW 36 TW 40 TW 41 TW 31 TW 32 B 3m B10 B42 B8O BS8 B15 B21
SiO, (Wt%) 55.3 56.2 60.2 545 53.1 536 54.0 59.1 51.9 52.2 57 58.3
TiO, 0.61 0.54 0.52 0.82 0.73 0.95 0.97 0.95 0.81 112 0.77 0.75
A0, 18.1 1845 189 18.9 16.85 19.85 18.36 16.98 15.57 18.64 18.53 17.84
Fe,0; 6.34 564 2.31 5.56 8.33 5.85 9.13 8.67 713 73
MnO 0.13 0.1 0.07 0.10 0.15 0.17 0.16 0.09 0.16 0.16 0.15 0.18
MgO 420 417 2.31 456 6.42 358 363 3.59 7.90 3.82 216 312
Ca0 7.4 7.03 6.95 9.54 9.32 8.21 8.29 6.64 11.13 8.84 6.15 7.32
Na,0 3.56 3.66 371 340 3.08 347 355 3.86 257 333 3.58 365
K0 1.90 1.99 148 111 1.02 227 2.1 269 111 2.51 0.92 0.75
P05 0.34 0.25 0.1 0.05 0.04 045 045 0.35 0.15 0.40 0.15 0.2
Lol 1.18 143 0.76 0.92 0.30 0.22 0.34 0.03 0.19 -0.04 1.99 048
H,0 0.28 027 0.63 0.62 0.23 0.50 1.45 0.06 0.37 0.16 1.25 0.27
Total 99.35 99.74 100.2 99.99 99.11 100.19 100.99 99.81 99.78 100.16
¥sr /st 0.706102 0.706013 0.70483 0.704313 0.705452 0.70476 0.70445 0.70393 0.70396 0.70545 0.705030

20 0.000006 0.000009 0.000008 0.000006

2%pp | 2Pb 18.424 18.429 18.412 18.298 18.394 18.455 18.298 18.36 18.351 18.378

P | Pb 15.639 15.637 15.611 15573 15.622 15.64 15538 15.558 15,571 15.594

2%pp | 2Pb 38.845 38.83 38.698 38.561 38.781 38.834 38.492 38.516 38.515 38.661

3" 0 +6.91 +6.48 +7.92 +6.61 +6.39 +6.51 +6.11 +5.97 +6.15

Appendix: Major elements, Sr, Pb and O isotopic data of the Luzon arc lavas analysed for trace elements and Hf isotopic compositions. Data from Richard et al. 1986a,
1986b; Vidal et al. 1989; Defant et al. 1990; McDermott et al. 1993; Fourcade et al. 1994 and Maury et al. 1998.



LOCATION Batan Batan Babuyan Babuyan Calayan Calayan Camiguin Camiguin Cagua Cagua Baguio
ROCK TYPE Andesite Basalte Andesite Bas. andesite Andesite Bas. andesite Bas. andesite Bas. andesite Basalte
SAMPLE B85 B87 Bd20 Bd39 Cl1 Cl 16 Cm5 Cm 54 Ca9 Ca26 47 A
SiO, (wt%) 51 56.8 55.7 513 57.7 555 58.25 53.8 55.2 53.3 485
TiO, 0.95 0.81 0.83 0.81 0.81 0.91 0.74 1.05 0.92 1.05 1.29
ALO; 20.36 18.42 17.67 18.38 16.9 18.48 19.25
Fe0s 7.97 6.4 7.88 9.75 8.26 6.78 11.18
MnO 0.15 0.15 0.14 017 0.16 0.14 0.16
MgO 553 2.92 401 5.21 517 4.44 4.26 273 3.59 4.19
Ca0 10.29 7.31 8.46 10.66 9.60 9.10 105
Na;0 3.06 3.49 3.39 272 3.06 3.37 3.06
K0 0.58 0.9 1.21 0.74 0.49 0.37 1.19 145 1.32 112 1.07
P,0s 0.15 0.2 0.10 0.10 0.10 0.20 0.20
Lol 0.79 1.81 0.25 0.0 0.45 017 0.23 1.26 0.62
H,0 0.41 0.15 0.24 0.15 0.13 0.22 0.28
Total 101.24 99.45 99.88 99.16 100.33 100.11 100.3
¥sr /st 0.704565 0.70448 0.7037 0.703707 0.70327 0.704078 0.70386 0.70395 0.703774
20 0.000007 0.000019 0.000009 0.000008
2%pp | 2Pb 18.531 18515 18.274 18.37 185 18.502 18.569 18.348
P | Pb 15.614 15.621 15.554 15.543 15.609 15574 15.615 15,532
2%pp | 2Pb 38.837 38.782 38.348 38.425 38.731 38.645 38.804 38.343
8" 0 +7.02 +6.13 +6.86 +6.98 +6.7 +7.3 +6.69
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Electronic supplementary data set

Comparison of new trace element data acquired by ICP-MS and published values.

Location Lutao Lanshu Batan
Sample name TW36 TW40 TW31 TW32 B 3M B10 B42
Conc.inppm | published  new  diffin % published new  diffin % | published new  diffin % published new  diffin % | published new  diffin% published new  diffin % published new diffin %
Cr 79 88 49 198
Ni 38 42 16 83
Co 17 16.9 -1 16 15.5 -3 18 13.6 -32 27 19.1 -41 18.6 19.2 18.2
Rb 61 63.2 3 63 59.2 -6 18 18.8 4 13 18.8 3 107 114 6 105 107 2 61 65.9 7
Sr 2984 2622 -14 2896 2743 -6 568 582 2 334 232 -44 648 641 -1 894 953 6 1225 1366 10
Y 16.4 14.0 16.0 16.2 19.6 20 222 10 13.8 14.5 5
Zr 211 224 6 274 203 -35 68 88.4 23 74 77.3 4 196 195 -1 215 237 9 120 143 16
Nb 17.0 14.9 227 1.72 9.74 10.6 11.8 10 5.5 6.40 14
Cs 751 745 0.74 0.50 8.69 9.05 275
Ba 1534 1594 4 1558 1524 -2 278 282 1 138 186 26 626 701 1 800 826 3 520 549 5
La 158 169 7 165 164 -1 13.82 15.1 8 7.83 10.6 26 38.5 38.6 0 48 48.6 1 28.5 29.5 3
Ce 271 282 4 285 271 -5 32.88 30.2 9 19.33 20.5 6 73.7 81.6 10 98 103 5 59 61.4 4
Pr 25.8 245 3.72 2.50 9.69 12.2 7.74
Nd 13.44 77.6 83 724 14.92 14.5 -3 9.49 9.65 2 38.4 36.2 -6 46 458 0 31 31.6 2
Sm 9.69 8.73 -1 8.1 7.75 -5 3.2 2.84 13 246 213 -15 6.46 6.17 -5 7.96 5.81
Eu 1.96 1.72 -14 1.73 1.55 -12 1.01 0.85 -19 0.81 0.66 23 1.44 1.8 1.87 4 1.28 1.30 2
Gd 219 419 438 5.46 3.68 -48 6.7 2.69 -149 2.62 214 -22 4.24 5.2 5.38 3 38 4.47 15
Tb 0.48 0.52 8 0.39 0.46 15 0.39 0.41 5 0.37 0.35 -6 0.58 0.69 0.49
Dy 273 261 -5 225 2.63 2.54 -4 253 225 -12 313 35 3.62 3 24 2.54 6
Ho 0.52 0.43 0.55 0.51 0.65 0.72 0.50
Er 1.54 1.55 1 1.33 1.49 1.60 7 1.56 1.60 3 1.92 2 2.08 4 1.2 1.23 2
Yb 1.56 1.51 -3 25 1.34 87 1.56 1.48 -5 1.71 1.54 -1 1.82 1.84 1 1.94 1.89 -3 1.1 1.21 9
Lu 0.27 0.24 13 0.21 0.21 0.25 16 0.22 0.26 15 0.30 0.30 0.17
Hf 5.1 5.31 4 5.3 497 -7 24 2.38 -1 1.6 2.00 20 4.8 481 0 5.76 3.91 3.83 -2
Ta 0.99 0.93 -6 0.98 0.85 -15 0.15 0.14 -7 0.095 0.11 14 0.63 0.57 -1 0.66 0.367 0.35 -5
Pb 52.8 745 4.96 6.35 18.0 19.0 12.0
Th 78.3 87.4 10 82.4 85.2 3 43 4.82 1 23 3.29 30 215 235 244 4 9.5 9.07 -5
U 15.1 15.7 3.82 15.7 15.5 -1 1.17 1.20 3 0.56 0.83 33 3.99 4.43 448 1 233 220 -6
Footnote:

- diff in %: difference between published values and new values relative to the ICP-MS values

- The last column summarizes the relative deviations between published values and new values. It was evaluated as 1 standard deviation of all differences in %.

- Differences between published values and new values are sometimes quite large and could be explained by a number of factors: analyses on different powder aliquots, differences in the data acquisition method
and year of the acquisition in the case of the published numbers
- The published data are from Defant et al. (1989), Defant et al. (1990) and McDermott et al. (1993)



Location Babuyan Camiguin Cagua

Sample name B80 B88 BB20 BB39 CM54 CA9 CA 26

Conc.inppm published  new  diffin % published new  diffin % | published new  diffin % published new  diffin % | published new  diffin % | published new  diffin % published new diffin %
Cr 28 69 23 25
Ni 28 62 16 11
Co 34 333 -2 221 21 21.6 3 30.2 19 18.3 -4 14.0 18.6
Rb 27 21.7 3 19 113 83 31 36.8 16 17.9 30 315 5 25 284 12 23 25.1
Sr 472 492 4 503 587 14 308 301 -2 378 478 507 6 553 634 13 472 529 1
Y 31 14.4 -115 29 19.6 -48 17.4 14.7 19.8 20.0 19.5
Zr 275 82.3 -234 233 253 8 79 87.8 10 48.0 103 97.2 -6 63.8 62.9
Nb 36 3.61 0 12.5 13.9 10 3.19 1.78 317 4.32 347
Cs 1.32 3.61 0.77 1.1 2.39 1.49 1.52
Ba 632 288 -119 569 657 13 185 222 17 179 300 325 8 505 501 -1 408 406 0
La 14 12.7 -10 36 341 -6 14.6 15.9 8 10 10.6 6 22 21.6 -2 15.92 14.7 -8 13.04 11.8 -1
Ce 29 29.0 0 81 80.3 -1 30.8 32.6 6 20.2 225 10 425 431 1 425 275 -55 27.3 222 -23
Pr 3.91 10.5 419 2.99 5.32 3.39 2.98
Nd 17 16.9 -1 44 40.6 -8 16.7 12.1 20.7 14.82 13.8 -7 12.63 12.2 -4
Sm 35 3.51 0 6.81 29 3.60 19 23 2.80 18 36 4.03 1 3.79 3.03 -25 3.03 291 -4
Eu 0.91 0.92 1 1.5 1.45 -3 1.02 0.97 -5 0.85 0.85 0 1.19 1.14 -4 0.95 0.95
Gd 28 2.81 0 48 441 9 3.09 2.64 3.75 327 2.95
Tb 0.37 0.41 10 0.59 0.39 0.46 15 0.33 0.39 15 0.48 0.55 13 0.49 0.47
Dy 24 244 2 3.35 3.26 -3 2.71 240 313 2.95 2.96
Ho 0.50 0.66 0.58 0.52 0.65 0.66 0.67
Er 1.5 1.42 -6 1.9 1.93 2 1.59 1.47 1.95 2.02 1.95
Yb 1.45 1.36 -7 1.95 1.85 -5 1.7 1.60 -6 1.55 1.39 -12 2 1.90 -5 2.08 1.97 -6 1.81 1.91 5
Lu 0.21 0.29 0.26 0.23 0.28 0.29 0.31
Hf 225 224 0 6.34 23 2.34 2 1.35 1.55 249 38 1.81 1.71
Ta 0.23 0.20 -15 0.78 0.19 0.19 0 0.11 0.10 -10 0.19 0.17 -12 0.24 0.21
Pb 7.30 15.3 10.1 745 7.05 7.52 5.82
Th 47 4.94 5 33.3 343 3 46 5.03 9 29 2.93 1 6.4 6.35 -1 3.98 3.16
U 0.97 0.92 -5 5.38 1 1.06 6 0.58 1.35 1.26 -7 1.02 0.95




Location Baguio

Sample name 47A Standard deviation

Conc.inppm | published  new  diffin % | of the differences
Cr 7
Ni
Co 30.1 18
Rb 19 19.7 4 22
Sr 506 519 3 15
Y 28.0 58
Zr 101 73
Nb 338 6
Cs 0.49
Ba 227 249 9 35
La 13.1 13.0 -1 9
Ce 26.2 275 5 17
Pr 4.10
Nd 18.8 18.4 -2 26
Sm 4 453 12 14
Eu 1.55 1.40 -1 9
Gd 42 4.89 14 56
Tb 0.7 0.73 4 7
Dy 4.3 4.34 1 6
Ho 0.94 0.95 1
Er 24 2.63 9 4
Yb 24 240 0 22
Lu 0.43 0.37 -16 17
Hf 2.70 14
Ta 0.21 9
Pb 461
Th 3 2.59 -16 1
U 0.9 0.81 -1 12






