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Abstract

The remnant rear-arc segment of the early Izu-Bonin arc, known as the Kyushu-Palau Ridge (KPR), is a key location
where magmatic outputs can be constrained during the lifetime of an island arc. We present new geochemical data for
coarse-grained basaltic to andesitic volcaniclastic sandstones derived from the KPR and deposited in the Amami Sankaku
Basin (IODP Site U1438, Unit III rocks) in the time period 40–30 Ma. Bulk disaggregated and cleaned volcaniclastic sand-
stones of Unit III at Site U1438 retain primary magmatic signatures and can be used to infer the evolution of magmatic
sources of the juvenile Izu-Bonin island arc through time. A sharp increase of slab-derived components to the source of
KPR magmatism developed at about 35 Ma, indicated by increasing Th/La and decreasing Sm/La, Yb/Hf and Nb/Nd. Sys-
tematic variations in trace element ratios and increasing trace element abundances in younger samples through the 40–30 Ma
time window are decoupled from Hf-Nd isotope ratios, which are measurably more depleted (eHf = 16.5–15, eNd = 9.6–8.2)
than boninites produced during the preceding magmatic phase and sampled in the modern Izu-Bonin forearc. Hafnium iso-
topic compositions in the Unit III sandstones remain little-changed and similar to the subducting Pacific Plate after 40 Ma
and do not revert to highly radiogenic compositions of the Indian-type MORB mantle wedge which is reflected in highly-
depleted basalts produced at Site U1438 and in the forearc (commonly eHf � 18.0). The overall pattern recorded in Unit
III sandstones indicates that the Pacific-type MORB slab-melt component, which was present in the preceding boninite phase
of magmatism, persisted after 40 Ma, while the subducted sediment component in the boninite source was lost or significantly
reduced. Variations in trace element ratios (at constant eNd and near-constant and radiogenic eHf) and in high field strength
element abundances of the early Izu Bonin arc are controlled by the addition of a subducted Pacific MORB melt or super-
critical fluid to the mantle wedge. A subducted MORB (slab melt) component is thus sampled throughout the early life of the
Izu-Bonin arc and in the currently active Izu-Bonin arc-backarc system.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Convergent plate boundaries produce arc magmas with
distinctive chemical and petrological signatures compared
to plume and ocean-ridge magmatism. Key trace element
characteristics include enrichment in light rare earth ele-
ments (REE), and large ion lithophile elements (LILE;
e.g., K, U, Cs, Rb, Ba), and depletion in high field strength
elements (HFSE; Ta, Nb, Zr, Hf) as shown by Taylor and
White (1965), Gill (1981), Pearce (1982) and others. In
island-arc systems, these characteristics are attributed to
source compositions and related processes that involve mix-
ing of fluids and melts derived from subducted sediment
and oceanic crust into the overlying mantle wedge. Distin-
guishing source contributions from the mantle wedge, sub-
ducting sediment, and oceanic crust is crucial to a complete
understanding of arc magma formation, which is also
thought to play a major role in the formation of continental
lithosphere (e.g. Taylor and White, 1965; Shirey and
Hanson, 1984; Kelemen, 1995).

A key location for identifying spatial-temporal changes
in sources and processes contributing to the formation of
arc magmas is in the Izu-Bonin arc, where initiation of sub-
duction in an oceanic setting was succeeded by the produc-
tion of a variety of primitive magma types during the initial
growth and evolution of the nascent arc (e.g. Natland and
Tarney, 1981; Bloomer and Hawkins, 1987; Stern and
Bloomer, 1992; Cosca et al., 1998; Ishizuka et al., 2006,
2011a; Reagan et al., 2010; Li et al., 2019; Shervais et al.,
2019; Ishizuka et al., 2020). In most arc systems, the earliest
products of volcanism are buried beneath younger volcanic
rocks and volcaniclastic sediment that accumulated during
subsequent phases of arc growth. The implication of this
common geologic succession is that the early history and
evolution of arcs is recorded not only in the initial lavas
and related intrusive rocks, but also in volcaniclastic sedi-
mentary sequences deposited in basins proximal to the site
of nascent arc growth (e.g. Egeberg et al., 1992; Bryant
et al., 2003; Straub, 2003; Gill et al., 1994; Robertson
et al., 2018).

Here, we target volcaniclastic sandstones and related
conglomerate-breccias in drill core from International
Ocean Discovery Program (IODP) Site U1438 in the
Amami-Sankaku Basin (ASB) just west of the Kyushu-
Palau Ridge (KPR), the site of Izu-Bonin subduction initi-
ation (Fig. 1). A key advantage of the KPR and Site U1438
area is the chemical-temporal framework established by
prior work (Arculus et al., 2015a,b; Yogodzinski et al.,
2018; Brandl et al., 2017; Hickey-Vargas et al., 2018;
Ishizuka et al., 2018; Hamada et al., 2020), which links ini-
tiation of Izu-Bonin subduction to eruption of an ultra-
depleted form of MORB that is chemically much like
FAB (forearc basalt of Reagan et al., 2010; Shervais
et al., 2019), and subsequent changes in the mantle source
regions of magmas forming the arc-backarc system. Bios-
tratigraphic and radio-isotopic age constraints indicate
most of the volcaniclastic rocks overlying the ultra-
depleted basalt basement at Site U1438 were produced in
the 30 – 40 Ma time window (Fig. 1) (Arculus et al.,
2015a; Barth et al., 2017; Brandl et al., 2017; Waldman
et al., 2020). This means the volcaniclastic record at Site
U1438 captures activity that followed the depleted tholeiitic
basalt – boninite to high-magnesian andesitic phase of vol-
canism between ca. 52–44 Ma (nascent arc) (Pearce et al.,
1999; Ishizuka et al., 2011a, 2018, 2020) but preceded final
construction and emergence of the KPR which is capped by
volcanic rocks that are mostly 20–30 million years old
(Ishizuka et al., 2011b).

The available record of the Izu-Bonin magmatism dur-
ing this 10 Ma time period is sparse, recorded primarily
by a limited number of fresh tephra layers recovered from
the present-day frontal part of the arc (e.g. Bryant et al.,
2003; Straub et al., 2010). Thus, the volcaniclastic sand-
stones from the Site U1438 drill core offer a key window
into the early magmatic history of an intraoceanic arc sys-
tem. We present chemical data from coarse-grained por-
tions of volcaniclastic sandstones deposited from 40 to
30 Ma to constrain the temporal evolution of the juvenile
Izu-Bonin arc following subduction initiation. We show
that in this time-window, volcanism became progressively
enriched in light REE and other trace element indicators
of increasing contribution for a subducting plate. We dis-
cuss how this temporal growth in the arc trace element sig-
nature was produced in a manner that created no parallel
changes in Nd isotope ratios and only a small shift in Hf
isotope ratios to less radiogenic compositions. The stability
of the isotopic record (indicated by the data presented here)
implies a constancy of mantle wedge plus subducted Pacific
MORB contributions through the 40–30 Ma time window
of KPR growth, with only minor effects from subducting
sediment. Finally, although volcanic glasses of tephra fall-
out from drill cores have been used extensively to constrain
the evolution of the Izu-Bonin-Mariana arc (e.g. Egeberg
et al., 1992; Arculus and Bloomfield, 1992; Bryant et al.,
2003; Straub, 2003; Straub et al., 2010, 2015), we show that
volcaniclastic sandstones deposited in arc-proximal basins
represent a largely untapped record (e.g. Gill et al., 1994)
that captures the evolution in time of source components
contributing to the evolution of arc systems.

2. GEOLOGICAL SETTING OF UNIT III AND

SAMPLES

Drilling at IODP Site U1438 (Arculus et al., 2015a,b)
just west of the KPR (Fig. 1) penetrated oceanic crust
formed of depleted tholeiitic basalts produced from � 49
to 47 Ma (Ishizuka et al., 2018). These lavas post-date the
earliest magmatic rocks formed at the time of subduction
initiation (Fig. 1). These rocks are low-K-Ti tholeiitic
basalts and gabbros lacking traditional chemical indicators
of subduction, and are derived from mantle sources more
depleted by prior melt extraction than those involved in



Fig. 1. (A) Location of the Amami-Sankaku Basin (IODP Site U1438) adjacent to the Kyushu-Palau Ridge; (B) Lithostratigraphy of Site
U1438 (Arculus et al., 2015a) with location of sandstones (younger or older than 36 Ma, in yellow and purple colors respectively). The
lithology column represents the average grain size of sediments (averaged over 5 m intervals), ranging from clay fraction (dark brown), silt
(brown), very fine to fin sand (light brown), medium sand to coarse sand (grey) and gravel (dark grey) (after Arculus et al., 2015a). Ages after
Arculus et al. (2015a), Brandl et al. (2017), Ishizuka et al. (2018) and Waldman et al. (2020). In B, Site U1438 timeline is based on Arculus
et al. (2015a,b), Brandl et al. (2017), Yogodzinski et al. (2018), Hickey-Vargas et al. (2018), Ishizuka et al. (2018), McCarthy et al. (2019) and
Waldman et al. (2020). Ocean Drilling Program (ODP) Site 782A lies along the Izu forearc basin (Shipboard Scientific Party, 1990).
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the vast majority of MORB generation (Hickey-Vargas
et al., 2018; Yogodzinski et al., 2018; Shervais et al.,
2019; Li et al., 2019; Arculus et al., 2019; Reagan et al.,
2019). This rock type has been termed forearc basalt
(FAB) where it has been recovered from that present-day
location (Reagan et al., 2010). It was generated in a near-
trench setting and a narrow time window from 52 to
50 Ma (Reagan et al., 2019). This view has leads to a sepa-
rate interpretation of chemically similar basement rocks at
Site U1438 as products of backarc spreading after 50 Ma
(Reagan et al., 2019). Alternatively, FAB and composition-
ally similar ultra-depleted basalts at Site U1438 and other
locations immediately west of the KPR may have been pro-
duced by a common seafloor-spreading event spanning a
broad swath of the arc throughout the 52–44 Ma time per-
iod of the growth of the nascent arc (Arculus et al., 2015b;
Hickey-Vargas et al., 2018; Yogodzinski et al., 2018).

In the forearc, depleted basement is succeeded by boni-
nite and high-Mg andesite dated at 51–44 Ma. This mag-
matic phase was succeeded in turn by arc basalt and
andesite volcanism from 44 to 37 Ma which was the final
episode of Izu-Bonin magmatism preserved in the present-
day forearc (Lallemand, 2016; Reagan et al., 2019;
Ishizuka et al., 2020). The sedimentary record that suc-
ceeded basement volcanism in the forearc is sparse, com-
prising mostly tuffaceous deep-sea sediment deposited
after 34 Ma (Robertson et al., 2018). In contrast, the rear-
arc record recovered at Site U1438 is nearly continuous:
boninites are absent and depleted basaltic basement is suc-
ceeded by mudstone-dominated sedimentary sequences of
Unit IV (Fig. 1), which are intruded by small-volumes of
basaltic-andesite (Arculus et al. 2015a, Fig. 1). Some mud-
stones of Unit IV carry fresh, apparently volcanigenic,
detrital biotite, amphibole, and zircon dated at ca. 47 Ma
by 40Ar/39Ar and 238U/206Pb (Waldman et al., 2020). These
products of early Izu-Bonin volcanism have relatively unra-
diogenic Hf (eHf < 14) similar to the least radiogenic boni-
nites (e.g. Li et al., 2019; Ishizuka et al., 2020) but
distinct from Eocene to Oligocene Izu-Bonin tephra
(Straub et al., 2010) and from volcanic units on forearc
islands dated at 44 to 37 Ma (Ishizuka et al., 2020). Basaltic
andesites that intrude Unit IV mudstones carry similarly
unradiogenic Hf (Waldman et al., 2020). Thus, the record
from Unit IV indicates that hydrous, basaltic-andesitic vol-
canism in the rear-arc at ca 47 Ma shared distinctive Hf iso-
tope source characteristics with boninites that were
produced contemporaneously in the forearc.

The 1000 meter-thick Unit III, which is the focus of this
study, overlies the transitional Unit IV at Site U1438
(Arculus et al., 2015a; Johnson et al., 2017 (Fig. 1). Unit
III is composed of fine-grained to coarse-grained volcani-
clastic sandstones and conglomerates (data repository
DR1 to DR2). This sedimentary unit is formed of a succes-
sion of distal gravity flows from volcanic eruptions or flank
collapses originating from the growing volcanic edifices of
the nascent Kyushu-Palau Ridge about 50 km east of Site
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U1438 (Johnson et al., 2017; Brandl et al., 2017). Sand-
stones sampled for this study are from the depth interval
1300 and 300 meters below the sea floor (Fig. 1 and
DR1). Biostratigraphic and radioisotopic age constraints
(Arculus et al., 2015a; Barth et al., 2017; Ishizuka et al.,
2018) indicate the samples were deposited successively
between 40 and 30 million years ago (Fig. 1), with sedimen-
tation rates estimated to vary between 30–180 cm/Ma over
time (Brandl et al., 2017). Brandl et al. (2017) provide three
distinct age models based on the uncertainty of the bios-
tratigraphy, variation of grain size as a function of deposi-
tional rates, and sedimentary facie analysis, with the
calculated depositional age of the sandstones based on their
preferred age model. Volcanic clasts found in coarse inter-
vals range between 0.5–3.0 cm in size. Volcanic minerals,
especially pyroxene, plagioclase, and Fe-Ti oxides, are well
preserved throughout Unit III (Arculus et al., 2015a;
Brandl et al., 2017) (DR1 to DR2). Individual glass (for-
merly melt) inclusions (MI) hosted by clinopyroxene and
plagioclase grains in Unit III range from basalt to rhyolite
in composition (Brandl et al., 2017; Hamada et al., 2020).
The mafic-silicic magmatism of Unit III occurring between
ca. 40–30 Ma, thus records the compositional evolution of a
developing chain of volcanic edifices defining a juvenile Izu-
Bonin arc. The coincidence of biostratigraphic, paleomag-
netic (Arculus et al., 2015a) and U-Pb zircon ages (Barth
et al., 2017) from volcaniclastic rocks of Unit III indicate
that material generated by volcanism at the KPR was
erupted and then quickly transported and deposited in
adjacent basins west of the KPR. The rapid deposition
and limited transport minimized chemical alteration and
mixing of different components prior to deposition, imply-
ing that the compositional evolution of these volcaniclastic
sediments at Site U1438, some 50 km west of the KPR,
records the evolution of the nascent juvenile Izu-Bonin
arc over time (e.g. Brandl et al., 2017).

3. METHODS

Sample preparation steps described below were designed
to isolate coarse volcaniclastic fractions from breccia-
conglomerates and sand-sized grains in places where such
coarse material exists in the core (DR1, DR2). Quarter-
round samples from 5 to 8 cm in length each weighing 45
to 100 g were fragmented using the SelFragTM electro disin-
tegrator at the University of Bern (UNIBE, Switzerland) to
dislodge and disaggregate coarse fragments without crush-
ing them. SelFrag operating conditions were 20 Pulses at
3 Hz, 140 kV, a 5 mm sieve inlay, and a 64 lm mesh to
remove the finest grain sizes. Coarse-grained fractions from
the SelFrag were dried and processed at the University of
Bristol (UK). Samples were dry-sieved using the coarsest
fraction (�500 lm) for bulk chemical analysis (�250
microns for sample U1438D 56R 7 W 36–42 due to the
finer-grained nature of this sample). Samples were then son-
icated in a solution of hexametaphosphate (5–10 gr/liter of
H2O) to dislodge and remove any remaining clay. This step
was repeated 4–7 times until the solution was clear (DR2).
Samples were then rinsed three times in MQ water and
dried prior to being powdered in an agate ball mill con-
tainer for 3–15 minutes. Loss on ignition (LOI) was deter-
mined by heating 2 g of sample to 1050 �C for 2 hours. A
quantity of 1.2 g of the resulting powder was then mixed
with 6 g of lithium tetraborate flux and fused at 1300 �C
for 3.5 min in platinum crucibles prior to being quenched
to form glass beads. Major element compositions were mea-
sured by a wavelength dispersive X-ray fluorescence spec-
trometry at the Institute of Earth Sciences, University of
Lausanne (UNIL, Switzerland) on a PANalytical Axios-
mAX fitted with a 4.0 KW Rh X-ray tube. The standards
BHVO2 and AGV1 were used for quality control
(Govindaraju, 1994). The relative standard deviation
(RSD) of replicate standards (n = 8) is < 0.13% for most
oxides, with slightly higher TiO2 (0.71%), MgO (0.3%)
and K2O (0.42%). Trace element abundances were acquired
on the flat side of the glass beads by quadrupole spectrom-
eter Agilent 7700 (LA-ICP-MS) interfaced to a GeoLas
200 M ArF excimer ablation system (Institute of Earth
Sciences, University of Lausanne). The laser was run at rep-
etition rate of 10 Hz and an energy of 160 mJ, which is
equivalent to 12 J cm�2. Spot diameter was 75 to 100 lm.
Sensitivity was maximized using the NIST SRM 612 glass
standard (La139+= 3.5x106 c.p.s., Th232+= 5–5.5x106 c.p.
s.). During this optimization, doubly charged ions (Ba2+/
Ba+<2.7%) and oxide production rates (ThO+/
Th+<0.08%) were minimized. Three repeat measurements
were run on each bead. Helium was used as a cell gas car-
rier. Absolute trace element concentrations were deter-
mined using CaO previously measured by XRF as an
internal standard and NIST SRM 612 as an external stan-
dard (Jochum et al., 2011). Data were processed using
LAMTRACE software (Jackson, 2008).

Isotope ratios for Nd and Hf were measured in the
Center for Elemental Mass Spectrometry (CEMS) at the
University of South Carolina (USA). Approximately
200 mg of previously powdered fractions were weighed
into Teflon capsules and leached for 30–45 min in closed
capsules with 2.5 N HCl at 100 �C. Samples were then
rinsed twice in 18MX H2O and digested for 24 h in a
3:1 HF: HNO3 mixture. Samples were sonicated after
12 h of digestion to help the process along. Following
24 h of digestion, the digested samples were then
uncapped and heated on a hot plate to incipient dryness.
Approximately 5 ml of 6 N HCl was then added. The cap-
sules were sealed and heated to 100 �C for 1 hour, then
uncapped and heated again to dryness. This step was
repeated three times to remove fluoride precipitates. After
the final digestion steps, the samples were rinsed into cen-
trifuge tubes with 15 mL of 3 N HCl and centrifuged for
5 min at 5,000 rpm. Separate aliquots were pipetted for
Nd and Hf column chemistry. Hafnium was separated
using the method of Münker et al. (2001). Neodymium
was isolated using standard cation exchange procedures.
The bulk sample was processed though TRU-spec resin
(Eichrom) in HNO3 to separate a rare-earth element cut.
Neodymium was then separated from this cut using LN-
spec resin in HCl (e.g., Pin and Zalduegui, 1997).

Hafnium and Nd isotope ratios were measured using a
ThermoFinnigan Neptune MC-ICP-MS in the CEMS at
the University of South Carolina. Solutions were intro-
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duced with a 100 ml self- aspirating Teflon nebulizer (ESI,
USA) coupled to an ESI APEX-Q system. The samples
were diluted to achieve a signal of 2–5 V on 143Nd and
176Hf, and 30–45 analytical cycles were run on each sample,
depending on sample volume. Samples were bracketed
every 3 solutions by the JNDi-1 standard for Nd, and the
JMC-475 standard for Hf. Results were normalized to a 143-
Nd/144Nd value of 0.512115 for the JNDI-1 standard, and a
176Hf/177Hf value of 0.282160 for JMC-475. Analysis of
USGS rock standards run as unknowns (BHVO-2, AGV-
2) agree with published reference values of Weis et al.
(2006, 2007) to within 0.1–0.4 epsilon units. Epsilon values
(eNd, eHf) were calculated with a CHUR value of 0.512630
for 143Nd/144Nd and 0.282785 for 176Hf/177Hf (Bouvier
et al., 2008). Typical blanks for the CEMS labs are < 100 pg
for Hf and < 20 pg Nd, and insignificant for the amount of
analyte processed.

4. RESULTS

Major and trace elements and Hf-Nd isotopic composi-
tions can be found in the electronic supplementary appen-
dix. The sandstone samples are basaltic-andesitic to
andesitic in bulk composition, with SiO2 varying from
Fig. 2. (A–F) Major and minor oxide abundances of U1438 sandstone de
vs SiO2 wt%. Data for comparison include glass (formerly melt) inclusion
(Brandl et al., 2017). Note that in Brandl et al. (2017), the dataset is separa
Izu-Bonin rocks is from Straub (2017). Note that this field does not includ
Bonin arc rocks. The calc-alkaline (CA) – tholeiitic (TH) discriminant li
52.4 wt% to 60.5 wt% (anhydrous) and Mg#Fetot, molar
Mg/(Mg + Fetot)*100, from 63 to 44 (Fig. 2). They are
low- to medium-FeO* and K2O and are similar to volcanic
rocks of the modern Izu-Bonin arc and to MI hosted in
clinopyroxene and plagioclase separated from volcaniclas-
tic rocks of Unit III (Brandl et al., 2017) (Fig. 2). Major
oxide compositions and ranges of the sandstones are mostly
uncorrelated with age; generally, there is no monotonic
shift for example, from mafic to felsic with younging of
the arc. Only TiO2 (Fig. 2e) and P2O5 (Fig. 2f) show slight
increases in the younger samples. Abundances of Na2O
show wide variation at constant SiO2 and reach higher con-
centrations than in volcanic rocks of the modern Izu-Bonin
arc (Fig. 2b). The extreme variability for Na2O in the sand-
stones is likely a consequence of seawater alteration (see
discussion 5.1).

Concentrations of incompatible trace elements in the
sandstones, especially the light- to middle-rare earth element
(REE), Th, Sr and high field strength element (HFSE),
increase systematically in the younger samples (Figs. 3 and
4). Sandstones older than 36 Ma are flat in the middle and
heavy REE and flat to slightly depleted in the light REE
(LaN/SmN = 0.9–1.8) showing significant overlap with some
depleted basement basalts (Fig. 5a). Sandstones of all ages
posits showing Mg#Fetot, Na2O, FeOtot/MgO, K2O, TiO2 and P2O5

s (MI) from clinopyroxene and plagioclase from U1438 sandstones
ted at ca. 37 Ma based on MI data. The grey field of the Quaternary
e high K2O samples (2–4.5wt% K2O), which are unlike typical Izu-
ne in C is from Miyashiro (1974).



Fig. 3. (A–F) Bulk trace element abundances of U1438 sandstones and comparison to melt inclusions in silicates from the same Unit III
sandstones (Brandl et al., 2017).
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have similar heavy REE abundances (Fig. 5a) but samples
younger than 36 Ma show a sharp enrichment in the light
and middle REE (LaN/SmN = 1.7–3.0) compared to base-
ment and to the older sandstones (Figs. 4 and 5, DR3). This
gradual enrichment in the light and middle REE with time is
well illustrated by normalizing the concentrations to the aver-
age ultra-depleted tholeiitic basalt (Unit 1) of the basement at
site U1438 (Fig. 5b). Plotting the data in this way shows that
there is roughly an order of magnitude enrichment in the light
REE in the younger sandstones compared to the older group
(Fig. 5b). A similar pattern is illustrated with multi-element
plots normalized to primitive mantle (Fig. 5c,d). These show
increased relative enrichments in the light and middle REE,
Th, Zr, and Hf, combined with increased absolute Nb and
Ta abundances and Nb/Ta with younging of the arc (Fig. 5).

Neodynium isotopic composition of sandstones are
nearly constant through time, with MORB values of eNdi

from 8.2 to 9.6, and largely indistinguishable from depleted
basement basalts and boninites (Fig. 6a). Hafnium isotope
ratios in the sandstones are tightly clustered by age, with
eHfi greater than 16.0 in the older group and less than
16.0 in the younger group (Fig. 6b). Overall, the Hf-Nd iso-
topic compositions of sandstones fall within the middle of
the total range of compositions defined by the older vol-
canic units seen in the boninites and depleted basement
basalts (Fig. 5).
5. DISCUSSION

5.1. Alteration and primary characteristics of U1438 Unit III

sandstones

The compositions of deep-sea sediments may be affected
by seawater alteration, the addition of airborne continental
material, and other sources of terrigenous sediment, tephra
from volcanic eruptions outside of the Izu-Bonin system,
and authigenic precipitates from seawater, such as Mn oxi-
des and phosphates (e.g. Hein and Scholl, 1978; Vallier
et al.,1980; Bienvenu et al.,1990; Gill et al., 1994; Patino
et al., 2003; Robertson et al., 2018) (Fig. 7). To determine
whether the bulk composition of sandstones can be used
to infer magmatic processes along the KPR, we compare
them to other external sources that might act as a contam-
inant, including the Japan arc, aeolian continent-derived
sediment and Pacific marine sediments (Fig. 7). We use
Rb/Hf, Zr/Y and Pb/Zr as proxies for contamination by
such sediments (e.g. Robertson et al., 2018; Schindlbeck
et al., 2018). These elements have been plotted versus major
elements susceptible to hydrothermal alteration, sediment
contamination and/or precipitation of iron-oxide crusts
(e.g. K2O, MnO, Na2O). Fig. 7 shows that Rb/Hf (1.4–
7.3), Zr/Y (2.0–5.3) and Pb/Zr (0.02–0.08, average of
0.04), MnO (<0.35 wt%), and K2O (<1 wt%) in the Unit



Fig. 4. (A–L) Secular changes in trace element abundances and trace element ratios of volcanic sandstones at Site U1438. The nascent arc
represented by basaltic-andesite sills of Unit IV and depleted basement basalts of Unit 1 at Site U1438 are from Ishizuka et al. (2018) and
Hickey-Vargas et al. (2018).
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III sandstone are low and fall entirely within the field of
Izu-Bonin arc lavas. If it were present in significant quanti-
ties, the continental detritus would produce higher Rb/Hf
and Pb/Zr at higher K2O wt% (Fig. 7a,c). The inclusion
of oceanic sediments would lead to increasing MnO, or
alternatively, higher Zr/Y (Fig. 7b). Thus, the dominant
compositional signal in the Site U1438 sandstones appears
to be KPR volcanism with minimal contamination from
marine or continental sediment.

Unit III sandstones show increasing signs of alteration
down-hole as shown by increasing clay and zeolite fractions
in shipboard XRD analysis (Arculus et al., 2015a, DR1).
Nonetheless, the bulk sandstone compositions show limited
variability and fall entirely within the field of Izu-Bonin arc
rocks. This includes elements easily affected by alteration
(e.g. Pb, K2O). The abundances of MnO, Ce, P2O5 remain
low and within the field of the Izu-Bonin arc, implying a
lack of precipitation of authigenic phosphates or Mn-Fe
nodules (e.g. Robertson et al., 2018). Some alteration effects
are evident in Sr and Na2O, which show significant varia-
tion at near-constant SiO2 or REE abundances (Figs. 2b
and 3b). These elements are sensitive to seawater alteration
and to the crystallization of zeolites at low temperature,
consistent with the increasing down-hole presence of zeo-
lites (Arculus et al., 2015a). This would also be consistent
with processed separates from some samples which show
a thin white coating on individual mineral grains and clasts
prior to leaching, and which may reflect incipient crystal-
lization of zeolite or carbonate (DR2). However, there is
no systematic variation in Na2O or Sr with REE or LOI
(loss on ignition). As a result, Sr isotopic data have not
been measured for the purpose of this study.



Fig. 5. (A and B) Bulk trace element abundances of U1438 sandstones. Chondrite and primitive mantle abundances from McDonough and
Sun (1995). Depleted basement basalts from U1438 are from Hickey-Vargas et al. (2018). (C and D) U1438 sandstones normalized to Subunit
E of Unit 1 depleted basalts of U1438 (Hickey-Vargas et al., 2018). Inset in (A) corresponds to REE field of melt inclusions (MI) from Brandl
et al. (2017).
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In Figs. 2, 3 and 5, we also compare our sandstones with
glass inclusions from minerals separated from these same
Unit III sandstones (Brandl et al., 2017). Both show similar
trends of enrichment in minor and trace elements as sam-
ples get younger, including increasing TiO2 and P2O5

(Fig. 2e,f), and increasing Sr, Th, REE and other HFSE
(Fig. 3). These patterns are particularly well illustrated in
Figs. 3b,d,e,f and 5a inset, where REE show enrichment
trends similar to those in glass inclusions, albeit with more
restricted compositional variability.

SelFraging of each bulk sandstone sample, followed by
sieving and preservation of coarser fractions coupled with
multiple rounds of deflocculating and leaching has removed
most contamination (hydrothermal, biological or
terrigenous/oceanic sediments) (DR1-DR2), which would
otherwise affect the trace element abundances of these sand-
stones. This is consistent with cleaned separates generally
showing a lack of clay fractions and showing unaltered
clinopyroxene, plagioclase and distinct populations of
unaltered volcanic lithic fragments (DR2). Thus, REE
and HFSE variability through time in the Unit III
sandstone cannot be a reflection of post-depositional
alteration or contamination by pelagic/terrigenous compo-
nents or precipitation of authigenic apatite and Mn-crust
and must therefore reflect magmatic processes. We note
further that Gill et al. (1994) previously found that with
thorough cleaning of coarse sandstones deposited in
proximal settings coupled to high sedimentation rates, as
is the case for Site U1438 Unit III (e.g. Arculus et al.,
2015a; Brandl et al., 2017; Johnson et al., 2017),



Fig. 6. (A–D) Depositional age (Ma) of sedimentary deposits vs eNdi, eHfi, Sm/La and Yb/Hf of sandstones . Depleted basement basalts from
Yogodzinski et al. (2018), Hickey-Vargas et al. (2018), Reagan et al. (2010), Li et al. (2019). Kyushu-Palau-Ridge volcanism from Ishizuka
et al. (2011b). ODP Site 782A tephra (restricted to tephra � 62 wt% SiO2) from Bryant et al. (2003) and Straub et al. (2010). Boninites are
from Pearce et al. (1999), Reagan et al. (2010), Li et al. (2019) and Ishizuka et al. (2020). The age of amphibole layers and basaltic-andesite sills
are from Waldman et al. (2020). Note that for the amphibole separate, isotopes are uncorrected for radiogenic ingrowth.
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geochemical characteristics of magmatic arc sources may be
elucidated.

5.2. Decoupling of trace element from isotope ratios

The basaltic and andesitic compositions of the Unit III
sandstones are similar to Izu-Bonin volcanic rocks and
remain generally constant through time (Figs. 2 and 3). In
contrast, minor oxides and trace element abundances such
as P2O5 (Fig. 2f), light REE, Th and HFSE (Zr, Nb, Ti)
(Figs. 2e and 3–5) are higher in younger samples compared
to older samples. The sandstones were deposited upon
LILE- and HFSE-depleted basaltic oceanic basement
formed at 49–47 Ma following subduction initiation



Fig. 7. Binary plots used to constrain sandstone alteration and contamination from different sources: (A) Rb/Hf vs K2O wt%; (B) Zr/Y vs
MnO wt%; (C) Pb/Zr vs K2O wt%; (D) Rb/Hf vs Na2O wt%. Pacific sediments are from ODP Site 801 (Vervoort et al., 2011) and ODP Site
1149 (Plank et al., 2007, Chauvel et al., 2009). Aeolian continent-derived sediments are from China (Liang et al., 2009). Japanese volcanism is
from Kimura et al. (2015). Note that for (B), bulk MnO of sediments reach > 2 wt% (Vervoort et al., 2011).
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(Ishizuka et al., 2018; Hickey-Vargas et al., 2018;
Yogodzinski et al., 2018). As a result, observed secular
changes in minor and trace elements (Fig. 4) are unlikely
to be generated by assimilation and differentiation within
the early arc crust. Therefore, increasing abundances of
light REE and HFSE over time, which produce secular
trends toward lower Sm/La, Hf/Nd and Yb/Hf (Figs. 3–
8) must reflect changes in the source(s) of KPR volcanism
following the end of the nascent phase of Izu-Bonin arc
growth (Fig. 1).

Isotopic compositions of basaltic and andesitic volcan-
ism recorded in KPR volcanic rocks and Site U1438 sand-
stones show only minor shifts of less than 1.5 epsilon units
toward less radiogenic Hf and Nd over the span of 10 Ma
(Fig. 6a,b). Limited variability in Hf and Nd isotopic com-
positions of the sandstones contrast with the more hetero-
geneous, depleted basalts and boninites that make up the
nascent Izu-Bonin arc (Fig. 6a,b). The consistently radio-
genic and MORB-like signature of the sandstones is sur-
prising considering the increasing abundances of fluid-
immobile HFSE and REE over time (Figs. 4, 6c,d and 8).
The trend toward more enriched trace element patterns
with roughly constant and MORB-like Hf and Nd isotopes
is similar to the younger volcanic rocks along the northern
segment of the KPR erupted between 20–30 Ma (Savov
et al., 2006; Ishizuka et al., 2011b) (Fig. 6). The Unit III
sandstones show consistent shifts toward lower Sm/La,
Yb/Hf and slightly higher Th/La in younger samples



Fig. 8. Trace element ratios and isotopic compositions as a function of trace element ratios; (A) Th/La vs Sm/La; (B) eHfi vs Yb/Hf; (C) eNdi
vs Sm/La; (D) eNdi vs Nb/Nd; (E) eNdi vs Hf/Nd. Western Aleutian lavas are from Yogodzinski et al. (2015). Depleted MORB Mantle is
from Workman and Hart (2005). Field of Izu-Bonin arc includes Quaternary volcanic rocks from Straub (2017) and Tollstrup and Gill (2005)
as well as Izu-Bonin tephra from Bryant et al. (2003) and Straub et al. (2010). Izu-Bonin arc rocks trending towards unradiogenic Hf and Nd
isotopic ratios (Kasuga seamount) are dominated by a sediment-melt component (Tollstrup and Gill, 2005).

180 A. McCarthy et al. /Geochimica et Cosmochimica Acta 296 (2021) 170–188



A. McCarthy et al. /Geochimica et Cosmochimica Acta 296 (2021) 170–188 181
(Figs. 6 and 8a). Changes in fluid-immobile trace element
ratios of this type are generally interpreted to reflect the
addition of subducted sediment or melt derived from sub-
ducted sediments in the source (Pearce et al., 1995; Plank,
2005; Tollstrup and Gill, 2005; Chauvel et al., 2009;
Tollstrup et al., 2010). However, secular changes in trace
element ratios in Unit III sandstones toward lower Sm/
La, Hf/Nd, and Yb/Hf are not linked to shifts toward less
radiogenic Hf and Nd which would be required if the cause
was subducted marine sediment (Figs. 6c,d and 8b–e). The
limited influence of subducted sediment on the evolution of
isotopic ratios at Site U1438 is well illustrated by mixing
trends involving sediment end-members which always pro-
Fig. 9. (A and B) eNdi versus eHfi for Unit III samples compared with en
Indian-type depleted mantle source (D-DMM), Pacific MORB slab melt a
DMM and a MORB melt, whilst yellow and blue lines correspond to a
components I to V, see Table 1. (C) Hf/Nd versus eNdi with the same m
duce trajectories toward lower eNd with only minor shift
towards lower eHf (Fig. 9a,b) as well as moderate shifts in
HFSE/REE ratios with concomitant changes towards unra-
diogenic eNd (nearly vertical mixing lines in Fig. 9c). These
changes required by the involvement of sediment in the
source are opposite to the Unit III volcaniclastic sandstone
trends at Site U1438, which change in time toward unradio-
genic Hf (by one to two epsilon units) at nearly constant
eNd (Fig. 9a,b) and are likewise widely variable in Hf/Nd
at nearly constant eNd (Fig. 9c). Thus, no mixing line from
a well-constrained Indian-MORB mantle to any Izu-Bonin
sediment composition can produce the Hf-Nd isotope data
patterns observed in the Unit III sandstones (Fig. 9).
d-member mixing models with three end-member compositions: an
nd Pacific sediments. Red line corresponds to mixing between a D-
slab melt (MORB + sediments) added to a D-DMM. For mixing
ixing-trends as in (A and B).
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Linked trace element and isotopic changes observed
during the growth of the nascent arc, and specifically the
transition from depleted tholeiitic basalts to boninites, pro-
vides additional constraints on the nature of secular
changes in Unit III sandstones. A key change during the
growth of the nascent arc is in the record for Hf isotopes,
which become more unradiogenic by an average of � four
epsilon units in the basaltic andesites of Unit IV and in
boninites (average eHf � 14) compared to the preceding epi-
sode of depleted basalt volcanism (average eHf � 18)
(Fig. 6b, Fig. 9b). This isotopic shift is interpreted to reflect
a change in the dominant source of Hf from Indian-type
MORB mantle to Pacific-type MORB of the subducting
oceanic crust in the form of a slab melt (Li et al., 2019). Fol-
lowing the end of boninite volcanism at � 45 Ma there is,
importantly, no reversal in Hf isotopic ratios back toward
more radiogenic compositions (eHf � 18) as would be
expected if the source of Hf in the sandstones were
Indian-type MORB in the mantle wedge, and if Hf isotope
ratios in products of KPR volcanism were predominantly a
reflection of the mantle source end-member (i.e., Pearce
et al., 1999; Straub et al., 2010). This constraint is particu-
larly strong because we know from the compositions of the
depleted basalts that make up the basement throughout the
Izu-Bonin system, that the mantle wedge below the KPR
had the composition of Indian-type MORB, commonly
with eHf � 18.0 (Yogodzinski et al., 2018; Li et al., 2019)
(Fig. 9b). The persistence of relatively unradiogenic Hf in
the sandstones (similar to the most radiogenic boninites
with eHf � 16.0) compared to more radiogenic composi-
tions expected from an Indian-type of MORB mantle and
seen in the underlying basement basalts clearly indicate that
the physical conditions of slab melting that are required to
explain the Hf isotope ratios and other characteristics of the
boninites (Pearce et al., 1992; Li et al., 2013, 2019) must
have persisted throughout the 30–40 Ma time window when
volcanism at the KPR produced the Unit III sandstones. It
is also important to emphasize that boninites with least
radiogenic Nd and Hf isotopic ratios also have relatively
low Sm/La and Yb/Hf and high Th/La which are consistent
with the presence of a sediment source component (Fig. 8a–
c), but which are mostly absent from the Unit III sand-
stones. The dominant source of light REE, Hf, Nb, and
(likely) other HFSE in the products of KPR volcanism that
were eventually incorporated into the Site U1438 Unit III
sandstones, were derived predominantly from the subduct-
ing oceanic crust with little or no contribution from sub-
ducted sediment or sediment melts.

5.3. Influence of subducted Pacific MORB on the evolution of

Izu-Bonin Magmatism

A contribution of subducted Pacific MORB to the trace
element and isotopic signature of KPR magmatism can be
illustrated by mixing lines in eHf versus eNd (Fig. 9a,b) and
eNd versus Hf/Nd plots (Fig. 9c). Changes in fluid-immobile
trace element abundances concomitant with the observed
shifts in Hf-Nd isotopic ratios can be explained by the addi-
tion of MORB slab melt to a D-DMM, leading to shifts in
Hf/Nd at near-constant eNd as well as gradual shifts
towards less radiogenic Hf isotopic ratios. A contribution
of 2.5% to 15% of a slab melt (composed of 0–10% sedi-
ment melt and 90–100% Pacific-MORB melt) added to a
depleted mantle wedge signature can explain the spectrum
of U1438 sandstone compositions (Fig. 9).

It is notable that Nd and Hf isotopic compositions of the
Unit III sandstones remain within the field of Indian
MORB throughout the 40–30 Ma time period even though
Pacific MORB melt is added to an Indian D-DMM
(Fig. 9b). Under this interpretation, the source in this time
period is primarily a mixture of two depleted components:
an Indian-type mantle source and a subducting Pacific-type
oceanic crust. However, it is impossible to rule out a sudden
influx of heterogeneous and enriched Indian-MORB mantle
to explain the isotopic data (e.g. Brandl et al., 2017). For
example, shifts in Hf-Nd isotopic ratios of coeval tephra
along the Izu-Bonin forearc (Fig. 9b) (ODP Site 782A,
Straub et al., 2010) have been interpreted as the sampling
of a heterogeneous mantle, with the majority of Hf and
Nd budget from the Izu volcanic front therefore originating
from the mantle (Straub et al., 2010). This interpretation is
based on the lack of enrichment in trace elements concomi-
tant with the lack of isotopic shift toward less radiogenic
Hf-Nd isotopic ratios (Straub et al., 2010), which should
be observed if sediment or MORB melt contributed to
arc magmatism. This can also be seen in Fig. 6, where coe-
val tephra (�62 wt% SiO2) from the frontal part of the arc
typically have less enriched L-REE patterns and more
radiogenic Hf isotopic ratios than Site U1438 volcaniclastic
sandstones. Of particular note, these tephra show a clear
overlap with the field of Hf–Nd isotopic ratios defined by
spatially extensive eruption of depleted basement basalts,
and by inference the underlying depleted Indian-MORB
mantle, prior to the growth of the juvenile Izu-Bonin arc
(e.g. Reagan et al., 2010; Yogodzinski et al., 2018; Li
et al., 2019) (Fig. 9b). Such a depleted mantle source is still
sampled in the modern Izu-Bonin arc (Yogodzinski et al.,
2018). This isotopic overlap between depleted basement
basalts and basaltic to andesitic tephra of Site 782A sug-
gests that volcanism along the volcanic front could be sam-
pling an inherently heterogeneous mantle with little to no
contribution of Nd and Hf from a subducted sediment or
MORB melt (Straub et al., 2010).

However, unlike 30–40 Ma tephra sampled in the mod-
ern forearc, an influx of a heterogeneous mantle along the
rear-arc at Site U1438 cannot explain the secular growth
of slab-derived components reflected in the trace element
ratios and Hf-Nd isotopic compositions of Unit III sand-
stones ((Figs. 3–5). Such linked trace element and isotopic
changes through time are more plausibly explained by the
addition of subducted Pacific MORB slab melt to a
depleted Indian MORB mantle source below the nascent
Izu-Bonin arc (Fig. 9b,c). In fact, this source mixture
was already present during the earlier boninite and Mg-
andesite stage of protoarc magmatism that followed sub-
duction initiation at 50–52 Ma and preceded deposition
of the Unit III sandstones starting at �40 Ma (e.g. Li
et al., 2019; Ishizuka et al., 2020). In this time period,
the isotopic shift was primarily one of declining eHf with
relatively little change in eNd along a path connecting
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depleted basalts with eHf � 17.5 (Indian-type MORB) to
the most radiogenic boninites with eHf � 12.5 (Fig. 9a-b).
Addition of sediment created a second trend in the boni-
nites and andesite sills from Site U1438 which connects
the most radiogenic boninites with eNd � 8.2 to the least
radiogenic boninites with eNd = 5–6 and with relatively lit-
tle change in eHf (Fig. 9a and b) (Li et al., 2013, 2019;
Ishizuka et al., 2020) (Fig. 9). The contribution of
Pacific-MORB melt is also illustrated in broadly variable
in Hf/Nd with constant Nd isotopic ratios for boninites
with eNd > 8.0 (Fig. 9c). Similar variability is illustrated
by 47 Ma basaltic andesites and detrital amphiboles in
Unit IV at Site U1438 (Fig. 9), with eNd < 8.0 and requir-
ing significant sediment in the source (Fig. 9c). Thus, the
change that followed the boninite phase of protoarc vol-
canism, which is recorded in Unit III sandstones at Site
U1438, indicates that the Pacific-type MORB component
(likely produced by melting of subducting oceanic crust)
persisted after 40 Ma, while the subducted sediment com-
ponent was lost or significantly reduced (Fig. 9). This
demonstrates that sediment contributions to the arc-
magma source can wax and wane independently of the
slab-melt component, possibly reflecting episodes of sedi-
mentary accretion and subduction erosion in the forearc
(e.g., von Huene and Scholl, 1991; Kay et al., 2005;
DeCelles et al., 2009).

These changes throughout the 40–30 Ma time window
are consistent with other geochemical patterns along and
across the modern Izu-Bonin and Northeast Japan arcs.
To the north, Hanyu et al. (2006) interpreted a shift of
decreasing eHf to imply the melting of subducted oceanic
crust upon back-arc spreading along the Northeast Japan
arc. Pineda-Velasco et al. (2018) also find in this setting,
that high-Sr (adakitic) volcanism is linked to seismic gaps
in the slab, indicating that melting of the slab is focused
around tears or openings in the subducting plate (e.g.
Yogodzinski et al., 2001). Izu-Bonin arc magmas also show
significant shifts in trace element and isotopic characteris-
tics across the arc, from the volcanic front to rear-arc
(e.g. Hochstaedter et al., 2001; Pearce et al., 2005;
Tollstrup and Gill, 2005; Tollstrup et al., 2010). Magma-
tism along the volcanic front shows effects of aqueous fluid
enrichment (Hochstaedter et al., 2001; Straub et al., 2004;
Pearce et al., 2005; Tollstrup et al., 2010) that may include
a sediment-melt component (e.g. Tollstrup and Gill, 2005).
In contrast, rear-arc magmatism shows a waning of the
aqueous slab flux and a significant increase in fluid-
immobile elements, enrichment in L-REE and a shift
towards less radiogenic Hf as a consequence of a super-
critical fluid or melt composed of > 90% of AOC
and < 10% sediments (Tollstrup et al., 2010). Unit III sand-
stones from Site U1438 show shifts towards somewhat less
radiogenic Hf isotopic ratios (Fig. 9b) coupled to enriched
trace element patterns which are more typical of present
day Izu-Bonin magmatism in the rear-arc (e.g. Tollstrup
et al., 2010) than coeval tephras from the frontal part of
the arc (ODP Site 782A, Bryant et al., 2003; Straub et al.,
2010) (Figs. 6 and 9b). Our results are therefore similar to
those of Tollstrup et al. (2010) and Freymuth et al. (2016)
which indicate that the composition of arc magmas are con-
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trolled in part by the initiation of partial melting of altered
oceanic crust below the arc as well as a waning influence of
subducted sediments towards the rear-arc.

Finally we note that a secular shift from Indian- toward
Pacific-type MORB compositions is not unique to the Izu-
Bonin arc. This shift is documented along the rear-arc and
back-arc of the southern New Hebrides-Hunter Ridge
(North Fiji Basin), where primitive high-Mg# arc magmas
with slab-melt (adakitic) characteristics show Pacific-
MORB signatures in a system where the composition of
the mantle wedge is that of Indian-type MORB (Monzier
et al., 1994; Heyworth et al., 2011; Patriat et al., 2019). This
shift has been explained by a number of mechanisms
including involvement of a heterogeneous mantle source
in the form of a trapped Pacific-MORB mantle (Pearce
et al., 2007), but widespread high-Mg# and adakitic mag-
matism leads us to favor the slab-melt interpretation
(Patriat et al. 2019). In addition, the Western Aleutians rep-
resents a geodynamic setting where low subduction rates
and highly oblique convergence leads to partial melting of
the basaltic section of the subducting oceanic plate
(Yogodzinski et al., 1995, 2017; Kelemen et al., 2003).
Products of adakitic magmatism in the western Aleutians
include an abundance of primitive, high-Mg# volcanic
rocks that have strongly fractionated and arc-like trace ele-
ment patterns that are linked to essentially constant and
MORB-like Nd-Hf isotopic compositions and widely vari-
able Hf/Nd with no more than a minor role for subducted
sediment or altered oceanic crust (Yogodzinski et al., 1995,
2017) (Fig. 8). Site U1438 volcaniclastic sandstones record
similar systematic shifts in REE/HFSE ratios at near-
constant Hf-Nd isotopic ratios (Fig. 8b–e) similar to
younger KPR magmatism at 30–20 Ma (Ishizuka et al.,
2011b) (Fig. 6). These trends outlined by western Aleutian
magmatism and Site U1438 sandstones are however distinct
from a significant portion of Izu-Bonin arc lavas, tephra
and boninites which show important shifts in REE/HFSE
and concomitant shift towards unradiogenic Nd and Hf
isotopic ratios (Figs. 8 and 9) related to sediment melts/flu-
ids and AOC-type fluids (e.g. Tollstrup and Gill, 2005).
Contrasting the Western Aleutian and New Hebrides-
Hunter-Ridge systems, Izu-Bonin magmatism does not gen-
erally show major element evidence of slab melting, which
is reflected primarily in primitive, high-Mg# andesites and
dacites characterized by relatively low ratios of FeO* and
CaO to Al2O3 (e.g. Yogodzinski et al., 1994, 1995; Li
et al., 2013). This likely reflects a combination of processes:
firstly, reactive melt percolation and crystallization within
the mantle wedge leads to re-equilibration of major ele-
ments and a dampening but ultimately preservation of the
distinctive pattern of trace element ratios associated with
arc volcanism (e.g. Yogodzinski et al., 1995; Rapp et al.,
1999); secondly, enhanced flux melting of the mantle wedge
and dominance of basalt is characteristic of much Izu-
Bonin arc magmatism (cf. Aleutians as modeled by Kay,
1978; Kelemen et al., 2003; Yogodzinski et al., 2015). Such
shifts in composition are well illustrated along the Aleutian
arc as the contribution of slab- versus mantle wedge melting
to arc magmatism diminishes eastward along the Aleutian
arc (Kelemen et al., 2003; Yogodzinski et al., 2015).
We conclude that Unit III sandstone data of the early
Izu-Bonin arc, in conjunction with recent experimental
datasets of dehydrating and melting of subducted MORB
(Kessel et al., 2005; Louvel et al., 2013; Carter et al.,
2015; Tsay et al., 2017) and with geochemical evidence
derived from the western Aleutian arc (e.g. Yogodzinski
et al., 2010, 2015), indicates that HFSE are mobilized from
the basaltic section of a subducting slab as slab-melts or
super-critical fluids at conditions relevant to arc magma-
tism and are therefore unlikely to act as conservative ele-
ments in subduction zones as generally assumed (Pearce
et al., 1999, 2007; Straub et al., 2010, 2015).

6. CONCLUSIONS

Hafnium-Nd isotopic compositions and trace element
abundances of volcaniclastic material deposited in both
rear-arc and forearc settings are critical for inferring the
compositional evolution of arc magmas in conditions where
the arc basement is covered by thick sedimentary deposits.
We target disaggregated volcaniclastic sandstones of Site
U1438 (Unit III) to the west of the Kyushu-Palau Ridge
and which record basaltic to andesitic magmatism from
the early Izu-Bonin arc between 40 to 30 Ma. Unit III sand-
stones record a sharp increase in slab-derived components
over time whilst Hf and Nd isotopic ratios remain little
changed. Hafnium isotopic compositions of these sand-
stones overlap the more radiogenic boninites formed during
the preceding phase of volcanism upon subduction initia-
tion along the forearc and which trend towards Pacific-
MORB isotopic compositions. However, the eHf composi-
tion of these sandstones does not revert back to more radio-
genic compositions consistent with an Indian-type MORB
mantle and which is sampled in coeval tephra from the fore-
arc (ODP Site 782) and in the preceding phase of magma-
tism upon subduction initiation (highly depleted basalts).
This shift in isotopic ratios is at odds with trace element
abundances and trace element ratios implying a contribu-
tion from oceanic sediments from a subducting slab. Addi-
tion of a Pacific MORB component as a melt or
supercritical fluid allows resolution of this apparent para-
dox and coincides well with other localities where arc lavas
with depleted MORB-like Nd–Hf characteristics are attrib-
uted to a MORB slab melt. A subducted Pacific MORB
component is continuously identifiable in the products of
Izu-Bonin volcanism beginning with the boninites in the
nascent stage of arc growth and persists in the modern
Izu-Bonin arc.
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