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Subduction initiation is a key process for global plate tectonics. Individual lithologies developed during
subduction initiation and arc inception have been identified in the trench wall of the Izu-Bonin-Mariana
(IBM) island arc but a continuous record of this process has not previously been described. Here, we
present results from International Ocean Discovery Program Expedition 351 that drilled a single site
west of the Kyushu-Palau Ridge (KPR), a chain of extinct stratovolcanoes that represents the proto-IBM
island arc, active for ~25 Ma following subduction initiation. Site U1438 recovered 150 m of oceanic

Keywords: igneous basement and ~1450 m of overlying sediments. The lower 1300 m of these sediments comprise
Izu-Bonin volcaniclastic gravity-flow deposits shed from the evolving KPR arc front. We separated fresh magmatic
U1438 minerals from Site U1438 sediments, and analyzed 304 glass (formerly melt) inclusions, hosted by
mantle wedge clinopyroxene and plagioclase.

;ﬂbdzction Compositions of glass inclusions preserve a temporal magmatic record of the juvenile island arc,
1sland arc

complementary to the predominant mid-Miocene to recent activity determined from tephra layers
recovered by drilling in the IBM forearc. The glass inclusions record the progressive transition of melt
compositions dominated by an early ‘calc-alkalic’, high-Mg andesitic stage to a younger tholeiitic stage
over a time period of 11 Ma. High-precision trace element analytical data record a simultaneously
increasing influence of a deep subduction component (e.g., increase in Th vs. Nb, light rare earth
element enrichment) and a more fertile mantle source (reflected in increased high field strength element
abundances). This compositional change is accompanied by increased deposition rates of volcaniclastic
sediments reflecting magmatic output and maturity of the arc. We conclude the ‘calc-alkalic’ stage of arc
evolution may endure as long as mantle wedge sources are not mostly advected away from the zones of
arc magma generation, or the rate of wedge replenishment by corner flow does not overwhelm the rate

of magma extraction.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

melt inclusion

1. Introduction stages of island arc magmatism are poorly understood even though
they play a major role in the generation of new continental crust
(Davidson and Arculus, 2005). The first magmatic products related
to subduction initiation in the Izu-Bonin-Mariana (IBM) subduc-
tion system (Fig. 1) are 52-48 Ma basalts exposed on the arc-ward

trench wall and have accordingly been termed forearc basalts (FAB)

Subduction initiation and accompanying onset of arc magma-
tism are critical processes in global plate tectonics. However, the
precise temporal, spatial, and compositional evolution of the early
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(e.g., Ishizuka et al., 2011a; Reagan et al.,, 2010). A FAB-like ig-
neous basement of similar age was penetrated in a reararc position
at International Ocean Discovery Program (IODP) Site U1438; this

0012-821X/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Bathymetric map with key geological features of the northern Izu-Bonin-
Mariana subduction system and locations of Sites U1438 (IODP Expedition 351) and
1201 (ODP Expedition 195). ASB: Amami Sankaku Basin. Grey dots correspond to
drilled/dredged samples of the KPR with age data (Ishizuka et al., 2011b), white dots
represent Izu-Bonin tephra samples recovered from ODP Sites 782, 784, 786-788,
790-793 and yellow dots represent Mariana arc tephra recovered from DSDP Sites
53 and 54 and ODP Sites 448, 449, 451, 453, 458, 459. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

magma type was clearly extensively distributed both along- and
across-strike of the proto-IBM arc (Arculus et al., 2015a, 2016). The
bathymetry, crustal structure, and pre-IBM sediments in basins be-
tween the Mesozoic-Lower Cenozoic arc ridges (Amami Plateau,
Daito and Oki-Daito) west of Site U1438 show no sign of compres-
sional uplift and sediment shedding, consistent with subsidence
and extensional rifting accompanying a spontaneous mode of sub-
duction inception for the IBM system (Leng and Gurnis, 2015;
Arculus et al., 2016).

The timing of subduction initiation has been dated at ~52 Ma
(e.g., Ishizuka et al., 2006, 2011a). Subsequent formation of new
oceanic igneous crust (submarine lava flows, sheeted dyke com-
plex and plutonic gabbros) with a FAB-like geochemical signature
lasted for 2-4 Ma. In the arc-ward trench wall of the Izu-Bonin
(Ishizuka et al., 2011a) and Mariana trenches (Reagan et al., 2010),
FABs are overlain first by low-silica boninites and high-magnesia
andesites followed by high-silica boninites (e.g., Pearce et al., 1992;
Kanayama et al., 2014; Reagan et al., 2015). This type of magma-
tism lasted for about 4 Ma and then from 44 Ma onwards (~8 Ma
after subduction initiation), volcaniclastic sediments indicative of
arc maturation and volcanic edifice (i.e., stratovolcano) buildup and
erosion are preserved in the IBM forearc.

The important phenomena we address in this paper relate to
the post-subduction initiation evolution of the volcanic arc sys-
tem, the subarc mantle and slab sources. We compare our results
from IODP Site U1438 with comparable rock suites recovered from
other IBM sites via dredging or drilling. Our aim is to investigate
magmatic evolution and provincialism during the early phase of
intra-oceanic island arc volcanism in the western Pacific because
a corresponding detailed record of volcanic arc products has been
recovered neither from the Kyushu-Palau Ridge (KPR) nor the ac-
tive IBM island arc. In fact, geologic records of the juvenile arc are
sparse and previously restricted to settings in the present forearc
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Fig. 2. Overview of the drilled sequence at Site U1438, sampling intervals and age
constraints from paleomagnetic and paleontological onboard studies (Arculus et al.,
2015b) plotted versus depth (in meters below seafloor). Our preferred age versus
depth model is shown by a black line and the limits of uncertainty in the lower
part of the sequence are illustrated by a red (maximum) and blue (minimum)
dashed line. Note that in the core recovery column, white intervals represent gaps
in core recovery, indicating that the Unit III interval sampled in this study is re-
markably complete. Note that the paleomagnetic ages represent the depth of each
geomagnetic polarity timescale chron and thus do not include uncertainties. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

(e.g., Ishizuka et al., 2006; Reagan et al., 2008). Thus, Site U1438
(Fig. 1) in the Amami Sankaku Basin represents probably the best
and most complete record of island arc evolution beginning with
subduction initiation in the Early Eocene to arc rifting and backarc
opening in the Late Oligocene and Early Miocene.

Furthermore, the volcaniclastic record at Site U1438 provides a
more complete and also ‘averaged’ record of the magmatic evo-
lution of island arcs than individual lava flows (Gill et al., 1994).
Widely disseminated ash preserves the best ‘averaged’ record of is-
land arc evolution but is highly biased to explosive volcanism and
thus the highly evolved end of melt compositions and lack spatial
information. Turbidites, in contrast, can be linked to some degree
via seismic stratigraphy (e.g., thickening of depositional units to-
wards volcanic edifices) and their rapid transport and burial mini-
mizes chemical alteration prior to deposition (Gill et al., 1994). Our
study focuses on glass inclusions hosted in fresh clinopyroxene and
minor plagioclase crystals that span a depositional age from 29 to
40 Ma (Fig. 2). This 11 Ma long record of early arc magmatism
sourced from the proto-IBM (KPR) is a key to further our under-
standing of island arc evolution and mass transfer in subduction
zones.
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Fig. 3. Representative BSE images of glass inclusions hosted in clinopyroxene. A) Several glass inclusions with variable shapes in a clinopyroxene (U1438E-13R-CC, 31-34 cm).
B) Pristine glass inclusion (U1438E-13R-2W, 82-85 cm). C) Pristine glass inclusion with cooling cracks (U1438E-34R-4W, 93-95 cm). D) Pristine glass inclusion with a highly
irregular shape (U1438E-27R-5W, 55-58 cm). E) Glass inclusion with a large shrinkage bubble and rims possibly altered by post-entrapment processes (U1438E-34R-4W,
93-95 cm). F) Fully crystallized and altered (former glass) inclusion (U1438E-13R-2W, 82-85 cm). Note that LA-ICPMS spots in A) and E) are from recent trace element

analyses and are for targeting purpose only (single shot).
2. Material and methods
2.1. 10DP Expedition 351 Izu-Bonin-Mariana arc origins

IODP Expedition 351 aimed to recover material related to the
inception of the Izu-Bonin-Mariana (IBM) island arc in the Early
Eocene by drilling a single site into the sediments and the base-
ment of the Amami Sankaku Basin (Fig. 1). The expedition suc-
cessfully drilled >1,450 m of hemipelagic (Unit I) and volcani-
clastic (Units II-1V) sediments overlying 150 m of oceanic igneous
basement (Unit 1; Fig. 2). The igneous basement is interpreted as
having formed during subduction initiation (Arculus et al., 2015a,
2015b), and the overlying sedimentary units thicken towards and
were likely sourced from the KPR (remnants of the proto-IBM
arc) which bounds the Amami Sankaku Basin to the east (Fig. 1).
The igneous basement provides direct information on the pro-
cess and dynamics of subduction initiation; it is overlain by a
~100 m thick unit (Unit IV) of deep-sea mudstones intercalated
with volcaniclastic gravity-flow deposits (Arculus et al., 2015b) and
volumetrically minor intrusive rocks. This sequence we propose
reflects the onset of island arc volcanism driven by slow edi-
fice growth and via gravity flow-driven deposition of pyroclastic-
rich materials. Preliminary age constraints on Unit IV are insuf-
ficient to precisely date the earliest volcaniclastic deposits but
probably overlaps to some extent the episode of boninitic vol-
canism preserved in the IBM forearc (e.g., Ishizuka et al., 2011a;
Reagan et al., 2010).

Overlying Unit IV is a 1,184 m thick sequence (Units II+III;
Fig. 2) of mainly volcaniclastic gravity-flow deposits (Arculus et
al.,, 2015b) that accumulated during the active phase of volcan-
ism along the KPR. Volcanism at the KPR prevailed for ~18 Ma
(Ishizuka et al., 2011b) following subduction initiation and ceased
when intra-arc rifting split the KPR and spreading began in the
Shikoku and Parece Vela Basin (SPVB) at ~25 Ma (Ishizuka et al.,
2011b; Fig. 2). The timeframe of active magmatism at the KPR
(Ishizuka et al., 2011b) corresponds very well with observations
from IODP Expedition 351 in terms of paleomagnetic and bios-
tratigraphic age determinations and type of recovered sediments
(Arculus et al, 2015a, 2015b; Fig. 2). In total, we sampled 56
coarse-grained (minimum grain size: medium sand) intervals in
Unit III to construct a complete record of volcanism along the KPR
(29.29-40.25 Ma; Fig. 2).

Shipboard analysis of the Site U1438 cores completed a com-
prehensive mineralogical, lithological and structural description
(Arculus et al., 2015b). Post-expedition research has defined sed-
imentary facies and includes interpretations of sedimentary depo-
sitional processes (Johnson, 2016). These results are summarized
in supplementary Table S1. Biostratigraphic and paleomagnetic da-
tums are abundant throughout Units I-II and the upper half of
Unit III, allowing us to determine the precise ages of sediment
deposition ~850 mbsf but requiring some extrapolation from 850
mbsf to the basement (Fig. 2; supplementary information).

2.2. Glass inclusion analyses

Volcaniclastic sediments were disintegrated using SELFRAG®
high-voltage pulse power fragmentation at JAMSTEC. The major-
ity of minerals are clinopyroxene (cpx) with minor plagioclase
(plag), quartz, amphibole, and pigeonite. No olivine is preserved.
Visual assessment of the mineral separates and also shipboard XRD
analyses (Arculus et al., 2015b) indicate an increasing proportion
of quartz with stratigraphic younging (i.e. <1050 mbsf). Individ-
ual crystals were mounted in epoxy and especially notable are
the abundant glass inclusions preserved in clinopyroxene (Fig. 3A)
that can be exposed at surface by hand polishing. Most of these
glass inclusions are round in shape and pristine (Fig. 3B, C). Inclu-
sions with irregular or angular shape (Fig. 3D) or those exhibiting
shrinkage bubbles (Fig. 3E) were carefully examined and rejected
if post-entrapment alteration (e.g., crystallization of the trapped
melt; Fig. 3F) was observed (see also Fig. S1).

Major element compositions of glass inclusions and min-
eral hosts were obtained using well established electron micro-
probe techniques at the GeoZentrum Nordbayern (FAU Erlangen-
Niirnberg), the Research School of Earth Sciences (RSES, ANU
Canberra) and JAMSTEC. At the GeoZentrum Nordbayern, major
element analyses were performed using a JEOL JXA-8200 Super-
probe following standard techniques (15 kV acceleration voltage,
15 nA beam current and 10 pm beam diameter for glasses, 3 pm
for silicates). Sulfur contents of the corresponding glass inclusions
have been determined at RSES using a peak scan method to ac-
count for possible shifts in the redox-dependent Ko peak position.
At both facilities, the Smithsonian Institute standard glass VG-2
was continuously monitored. At JAMSTEC, major element anal-
yses were performed under the same conditions using a JEOL
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glass inclusions from the modern Mariana Arc Front): Brounce et al. (2014).

JXF-8500F electron microprobe. Analytical results were monitored
in situ by comparing with the analytical results of MPI-DING refer-
ence glasses (Jochum et al., 2000).

Trace element analyses were performed at RSES using the
newly installed Coherent CompexPro 110 laser ablation system
connected online to an Agilent 7700 quadrupole ICPMS. A 28 pm
spot size was used in all analyses (40 s ablation time) with Ca as
an internal standard, NIST glass 610 for drift correction and stan-
dard glasses NIST-612 and BCR-2G as external reference materials.
Results from geochemical analyses of all samples and reference
materials are presented in supplementary Table S2. See also the
supplementary information for further details (e.g., glass inclusion
EMP profiles, Fig. S2).

3. Results

No glass inclusions with visible reaction rims or a microcrys-
talline matrix were analyzed, resulting in 326 glass analyses from
inclusions varying in size from 25 to 153 pm. The majority (295)
are hosted in clinopyroxene (cpx) with mainly augitic and mi-
nor diopsidic mineral compositions (Table S2). These host crystals
range in Mg# from 91.6 to 68.4 (Table S2; Fig. S3) and in TiO;
from 0 to 0.8 wt.% (Fig. S4). Another 31 glass inclusions are hosted
in plagioclase of variable anorthite content (93.5 to 42.6) but these
feldspars are restricted to the interval between 350 and 500 mbsf.

Glass inclusions that yielded major element totals of 90 wt.%
or less have been rejected from our dataset. Furthermore, the par-

titioning of the Fe-Mg exchange between glass inclusion and cpx
host crystal (0.27 £ 0.03; Putirka, 2008; Fig. S3) has been used as
a criterion to exclude a few erratic inclusions with unusual low
Mg#s with respect to their cpx host. Based on these criteria, 22
out of the 326 glass inclusions analyzed were rejected from the
final dataset. Even though, post-entrapment alteration cannot be
completely ruled out, compositional similarity of plagioclase- and
cpx-hosted glass inclusions over the respective interval is another
independent measure of the post-entrapment, compositional inert-
ness of the inclusions and robustness of our analytical data.
Analyses of the remaining 304 glass inclusions show a wide
range of magmatic differentiation from basalt to rhyolite (Fig. 4A).
Glass inclusions are well correlated in TiO, with their respective
cpx hosts (Fig. S4). These inclusions show a broad trend towards
more differentiated compositions (i.e., lower Mg#) with strati-
graphic younging (Fig. S5) and trapped melts with MgO contents
as high as 8.75 wt.% (Fig. S6). Furthermore, the wide range of
major oxide compositions when compared at similar indices of
magmatic differentiation is remarkable: TiO,, for example, varies
from <04 to 1.6 wt.% between 5.0 to 6.0 wt.% MgO (Fig. 4B).
Based on their major element composition, two glass inclusions
from core U1438-27R-5W (~1096 mbsf) fall just inside the field
of boninites as defined by Le Bas (2000; Fig. 4A). These inclusions
have FeOT/MgO of <1.2 and MgO >8.0 wt.% and thus represent
the most primitive end-member of the low-Fe (Arculus, 2003) or
‘calc-alkalic’ trend amongst the glass inclusion population (Fig. 4C).
Most of the glass inclusions sampled from the lower part of Unit III



PA. Brandl et al. / Earth and Planetary Science Letters 461 (2017) 73-84 77

700 T T T T
A 10,/ °

600 | o

Zr [ppm]

MORB (Jenner & O'Neill, 2012) L Exp. 352 FAB (Reagan et al., 2015)

Mariana AF Gl (Ol; Brounce et al., 2014) 1201 FAB (Savov et al., 2006)

o > D

*
Bonin Ridge IA (Ishizuka et al., 2006) 0 U1438 FAB (Arculus et al., 2015a)
Bonin Ridge Bon. (Kanayama etal., 2012) ©  U1438 Gl (Cpx) <37 Ma

@ Exp. 352 Boninite (Reagan et al., 2015) @  U1438 Gl (Cpx) >37 Ma

Fig. 5. A) V vs. Ti, B) Y vs. Zr as used by Arculus et al. (2015a) to discriminate
between the different rock suites. Data sources: Exp. 352 Boninites and FAB: Reagan
et al. (2015); MORB: Jenner and O’'Neill (2012), filtered for MOR origin; Other data
sources as in Fig. 3.

(>1000 mbsf or older than 37 Ma) have lower total alkali contents
(K20+NayO0; i.e., low-K association) when compared to inclusions
shallower in the sequence (Figs. 4A, D) and belong to the low- and
medium-Fe trends (Fig. 4C). In contrast, inclusions from samples
collected from the upper Unit Il (<1000 mbsf and younger than
37 Ma) tend to have lower SiO, and higher total alkali contents
(Fig. 4A), belong to the medium- and high-Fe trends (i.e., tholeiite
series; Fig. 4C) and are part of the medium-K association (Fig. 4D).
‘Classic’ Harker plots can be found in Fig. S6.

Although there is compositional overlap, trace element analyses
of 58 representative glass inclusions reveal some persistent differ-
ences between the <37 and >37 Ma groups. Plots of V vs. Ti and
Y vs. Zr are used to discriminate between boninites, forearc basalts
and mid-ocean ridge basalts (Fig. 5; e.g., Arculus et al, 2015a;
Reagan et al., 2015; Shervais, 1982). Here, most of the group
>37 Ma shows a similar trajectory to boninites (V/Ti: ~10, Fig. 5A;
Y/Zr: ~2, Fig. 5B) but offset to slightly higher incompatible trace
element concentrations (Fig. 5). The group <37 Ma shows a wide
range of compositions and is more similar to the MORB field in
Y vs. Zr (Fig. 5B). Furthermore, chondrite-normalized rare-earth
element (REE) patterns (Fig. 6A) are flat in the group >37 Ma.
Patterns of the group <37 Ma are generally offset to higher con-
centrations but also skewed as a result of light REE enrichment
relative to the heavy REE (Fig. 6A). These differences are also ob-
vious using the REE pattern shape coefficients of O’Neill (2016;
Fig. 6B). The group >37 Ma preferably plots towards the bottom
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(1995). B) REE pattern shape coefficients A vs. A1 (O'Neill, 2016). Note the over-
all diversity of U1438 data relative to global MORB (data as in Fig. 4). High-Mg
andesite and island arc tholeiitic/‘calc-alkalic’ andesites of Ishizuka et al. (2006) and
some representative patterns for FAB (Reagan et al., 2010) and Boninite (Li et al.,
2013) are shown for comparison.

left-hand corner of the diagram (strongly depleted LREE; concave
downward) and the group <37 Ma towards the upper right-hand
corner (enriched in LREE, concave upwards; Fig. 6B).

Significant differences between these two groups are also evi-
dent from trace elements that, according to Pearce et al. (2005),
are controlled by shallow subduction (i.e. fluids, e.g. Ba), deep sub-
duction (i.e. sediments, e.g. Th) or asthenosphere fertility (e.g., Nb).
The behavior of these elements (and relative to Yb as a conserva-
tive heavy REE) is presented in Fig. 7: most of the samples from
the group >37 Ma have steeper trajectories in Ba vs. Nb (Fig. 7A)
compared to the group <37 Ma but similar Th vs. Nb (Fig. 7B).

Results from sedimentary facies analyses of volcaniclastic ma-
terial at Site U1438 (e.g., Johnson, 2016) are summarized in sup-
plementary Table S1. With the exception of some primary tuff
layers, the sedimentary succession comprising Units I and III at
Site U1438 consists of silty to sandy to gravel-bearing gravity-
flow deposits, ranging from turbidites to debrites. These flows were
likely sourced near volcanic edifices in the KPR, and traveled 10s
of km beyond proximal volcanic apron facies as described in the
literature (e.g., Houghton and Landis, 1989; Allen et al., 2007). De-
position at Site U1438 formed a series of at least 12 stacked lobe
systems during 4 individual episodes, each lasting 1.6-2.0 Ma and
separated by phases of relative quiescence (Johnson, 2016). Sed-
imentation rates were calculated for each individual facies-based
division (Table S1; Johnson, 2016) and show a major spike in sedi-
ment accumulation younger than 37.75 Ma (or <1202.7 mbsf). De-
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position rates remained constantly high (generally >>50 mMa~1)
until 28 Ma (237.9 mbsf), before the input of volcaniclastic gravity-
flows ceased and sedimentation became hemipelagic with accumu-
lation rates of <10 mMa~! (Table S1).

4. Discussion
4.1. Age constraints and deposition history

Precise constraints on relative and absolute ages and the de-
position mechanisms of the volcaniclastic sediments are crucial
for the interpretation of the chemical composition and the evolu-
tion of island arc magmatism through time. Depositional ages have
been constrained through paleomagnetic and micropaleontologi-
cal data (Arculus et al,, 2015b) and correlate well with published
40Ar/39Ar ages for the KPR. Ishizuka et al. (2011b) dated the ac-
tive phase of the KPR (over its 2600 km strike length) to the time
between 48 and 25 Ma. However, most exposed volcanism is lim-
ited to the final phase of 25-28 Ma that is recorded by the sharp

decrease in deposition rate at Site U1438 (Fig. 2). The oldest sedi-
mentary ages at Site U1438 (Fig. 2) are likely to be older than the
48 Ma reported for the onset of volcanism at the KPR (Ishizuka et
al.,, 2011b).

However, a careful consideration of transport mechanisms and
deposition environment is required for the interpretation of the
geologic record of Site U1438. First of all, stratigraphic information
at Site U1438 from 900 mbsf depth and further down is limited
and requires some extrapolation (Fig. 2, supplementary informa-
tion). In reality, if gravity flow events have a consistent frequency,
then intervals with thick events should have higher accumulation
rates (e.g., Cores 7R-13R and 21R-29R in Hole U1438E, whereas
intervals of thinner units (e.g., Cores 4R-6R and 45R-54R in Hole
U1438E) should have lower accumulation rates. Ages would be
slightly overestimated in the former and underestimated in the
latter. Even though the absolute rates of deposition are highly de-
pendent on the precise slope of the age-depth curve, the general
pattern is consistent through all models and is thus considered
to be robust (see Table S1 and supplementary information). All
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models consistently record two peaks in deposition rate, one at
around 36-38 Ma and the second at around 30 Ma, with deposi-
tion rates significantly higher throughout all of Unit III compared
to the under- and overlying units.

Proximal volcaniclastic deposits can be affected by sediment re-
distribution in consequence of seafloor sediment failure triggered
by flank collapses (e.g., Lebas et al., 2011; Watt et al., 2012) but
no imbricated, rafted or remnant blocks or chaotic deposits were
observed in the seismic profiles at Site U1438 (see Arculus et al.,
2015b). The lack of seismically defined chaotic deposits is not sur-
prising in that the site is >50 km away from the arc axis, where
such units might be represented by thin slump-generated tur-
bidites or debrites. The sequence drilled at U1438 formed mainly
by downslope remobilization of volcaniclastic arc apron deposits,
perhaps triggered by over-steepening of slopes on the submarine
arc volcanic front, volcanic eruptions, seismic events, or some com-
bination of the above. Furthermore, the 1.6-2.0 Ma periodicity in
the volcaniclastic sequence at U1438 reported by Johnson (2016)
corresponds well with the lifespan of individual volcanic systems
reported from other magmatic arcs including the Taupo Volcanic
Zone (>1.6 Ma; Wilson et al., 1995) or the Lesser Antilles (e.g., Sil-
ver Hills on Montserrat: 1.4 Ma; Harford et al., 2002). Each episode
may thus represent a distinct volcanic system with recurrence in-
tervals of individual sector collapses typically on the order of a
few 10s to several 100s ka as a function of tectonic activity and/or
magma production rate (Samper et al., 2008). Offshore Montser-
rat, enhanced rates of volcaniclastic deposition (380-790 mMa~!
proximal and ~530 mMa~! more distal) are directly linked with
volcanic edifice maturity (Watt et al., 2012). Site U1438 is proba-
bly more distal than the records from Montserrat but deposition
rates are in a similar range (generally 50-150 mMa~—') and peak
at 480 mMa~! (Table S1; Johnson, 2016). We conclude that Site
U1438 represents a unique record of at least four individual vol-
canic episodes of active island arc magmatism along the nearby
KPR.

4.2. The glass inclusion record of Site U1438

Glass inclusions can provide detailed insights into magmatic
systems since they represent distinct magma batches trapped dur-
ing melt ascent from the mantle source region to the surface. In
this respect, olivine and spinel are the preferred minerals since
they are the first phases to crystallize and as such potentially trap
the most primitive melt compositions. However, olivine is prone
to alteration through seawater and high-pH porefluids (Oelkers,
1999) and spinel is possibly too dense to be transported over
large distances in turbidity currents. As a result, clinopyroxene is
the most common mineral phase in the sampled intervals of Site
U1438 and hosts a large number of glass inclusions. As described
before, we used a number of criteria to ensure that our dataset
is not biased through post-entrapment equilibration and bound-
ary crystallization and a thorough discussion is provided in the
supplementary information. However, the differences between the
distinct groups and the temporal trends of the internally consistent
dataset presented here are resistant to modifying processes. Sys-
tematic changes in size or shape of the glass inclusion that could
result from a non-random occurrence of these alteration processes
have not been observed. Furthermore, a number of trace elements
(i.e. the medium to heavy REE and Y) have similar partition coef-
ficients between melt and clinopyroxene (e.g., Green et al., 2000)
and thus thin reaction boundaries observed at some of the inclu-
sions (Fig. 3) are not sufficient to significantly fractionate these
elements between inclusion and host.

The U1438 glass inclusions record a wide range of melt com-
position from basalt to rhyolite with different evolutionary trends
(‘calc-alkalic’ vs. tholeiitic; Fig. 4). These differing magma trends

are clearer when the data are split into two groups according
to their deposition age. The older (>37 Ma) group is composed
mainly of (‘calc-alkalic’) high-Mg andesites. The flat shape of the
REE patterns closely resembles that of the high-Mg andesites re-
covered from the Bonin Ridge in the IBM forearc (Fig. 6; Ishizuka
et al., 2006). These high-Mg andesites are likely of primary ori-
gin (as opposed to products of magma mixing, e.g., at Mt. Shasta;
Streck et al., 2007) as indicated for example by their low Sr/Y,
mantle-derived origin (glass Mg#s of 65-70 and corresponding cpx
host Mg#s of 89-92 are common) and continuous melt evolution.
In contrast to these high-Mg andesitic melts, younger inclusions
with deposition ages <37 Ma are mainly arc tholeiites and related
differentiates. Their REE patterns are generally more enriched, es-
pecially in the light to medium REE (La to Sm) and resemble
the tholeiitic to ‘calc-alkalic’ andesite suite from the Bonin Ridge
(Fig. 6; Ishizuka et al., 2006).

It is noted that the record of melt compositions with a high-
Mg andesite composition (i.e. ‘transitional suite’) at Site U1438
is significantly younger than reported from other sections of the
IBM (Ishizuka et al., 2011a). Interestingly, the evolution from ‘calc-
alkalic’ to tholeiitic rocks observed at Site U1438 contradicts the
generally accepted temporal sequence for island arcs developing
from tholeiitic through to ‘calc-alkalic’ rocks and shoshonitic (Jakes
and White, 1972). Furthermore, our data show that ‘calc-alkalic’
rocks per se may not have higher alkali contents than island arc
tholeiites (Figs. 4A, D).

4.3. Island arc evolution recorded at Site U1438

According to the model of Ishizuka et al. (2011b), the location
of Site U1438 would likely have been influenced simultaneously by
arc front and rear arc volcanism in its earliest stages (Eocene), with
locally increasing influence of rear arc volcanism younger than
35 Ma and prior to arc rifting at 25 Ma (Oligocene). Nichols et
al. (2012) used olivine-hosted glass inclusions to investigate spa-
tial changes across the currently active northern Izu arc: arc front
magmas (low-K series) show the strongest influence of a shallow
subduction component (i.e., fluid) reflected in high Ba relative to
Nb, Th or Yb (see Pearce et al.,, 2005). In contrast, melts erupted
with increasing distance behind the arc front show increasing in-
fluence of a deep subduction component (i.e., sediment melt) in
that they have high Th relative to Nb or Yb, high Ce/Pb and ele-
vated light REE and are associated with the medium-K series (see
Pearce et al., 2005; Skora and Blundy, 2010; Nichols et al., 2012).
Imprinted on these ‘local’ processes, Straub (2003) suggested that
the ultrarefractory mantle present following subduction initiation
(i.e. the source of boninite volcanism) is gradually replaced by
(more fertile) Indian MORB mantle during the Eocene as reflected
in highly immobile trace elements that are sensitive to the fertility
of the mantle source (e.g., Nb/Yb; Pearce et al., 2005).

In order to identify the relative contributions from these three
components, we have compiled representative data for FAB, boni-
nite, arc front and reararc melt compositions from the IBM system
in Fig. 6. Among these groups, FAB have the lowest subduction in-
put (i.e., low Ba and Th relative to Yb or Nb; Fig. 7A-D) but the
most fertile mantle source (i.e. high Nb relative to Yb, Fig. 7E). At
first glance, the >37 Ma group seem to record higher Ba relative to
Nb (Fig. 7A) similar to other glass inclusions from the active IBM.
The younger (<37 Ma) group, in contrast, records lower Ba relative
to Nb similar to andesites from the Bonin Ridge. However, using Th
as a tracer for the deep (i.e., sediment) subduction component, all
data fall almost on an identical trajectory relative to Nb (Fig. 7B).
By comparing Ba and Th to Nb only, we would thus conclude that
the group >37 Ma was more influenced by a shallow subduction
component relative to the <37 Ma group. However, Pearce et al.
(2005) have shown that abundances of Nb in wedge sources are
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variable. Indeed, if we compare Ba, Th and Nb to Yb (an element
that is independent from a “lithosphere” component; Pearce et al.,
2005), the relative contributions of subduction components change
significantly. Barium relative to Yb, for example, is similar in both
groups, with some inclusions from the older group recording even
lower Ba concentrations (at a given Yb) than the <37 Ma group
(Fig. 7C). A similar pattern is observed in Th vs. Yb (Fig. 7D), where
both groups show a broad overlap with the >37 Ma group extend-
ing to lower Th and the <37 Ma to higher Th at a given Yb.

These patterns can be explained by the differences in Nb rela-
tive to Yb in the two groups (Fig. 7E). The >37 Ma group tends
to have lower Nb at a given Yb than the <37 Ma group (and
vice versa) despite a broad overlap. To change these trace elemen-
tal systematics significantly, post-entrapment crystallization of cpx
would have to exceed 20 Vol.% (see model curves in Fig. 7). We
consider this to be unlikely because: 1) cpx boundary crystalliza-
tion does not significantly affect most trajectories of these elemen-
tal pairs; and 2), invocation of differential cpx crystallization is an
ad hoc explanation to account for a difference between two groups
of an internally consistent dataset (i.e. all U1438 data shown in
Fig. 7 are cpx-hosted). To summarize, an increased contribution
from a deep subduction component (e.g., Th/Yb) and refertiliza-
tion (e.g., Nb/Yb) of the mantle wedge is indicated with progressive
‘life’ of the arc. This view is supported by the range in fluid mobile
elements such as Pb or U that is similar in both groups but accom-
panied by increasing Ce or Th (deep subduction component) with
younging (Figs. 8A, B). In fact, overall the light REE that are plau-
sibly controlled by the deep subduction component (Pearce et al.,
2005; Skora and Blundy, 2010) are both enriched in the <37 Ma
group relative to the medium and heavy REE, and also relative
to the older group (Fig. 6). An overall decrease in degree of par-
tial melting through time could explain some of the trace element
variation observed. However, a more fundamental geodynamic pro-
cess is required to explain all of the patterns observed including
the major increase in TiO, with time (Fig. 4B) and the concomitant
progressive change from the ‘calk-alkalic’ (low-Fe) to the tholeiitic
(medium-Fe) association (Fig. 4C). Some inclusions younger than
30 Ma indicate an overall decreasing slab contribution (e.g., lower
Ba/La, higher Ce/Pb) that may be attributed to a greater proportion
of decompression melting. Such melts share geochemical signa-
tures of both, arc and backarc and may have formed in a pre-rift
phase of the arc, possibly along small regions of upwelling man-
tle that, following arc rifting and backarc extension, commonly link
volcanic centers of the arc front and backarc in form of so-called
‘hot fingers’ (e.g., Tamura et al., 2002).

4.4. Turbocharging the arc

During the time period when the proto-IBM arc was dominated
by boninitic melts (evident from the forearc record as 48-44 Ma;
e.g., Ishizuka et al,, 2011a), arc-derived sediment deposition rates
were low (<11 mMa~!; Table S1) at Site U1438. This may indi-
cate that boninitic magmatism was focused closer to the trench or
more restricted across-strike with subdued topography less likely
to generate far-traveled gravity flows.

The transition from Unit IV into Unit III at Site U1438 reflects
a sharp increase in the rate of deposition (Fig. 2) which we think
reflects the onset of the topographically prominent, stratovolcano-
building stage of the arc. The precise timing of this transition is
yet to be determined but the time frame (40-46 Ma, most likely
44-46 Ma; Fig. 2) is consistent with the transition from boninitic
to arc tholeiitic and ‘calc-alkalic’ lavas across the IBM (i.e., transi-
tional suite of Ishizuka et al., 2011a). However, we have evidence
at Site U1438 for a prolonged (or delayed) transitional period with
high-Mg andesitic melts dominating over arc tholeiitic melts at
least until 37 Ma. The transition from a high-Mg andesitic into
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an arc tholeiitic magma domain is accompanied by at least three-
fold increase in deposition rate (Fig. 9) that indicates a signifi-
cant increase in magma production rate. Simultaneously, the deep
subduction component (i.e., sediment melt) becomes more pro-
nounced and the increase in Nb relative to Yb or Zr (or Zr/Hf;
Fig. 8C) indicates an increasing fertility of the mantle source. The
change in Nb/Yb or Nb/Zr cannot result from a bias in the dataset
(the <37 Ma group has lower Mg# on average) since no corre-
lation between these ratios and SiO, is observed (Fig. S7). We
conclude the change in magma source domains resulting in the
transition from high-Mg andesitic (i.e. transitional suite) to arc
tholeiitic is driven by a refertilization (or replenishment) of the
mantle wedge accompanied by an increased contribution from the
deep subduction component. We note that deposition rates de-
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KPR lava: Ishizuka et al. (2011b); Mukojima Group (Bonin Ridge): Kanayama et al.
(2014); Boninite Suite: Kanayama et al. (2012), Li et al. (2013); Marianas arc front:
Olivine-hosted glass inclusions from the Mariana arc front: Brounce et al. (2014).

crease only slightly after 36 Ma remaining relatively high at an
average of ~50 mMa~! (Fig. 9).

A second peak in deposition rates (~145 mMa~!) between 31
and 29.5 Ma (Fig. 9) is coincident with initial arc rifting (Ishizuka
et al, 2011b). Consistently, glass inclusions <30 Ma reflect a hy-
brid arc-backarc magma source (i.e., Ba/La and Ce/Pb of about 10;
see discussion above). This second peak in deposition rate may re-
flect an increase in magmatic activity (and also tectonic activity)
prior to or during arc rifting and has also been observed in the
Tonga-Kermadec subduction system (Clift and ODP Leg 135 Scien-
tific Party, 1994). There, the magmatic maximum is followed by
a sharp end to any volcaniclastic sediment supply from the rem-
nant part of the island arc once magmatism focuses along the
backarc spreading center. Site U1438 records a similar decrease
in depositional rate during the time of medium-K rear-arc volcan-
ism along the KPR (29.3-24.8 Ma; Ishizuka et al., 2011b; ~Unit II;
Figs. 2, 9) before magmatic activity and volcaniclastic sediment
supply ceased with the onset of backarc spreading in the Shikoku
and Parece Vela Basins. As a result, hemipelagic sedimentation
dominates the upper part of the sequence (Unit I; Figs. 2, 9).

The volcanic productivity of the arc as expressed by deposi-
tion rates of volcaniclastic sediments is thus directly related to the
average melt composition and source (i.e. mantle wedge) fertility
(Fig. 9).

4.5. Possible causes for mantle wedge replenishment

Subduction may initiate as a consequence of plate reorienta-
tion and super-fast slab roll-back but the fundamental causes and
mechanisms are still actively debated (Leng and Gurnis, 2015; Ar-
culus et al.,, 2015a, 2016; Keenan and Encarnacién, 2016). Less
controversial is the geologic record of subduction initiation that
starts with decompression melting of a refractory mantle source
accompanied by the minor addition of a subduction component to
generate an extensive area of new oceanic crust with a FAB sig-
nature (Ishizuka et al., 2011a; Arculus et al., 2015a; Reagan et al.,
2010, 2015; Fig. 10). It has to be noted though that in the light of
‘FAB’ sampled in forearc and reararc settings and some composi-
tional variability, term and definition of ‘forearc basalt’ need to be
reconsidered.

The residual ultra-refractory material in the mantle wedge
(~20% melt depletion relative to a fertile MORB mantle; Pearce et
al., 1992) then becomes the source for the extraction of boninites
due to the addition of large volumes of subduction fluids (e.g.,
Pearce et al., 1992; Fig. 8), lasting for about 4 Ma (48-44 Ma;
e.g., Ishizuka et al, 2011a, 2006; Fig. 10). A similar scenario
of a spreading center capturing early subduction zone magma-
tism and followed by a change in magmatism from tholeiitic to
boninitic has been suggested for the Troodos Ophiolite (Regelous
et al., 2014). The mantle wedge during arc inception was oc-
cupied by material of the Pacific-type MORB domain (Savov et
al., 2006; Hickey-Vargas et al., 2006; Straub et al., 2009, 2010,
2015). A ~3 Ma long period of transitional arc magmatism fol-
lowed (high-Mg andesites; e.g., [shizuka et al., 2011a, 2006) during
which the mantle wedge of the Pacific-type MORB domain became
progressively replaced by mantle with an Indian-type MORB sig-
nature (Straub, 2003; Straub et al., 2009, 2010, 2015). This Indian-
type MORB signature has also been recorded from the Philippine
Sea Plate (e.g., Hickey-Vargas, 1998; Hickey-Vargas et al., 2006;
Straub et al., 2009) and we think that the refertilization/replen-
ishment observed at Site U1438 is linked to the exchange of these
two mantle domains in the mantle wedge. The ‘delayed’ change
we observed (i.e. ~36-38 Ma) may be attributed to a progres-
sive but rather slow exchange of material (i.e. no sharp boundary
between the mantle domains), the progression of wedge replenish-
ment along the IBM system from the North to the South (Straub et
al.,, 2015), or diversification of the mantle wedge in response to
regional tectonics (Pearce et al., 2005).

Several studies (Straub, 2003; Straub et al., 2015) and also the
compositional patterns observed at Site U1438 (Figs. 7, 8) suggest
that the primary control of IBM arc magmas is indeed the compo-
sition of the mantle wedge (external control) rather than the im-
pact of subducted slab assemblages alone (internal control). Over
the lifetime of the IBM system, specific events such as episodic
backarc formation (Clark et al., 2008) influence the mantle wedge
composition, which in turn controls average melt composition and
possibly also the arc front output (Fig. 9).

Oligocene turbidites from the IBM forearc (Gill et al., 1994)
add an important perspective to the further understanding of this
process. These turbidites record the average composition of melts
produced on the eastward migrating part of the KPR that later
forms the modern IBM arc. Bulk rock samples from the oldest
turbidites after arc rifting (~25 Ma) have the highest Nb/Yb but
become more depleted with time (Fig. 9). This pattern is less pro-
nounced but similar to what we observe after subduction initiation
(but without the boninite stage; Fig. 9). The effects of backarc



82 PA. Brandl et al. / Earth and Planetary Science Letters 461 (2017) 73-84

~50-52 Ma

New oceanic crust
(FAB)

Pacific-type
MORB mantle

Subduction Initiation

44-48 Ma

Infant Arc

40-28 Ma

Transitional suite

Mature Arc

Rollback

Arc Rifting

Fig. 10. Sketch of IBM evolution based on earlier models (e.g., Stern and Bloomer,
1992; Ishizuka et al, 2006) and this study. A dynamic slab controls the mantle
wedge from subduction initiation about 50-52 Ma ago over the infant arc stage
(44-48 Ma) and mature arc stage (28-40 Ma) to cessation of magmatism at the
KPR due to rifting and backarc opening (15-28 Ma). During the initial stage, sink-
ing of the slab releases fluids that mixed into the magma in a decompression
melting zone of relatively fertile mantle. During the infant arc stage, the local
tectonics change from extension to compression, the mantle wedge stagnates and
gets progressively more depleted. High fluid flux drives mantle melting to produce
boninites. Foundering of the slab and retreat of the trench enhance wedge corner
flow with the result of wedge replenishment. The arc building stage begins with
the average melt composition changing from boninite to ‘calc-alkaline’ high-Mg an-
desite (transitional suite) and finally arc tholeiites with a strong shallow and deep
subduction component. Wedge replenishment peaks with trench rollback, arc rift-
ing and backarc opening and results in decompression melting in the Shikoku and
Parece Vela Basins and the rise of the modern IBM arc.

spreading (i.e. enhanced corner flow/wedge replenishment) on the
subduction system may thus be similar to the process of subduc-
tion initiation in terms that large volumes of basaltic melt are
extracted from the mantle (backarc basin basalt and FAB, respec-
tively), forming a progressively more refractory mantle that serves
as the mantle source for ‘calc-alkalic’ melts erupted at the arc
front.

Thus, the KPR-IBM subduction system is characterized by a
“non-steady-state arc geochemical evolution” (Gill et al., 1994) fol-
lowing subduction initiation in the Early Eocene, maturing of the
arc and periodic arc rifting (Shikoku-Parece Vela Basin, Mariana
Trough; Fig. 10). This emphasizes the importance of changes in the

melt source region linking to replenishment of the mantle wedge
by material extracted from the subducting slab and influx of more
fertile mantle material (i.e., the Indian-type MORB mantle). Where
mantle wedge rejuvenation is incomplete or parts of the wedge are
being ‘trapped’ in the mantle wedge corner (stagnation), boninites
could erupt independently of a juvenile arc phase (e.g., Tonga;
Cooper et al., 2010).

4.6. A dynamic control?

Infant arc spreading (i.e. formation of new oceanic crust with a
FAB signature) requires an extensional tectonic regime in an overall
convergent environment (Leng et al., 2012). Foundering of the slab
and trench retreat favor asthenospheric upwelling, decompression
melting and formation of new oceanic crust with a geochemical
FAB signature (Fig. 10). In subduction systems where ridge push
drives constant stress (no trench migration) boninites can still be
produced but new oceanic crust is not being formed (Leng et al.,
2012). Thus, the sequence of boninite following FAB is consistent
with both contrasting modes of subduction initiation (i.e., induced
vs. spontaneous) but not with a constant stress regime. However,
recent results from IODP Exp. 351 favor (Arculus et al, 2015a,
2016) or are at least consistent with the model of spontaneous
subduction initiation (Leng and Gurnis, 2015). Furthermore, the
missing far field stress field consistent with spontaneous subduc-
tion initiation may promote infant arc spreading.

During arc infancy, the preferential downdip sinking of the slab
may induce an only “sluggish” flow in the mantle wedge (Kincaid
and Griffiths, 2003) that would then enhance the residence time
of the refractory mantle source residual to FAB extraction and the
source for subsequent boninite melt extraction (Fig. 10). This sce-
nario would be consistent with further depletion of the mantle
source (FAB to high-Ca boninites to low-Ca boninites) as observed
in the IBM forearc by Pearce et al. (1992). Foundering of the slab
finally results in trench retreat (Leng and Gurnis, 2011; 15 mma~!
in the IBM system: Stern and Bloomer, 1992) and induces a strong
mantle flow (Kincaid and Griffiths, 2003). The induced flow in the
mantle wedge may control the progressive replenishment of the
mantle wedge that leads to the transition in the average magmatic
output of the arc from boninites to ‘calc-alkalic’ high-Mg andesites
to arc tholeiites observed at Site U1438 (this study) and elsewhere
in the IBM (e.g., Ishizuka et al., 2011a and references therein;
Fig. 10). Increased temperatures as a consequence of higher ve-
locities of the mantle flow (Kincaid and Griffiths, 2003) likely also
promote the influence of a deep subduction component (i.e., sed-
iment melts). The evolution of magmatism in the IBM from FAB
over boninites to ‘normal’ arc magmatism is almost synchronous
(Ishizuka et al,, 2011a) and thus consistent with a slab-dynamic
control.

We suggest the boninite and ‘calc-alkalic’ high-Mg andesite
stages of arc evolution may endure as long as mantle wedge
sources are not advected away from zones of arc magma gener-
ation, or the rate of wedge replenishment by corner flow does not
overwhelm the rate of magma extraction.

5. Conclusions

IODP Expedition 351 Izu-Bonin-Mariana Arc Origins recov-
ered a unique section of volcaniclastic sediments that records the
full lifespan of the Kyushu-Palau Ridge, the proto-IBM island arc.
These sediments were transported from the volcanic source to the
drill location by gravity flows in response to numerous eruption
events. The sediments reflect the continuous magmatic output of
the island arc system and glass inclusions preserved in unaltered
minerals provide insights into the evolution of the island arc in
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terms of average melt composition and relative timing. Our con-
clusions based on the combined study of volcaniclastic sediments
and mineral-hosted glass inclusions are:

o In the case of the IBM system, the sequence of rock types is
not boninitic-tholeiitic-‘calc-alkalic’-shoshonitic as suggested
for example by Jake$ and White (1972). Instead, island arc
magmatism commences with the ‘calc-alkalic’ rock series
(boninites and high-Mg andesites) and then evolves into a sys-
tem dominated by arc tholeiites.

e The change from the ‘calc-alkalic’ juvenile stage to the arc
tholeiitic mature stage of the island arc is coincident with a
substantial increase in the volcanic output of the arc. Later,
deposition rates peak again just before rifting of the arc.

e Arc magma compositions following subduction initiation are
dynamically controlled by mantle source fertility as a function
of wedge corner flow.
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