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ARTICLE

Depositional setting, provenance, and tectonic-volcanic setting of
Eocene–Recent deep-sea sediments of the oceanic Izu–Bonin forearc,
northwest Pacific (IODP Expedition 352)
Alastair H. F. Robertsona, Steffen Kutterolfb, Aaron Averyc, Alan T. Baxterd, Katerina Petronotise, Gary D. Actonf*,
Claire Carvallog and Julie C. Schindlbeckb
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University, College Station, TX, USA; fDepartment of Geography and Geology, Sam Houston State University, Huntsville, TX, USA; gInstitut de
Minéralogie de Physiques des Matériaux et de Cosmochemie, Université Pierre et Marie Curie, Paris, France

ABSTRACT
New biostratigraphical, geochemical, and magnetic evidence is synthesized with IODP Expedition
352 shipboard results to understand the sedimentary and tectono-magmatic development of the
Izu–Bonin outer forearc region. The oceanic basement of the Izu–Bonin forearc was created by
supra-subduction zone seafloor spreading during early Eocene (c. 50–51 Ma). Seafloor spreading
created an irregular seafloor topography on which talus locally accumulated. Oxide-rich sediments
accumulated above the igneous basement by mixing of hydrothermal and pelagic sediment.
Basaltic volcanism was followed by a hiatus of up to 15 million years as a result of topographic
isolation or sediment bypassing. Variably tuffaceous deep-sea sediments were deposited during
Oligocene to early Miocene and from mid-Miocene to Pleistocene. The sediments ponded into
extensional fault-controlled basins, whereas condensed sediments accumulated on a local base-
ment high. Oligocene nannofossil ooze accumulated together with felsic tuff that was mainly
derived from the nearby Izu–Bonin arc. Accumulation of radiolarian-bearing mud, silty clay, and
hydrogenous metal oxides beneath the carbonate compensation depth (CCD) characterized the
early Miocene, followed by middle Miocene–Pleistocene increased carbonate preservation, dee-
pened CCD and tephra input from both the oceanic Izu–Bonin arc and the continental margin
Honshu arc. The Izu–Bonin forearc basement formed in a near-equatorial setting, with late
Mesozoic arc remnants to the west. Subduction-initiation magmatism is likely to have taken
place near a pre-existing continent–oceanic crust boundary. The Izu–Bonin arc migrated north-
ward and clockwise to collide with Honshu by early Miocene, strongly influencing regional
sedimentation.
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Introduction

We synthesize new biostratigraphic, sedimentary, geo-
chemical, and magnetic data with IODP Expedition 352
shipboard results for Eocene–Recent sediments on the
Izu–Bonin outer forearc (Reagan et al. 2015, 2017) and
discuss these in the evolving regional tectonic-volcanic
setting. Our results complement and extend previous
exploration, especially dredging and submersible stu-
dies of the forearc region (Reagan et al. 2010, 2013) and
recent results from the Izu–Bonin arc (Arculus et al.
2015c) and backarc (Busby et al. 2017; Tamura et al.
2015).

We highlight the provenance and origin of the tuf-
faceous input to many but crucially not all levels of the
drilled sequences. Volcanogenic sediments can be used
to indicate the distribution, composition, and temporal
evolution of both oceanic and continental margin arcs
(Huang et al. 1973; Kennett and Thunell 1975; Huang
1980; Sigurdsson et al. 1980; Cambray et al. 1995;
Straub and Schmincke 1998; Bryant et al. 2003;
Scudder et al. 2016). Oceanic forearc basins provide
invaluable insights into arc evolution because they are
located close to active magmatic arcs but are isolated
from continental margin turbidity currents. Forearc
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basins, which are commonly controlled by extensional
faulting, preserve the sedimentary record with minimal
reworking. During Expedition 352, several fault-con-
trolled depocentres were drilled within <20 km of
each other (Reagan et al. 2015) allowing unique insights
into sediment accumulation in an outer forearc setting
(Figures 1 and 2).

Our specific objectives are as follows:

(1) To refine and synthesize existing shipboard nan-
nofossil biostratigraphy (Reagan et al. 2015) and
provide constraints from new radiolarian
biostratigraphy.

(2) To identify the chemical composition and prove-
nance of tuffaceous sediments and related
changes through time using bulk sediment and
tephra chemical data.

(3) To use new palaeomagnetic data to show that
some volcanic breccias that were included within
the igneous basement (Reagan et al. 2015)
instead represent coarse sedimentary detritus
(talus).

(4) To use new magnetic property data for selected
core intervals, especially to test for presence of
fine-grained tuffaceous input in hemipelagic
sediments.

(5) To evaluate the relative importance of tectonic
and/or volcanic controls compared to

palaeoceanographic controls in sediment accu-
mulation, particularly in relation to low-carbo-
nate intervals near or beneath the carbonate
compensation depth (CCD).

(6) To synthesize all of the new data and interpreta-
tion in the context of the Izu–Bonin outer forearc
development through time.

(7) To interpret the combined sedimentary record in
the Eocene–Recent geological development of
the oceanic Izu–Bonin forearc and the Honshu
arc (southern Japan). We also evaluate alternative
published tectonic models for the creation of the
oceanic forearc and subsequent amalgamation
with Honshu in the light of the sedimentary
evidence.
The time scale of Gradstein et al. (2012) is used in
this paper.

Drill locations and chronostratigraphic units

Two sites were drilled within and near a several kilo-
metre-sized basin on the upper forearc slope at water
depths of 3128 and 3162 m and another two on the
lower forearc slope at 4447 and 4775 m (Reagan et al.
2015; Figure 2). The upslope sites (U1439, U1442) form
the outer part of a belt of NW–SE trending fault-con-
trolled bathymetric ridges and basins (>5 km across),

Figure 1. Location maps. (a) Regional tectonic map showing the plate tectonic setting of the northwest Pacific region, including
morphotectonic features mentioned in the text; (b) bathymetric map showing the location of the IODP Expedition 352 in relation to
other ODP and IODP drill sites in the northwest Pacific region (see Reagan et al. 2015 and references) for data sources.

INTERNATIONAL GEOLOGY REVIEW 1817



whereas the downslope sites (U1441, U1440) lie within
an area of small (<5 km across) fault-controlled basins
that extend towards the trench axis (Ishizuka et al.
2011a; Figure 1(a)). Site U1439 provided very good
overall recovery within a relatively flat-bottomed sedi-
ment pond (Figure 3(a,b)), whereas sediment coring at
Site U1440 (Figure 3(c)) was compromised by rough sea
conditions and proximity (c. 250 m) to the sloping
western basin margin (Reagan et al. 2015; Christeson
et al. 2016). Two additional sites (U1441 and U1442)
gave relatively poor but useful recovery (Figure 3(c,d)).
One of these, Site U1442 (Figure 3(a)), was drilled
through a thin sediment drape, c. 200 m east of a
small basement high to the east of Site U1439
(Figure 2).

The shipboard division into lithological units (from
the top downwards) included relatively coarse-grained
sediments and sedimentary rocks (e.g. tuffaceous
sand/sandstone, volcaniclastic breccia–conglomerate),
which dominate some intervals of the drill cores
(Reagan et al. 2015). However, post-cruise study,
aided by improved biostratigraphy, indicates that
intercalated fine-grained sediments (mostly mud/mud-
stone, clay/claystone, marl, chalk, and limestone) can
be correlated across all four drill sites (Figures 4 and 6)

using a combination of sedimentary facies, biostrati-
graphic age, distinctive tephra layers (Reagan et al.
2015; Kutterolf et al. 2017), and the presence of dis-
tinctive spikes or trends in sediment chemical compo-
sition. Three main age ranges of background fine-
grained sediment deposition are recognized that we
term Time Slices (Figures 4 and 5). These are most
accurately defined for the reference Site U1439.
Although less well dated, Time Slices 1–3 can also be
recognized in Hole U1440A, Time Slice 1 in Hole
U1440B, and Times Slices 2–3 in Hole U1441A. The
three time slices help interpret the geochemical evi-
dence and highlight regional to global sedimentary
and palaeoceanographic processes.

The biostratigraphically determined ages of the
time slices are Time Slice 1 early Oligocene to early
Miocene (c. 35–23 Ma): nannofossil chalk, marl, or
limestone, variably mixed with volcaniclastic and tuf-
faceous sediment (i.e. calcareous siltstone or sand-
stone). Time Slice 2 early Miocene to mid-Pliocene (c.
23–4 Ma): clay/claystone and mud/mudstone (variably
mixed with silt/siltstone and sand/sandstone). Time
Slice 3 mid-Pliocene to Holocene (c. 4–0 Ma): nanno-
fossil ooze and minor mud (variably mixed with tuffac-
eous sediment).

Figure 2. Location of the Expedition 352 drill sites in relation to the regional bathymetry. (a) Bathymetric map showing the Izu–
Bonin Ridge and adjacent seafloor (section in Figure 2(b) is shown by the dashed line); (b) schematic section showing the relative
locations and penetrations of the drill sites, and the inferred forearc crustal structure (from Reagan et al. 2015).
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Biostratigraphic constraints

Postcruise, approximately 140 samples were studied to
produce more accurate calcareous nannofossil datums
and an additional 23 samples to provide radiolarian
biostratigraphic constraints for key carbonate-poor inter-
vals. These samples helped to refine the shipboard nan-
nofossil age model presented in Reagan et al. (2015). The
last appearance data (LAD) of nannofossil species in the

following section are listed in Supplementary Table 1
and shown in the age model and age/depth plots
(Figures 4 and 5). Holes U1439A and U1442A contain
the most complete sections while Holes U1441A and
U1440A exhibit a limited biostratigraphic record.

For Site U1439, the key reference drill hole, the
oldest sediments are slightly younger than previously
suggested (Reagan et al. 2015). Hole U1439A contains
a nearly complete Oligocene–Recent sequence,

Figure 3. Prestack time migrated images, converted to depth showing the location of the drill sites. (a) Upper forearc basin sites
(Sites U1439 and U1442); E–W line; (b) upper forearc basin sites (Sites U1439 and U1442); N–S crossing line; (c) lower forearc basin
(Site U1440); E–W line; (d) lower forearc basin (Site U1441); E–W line. Data source Christeson et al. (2016) and G. Christeson pers.
com. (2015).
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except for a barren interval of inferred middle
Miocene age (Figure 4). The oldest nannofossil-bear-
ing sample is earliest Oligocene (34.44–32.92 Ma) and
Oligocene-aged sediments are well represented in
Hole U1439A. The exact positioning of the
Oligocene/Miocene boundary is difficult to determine
owing to the absence of nannofossils (between
107.345 and 125.745 mbsf). The LAD of
Reticulofenestra bisecta (23.13 Ma) is the best avail-
able identification of the Oligocene/Miocene bound-
ary (at 128.01 mbsf), although the true stratigraphic
LAD may be located within the barren interval,
slightly above this. Above the barren interval, the
section is relatively complete. Thirteen (versus 7 ship-
board) nannofossil biomarkers are recognized, 12 in
the Miocene, and a 13th spanning the Miocene/
Pliocene boundary (Figure 4).

Hole U1442A contains the secondmost complete
section and has many similarities to U1439. The max-
imum assigned age of earliest Oligocene is identical
to Site U1439 but is found ~100 m shallower than at

Site U1439. The recovered Oligocene section is also
very similar to Hole U1439A in terms of overall abun-
dance and species assemblage. Three Oligocene hor-
izons that were not identified in Hole U1439A are
recognized in Hole U1442A. However, the Miocene
section is not nearly as complete in Hole U1442A as
it is in Hole U1439A, and no early Miocene nannofos-
sils were identified. Only two middle Miocene hori-
zons could be identified at this site, with the younger
horizon containing the middle Miocene to late
Miocene boundary (between 43.64 and 44.89 mbsf).
The late Miocene is represented by two horizons, one
of which was not observed in Hole U1439A. The
youngest biomarker observed is the LAD of
Helicosphaera sellii (1.26 Ma).

For Site U1441, the age profile differs considerably.
The basal sediments at Site U1441A are inferred to be
late Miocene (nannofossil zone NN11a), although the
lowest cores lack nannofossils. Neither Oligocene nor
early Miocene sediments were recovered. Definitive
middle Miocene sediments are also absent. The

Figure 4. Summary of the combined biostratigraphic data from calcareous nannofossils recovered from carbonate-rich sediments. From left
to right, the columns for each site show the age boundaries of epochs, the correlated time slices (used to aid interpretation), depth below
seafloor, the shipboard units, the recovery, the inferred ages of tephras (see Kutterolf et al., 2017), the main lithologies, and finally the
nannofossil zones. RN values are radiolarian biostratigraphical zonations (see supplementary publication for supporting information).
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oldest biostratigraphic age (Cores U1441A 7R through
9R) is from radiolarians assigned a broad late Miocene
age. Middle Miocene sediments may be present
although there is an absence of definitive markers
that could confirm the presence of the middle/late
Miocene boundary. No Pliocene-aged radiolarians or
calcareous nannofossils were identified although it is
likely that a barren interval (Cores U1441A 3R
through 4R) is Pliocene. Pleistocene-aged nannofos-
sils are well represented, as in the previously dis-
cussed sites.

For Site U1440, the basal sediments in both of the
holes drilled (Holes U1440A and U1440B) are con-
strained as Oligocene by the presence of Coccolithus
formosus (32.92 Ma), i.e. coeval with the basal sedi-
ments at Sites U1439 and U1442. No Miocene nanno-
fossils were recovered due to the presence of a major
hiatus from the earliest Oligocene to the Pliocene
boundary, amounting to the longest barren interval at
any of the four sites. Radiolarian assemblages (Samples
U1440A 4H 1W, 90–92 cm and U1440A 4H 4W,
100–102) indicate a broad Pliocene-to-Miocene age for

Figure 5. Age/Depth plots with key zonal taxa, also showing the epochs and time slices. The recognized epochs help interpret the
geohistory, whereas the time slices aid correlation and interpretation of the hemipelagic sediments.
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the upper part of Hole U1440A. Two additional age
constraints (Samples U1440A 8H 7W, 10–12 cm and
U1440A 9H 2W, 28–30 cm) suggest that the interval
between 67.13 and 69.79 mbsf was deposited in the
middle-to-late Miocene.

The resulting biostratigraphy therefore provides a
robust basis for interpretation of the geological devel-
opment of the outer Izu–Bonin forearc through time.
Several key inferences are as follows: (1) On the basis of
similar nannofossil assemblages and abundances, a
similar basal horizon (base of Time Slice 1) can be
correlated between Sites U1439, U1440, and U1442.
(2) At Sites U1439 and U1442, the barren interval across
the Oligocene–Miocene boundary (Time Slice 2) is sug-
gestive of a rise in the CCD that inhibited nannofossil
preservation. The occurrence of rare Discoaster species
within this interval could indicate a near-CCD depth at
which monocrystalline nannofossils such as the
Discoaster group were preferentially preserved whereas
other genera were dissolved. (3) Radiolarian

assemblages confirm a late Miocene age suggesting
accumulation below the CCD at the lower slope sites
during a time when the upslope sites (U1439 and
U1442) accumulated nannofossil-bearing sediments
above the CCD.

Constraints from sediment chemistry

Chemical evidence sheds light on sediment prove-
nance beyond what is possible from shipboard obser-
vations (e.g. study of smear slides) (Reagan et al. 2105).
Hole U1439A is used as a reference because this suc-
cession is the longest, most intact, and best dated.
One sample of fine-grained pelagic or hemipelagic
sediment was taken every 10 m from the seafloor to
the top of the igneous basement, supplemented by
additional samples that were prepared for shipboard
carbonate and XRD. Several samples of sediments
within the igneous basement were included (see

Figure 6. Summary and correlation of the main lithologies recovered during Expedition 352 sites based on shipboard and postcruise
data. From left to right, the columns for each site are: numbered tephra layers that can be correlated between sites (blue lines) after
Kutterolf et al. 2017, depth below seafloor, graphic lithology (see key), main tephra occurrences (horizontal red lines), shipboard
units, epochs, and finally the three recognized time slices; a drilled interval without coring in Hole U1440B is also indicated.

1822 A. H. F. ROBERTSON ET AL.



Reagan et al. 2105). Analysis was carried out by induc-
tively coupled plasma-emission spectrometry for
major elements and by ICP-MS (inductively coupled
plasma-mass spectrometry) for minor elements (see
Electronic supplement table 3). The downhole chemi-
cal data were converted from downhole depths to
inferred age using the age model (Figures 4 and 6).
The explanation below focuses on the three time slices
which have contrasting fine-grained sediment compo-
sitions and provenance.

Chemical associations and trends through time

Absolute values of chemical abundances are initially
plotted against their inferred age for selected major
elements, trace elements, and Rare Earth elements
(REE) (Figures 7–9). Four main chemical associations,
characteristic of specific time intervals are recognized
at Site U1439, which reflect differences in depositional
processes and/or provenance:

First, during the early Oligocene to early Miocene
(Time Slice 1), CaO (Figure 7(a)) and Sr (Figure 7(b))
values are relatively high except close to the igneous
basement where metalliferous sediments occur.
During the early Miocene to mid-Pliocene (Time Slice
2), CaO and Sr values drop markedly to very low values
and then generally rise in the younger part of this time
slice (with several spikes). Values are high and variable
within Time Slice 3. CaO and Sr co-vary, reflecting
substitution of Sr for Ca in calcite (e.g. Rollinson
1993). The low values of CaO and Sr in Time Slice 2
reflect accumulation near or beneath the CCD, consis-
tent with the biostratigraphic evidence (see above). At
Site U1440, the analysed values of CaO and Sr are low
throughout both Time Slices 1 and 2 although few
data are available prior to c. 13 Ma owing to poor
recovery.

Second, MgO, TiO2, SiO2, K2O, Al2O3, Na2O, Rb, Sc,
Ba, Cs, and Ga (Figure 8(a–g); see also Supplementary
Figure 2A–C) show relatively high but variable values
during Oligocene to early Miocene time and also
relatively high but more constant values during early
Miocene to mid-Pliocene time. Time Slice 2 can be
generally subdivided into lower and upper parts, in
which the lower part has relatively high and constant
values of the above constituents and corresponds to
an interval of nearly non-calcareous clay/claystone of
early Miocene age. In contrast, the upper part of Time
Slice 2 exhibits more variable values of these consti-
tuents during middle Miocene–early Pliocene time.
Absolute values are generally lower but variable dur-
ing mid-Pliocene to Holocene. The above elemental
trends mainly reflect relative downhole variation in

aluminosilicate constituents including tephra, ash, or
volcaniclastic silt/mud (see below). MgO is not
enriched except in the boninitic igneous basement
of Hole U1439A (up to 17.5%). Detritus of this com-
position did not contribute significantly to the over-
lying sediments.

Third, MnO, Fe2O3, P2O5, Cu, Mo, Pb, Zn, Ni, Co, Hf,
Nb, Th, U, Zr, La, and the other REEs (Figure 9(a–g);
Supplementary Figure 2D–L) show strong relative
enrichment in the basal metalliferous sediments
(where present), especially in Hole U1439A (Reagan
et al. 2015). Similar enrichment is also seen within the
early Miocene clay/claystone (Time Slice 2). The relative
enrichments of these constituents relate to hydrother-
mal or hydrogenous accumulation.

Figure 7. (a,b) Downhole variation in chemical composition
through time. (a) CaO as a proxy for carbonate abundance;
(b) Sr, an additional proxy for carbonate abundance (correlates
with carbonate abundance due to substitution of Sr for Ca).
Green broken lines and italic roman numerals indicate the
three time slices. See Supplementary Table 3 for analytical
data. Additional plots of elements showing similar behaviour
are given in Supplementary Figures 2 and 3.
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Figure 8. (a–h) Downhole variation in composition through time for selected constituents that show similar chemical behaviour: (a)
SiO2; (b) Al2O3; (c) K2O; (d) Na2O; (e) MgO; (f) Sc; (g) Rb; (h) Ba. Green broken lines and italic roman numerals indicate the three time
slices. See Supplementary Table 3 for analytical data.
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Figure 9. Downhole variation in chemical composition through time for additional constituents that show similar chemical
behaviour: (a) MnO; (b) Fe2O3; (c) Nb; (d) Zr; (e) La; (f) Pb; (g) U; (h) Ni. These constituents show similarities in chemical behaviour
as discussed in the text. See Supplementary Table 3 for analytical data.
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Fourth, Fe and V (Figure 9(b); Supplementary
Figure 2M) exhibit high values in the basal metalliferous
sediments but little systematic variation higher in the
succession.

Upslope, Site U1442 shows similar downhole che-
mical trends and associations to Site U1439 despite
much smaller number of analyses (Figures 7–9). The
basal sediments there are enriched in both lithogen-
ous (e.g. Al2O3, TiO2, MgO, Zr, Th, Sc, Ga, Rb), hydro-
genous, or hydrothermally related constituents (e.g.
MnO, Fe2O3, P2O5, Cu, Mo, U, Co, Sc, Ce). The chemical
composition of the early Oligocene–early Miocene
interval corresponds to the abundance of tephra-rich,
tuffaceous, and volcaniclastic sediments compared to
background nannofossil-rich carbonate. Elemental
concentrations for this time interval are relatively con-
stant on this topographic high, consistent with pelagic
carbonate sedimentation and slope-controlled rework-
ing. In contrast, event-controlled sedimentation (e.g.
pyroclastic density currents and ash fallout) coupled
with pelagic background sedimentation characterizes
the fault-controlled depocentre at Site U1439A. The
early Miocene to mid-Pliocene clays/claystones of
Time Slice 2 are enriched in many constituents in
Hole U1442A, especially during the early Miocene.
The absolute values of many chemical constituents
(e.g. SiO2, Al2O3, TiO2, Fe2O3, MgO, Cu, Zr, Nb, Th, Co,
Sc) are greater in Hole U1442A than in Hole U1439A,
which reflects the depositionally condensed nature of
the early Miocene clay/claystone in Hole U1442A (c.
10 m) compared to Hole U1439A (c. 20 m). The metal
enrichment in Hole U1442A reflects a relatively low
sedimentation rate, which favoured hydrogenous
accumulation. The generally decreasing abundances
of constituents other than CaCO3 and Sr in the
Pliocene–Holocene (upper parts of Time Slices 2 and
3) correspond to overall increase in the abundance of
nannofossil ooze.

Furthest downslope at Site U1440, several constitu-
ents (e.g. K2O, MnO, Cu, Pb, Ni, Ta, Th) reach relatively
high values in the lowermost sediment recovered
above the igneous basement. The basal sediments at
this site are inferred to lie within Time Slice 2 (early–
mid-Pliocene) (Figures 4 and 6). Prominent ‘spikes’ in
many constituents (e.g. Ba, W, K2O, Na2O, TiO2, P2O5,
Cu, Ni, Ta, Th, U, Y, La, Ce, Nd) characterize the younger
part of this time interval (c. 80–50 mbsf). The very low
recovery in the younger sediment (Time Slice 1) pre-
cludes recognition of downhole trends.

Recovery in the second downslope Site U1441 was
restricted to the Pliocene–Holocene (Time Slice 3) for
which the element trends are similar to those at adja-
cent Site U1440.

Chemical evidence of sediment provenance

Previous studies identified several different sediment
sources in the northwest Pacific region, including air-
fall ash (tephra), loess, distal gravity-flow deposits, and
hydrogenous (seawater-precipitated) deposits, which
are variably mixed with terrigenous sediments (Huang
et al. 1973; Huang 1980; Minai et al. 1986; Hiscott et al.
1992; Straub 1997; Plank et al. 2007; Ziegler and Murray
2007; Ziegler et al. 2007; Scudder et al. 2009, 2014;
Pickering et al. 2013; Schindlbeck et al. 2013; Kutterolf
et al. 2014; Straub et al. 2015). In contrast, the isolation
of the Izu–Bonin outer forearc from terrigenous turbi-
dites allows fine-grained sediment sources and source
changes to be identified more easily than elsewhere.

The Expedition 352 sediments have not been deeply
buried beneath a thick sedimentary cover, subjected to
high heat flow or deformation and therefore we assume
that key elements including potassium have not been
significantly altered after deposition. To test this, we
calculated alteration indices, (we calculated the
Chemical Index of Alteration [CIA]) (see Nesbitt and
Young l982 for definition). CIA values range from 6 to
73 (median 57), which is consistent with relatively fresh
unaltered sediments (Asiedu et al. 2000; Bahlburg and
Dobrzinski 2011). We are therefore able to compare our
chemically analysed samples with the composition of
similar sediments of known origin on land or under the
sea, especially in the northwest Pacific region. We uti-
lize several well-tested discriminant diagrams that plot
a range of major elements, trace elements, and respec-
tive ratios, including rare earth elements (Floyd and
Leveridge l987; Bhatia l983; Bhatia and Crook, l986;
Plank et al. 2007; see also Floyd et al. 1991; McLennan
et al. 1993).

The basal sediments at both Sites U1439 and
U1442 are enriched in lithogenous constituents (e.g.
Al2O3, TiO2, MgO, Zr, Th, Sc, Ga, Rb), hydrogenous or
hydrothermal-related constituents (e.g. MnO, Fe203,
P2O5, Cu, Mo, U, Co, Sc, Ce, V). In addition, several
constituents (e.g. K2O, MnO, Cu, Pb, Ni, Ta, Th) reach
relatively high values in the lowermost sediments
recovered near the igneous basement. On the ternary
diagram Fe versus Mn versus (Ni + Cu + Co) × 10
(Figure 10), nearly all of the sediments fall within
the compositional range of Pacific non-metalliferous
sediments. One sample from beneath the pelagic car-
bonate sediments at Site U1439 is enriched in Fe and
trace metals but relatively depleted in Mn. Several
samples of the basal sediments from Hole U1439A
and also one sample from beneath the pelagic sedi-
ments at Site U1442 plot close to the field of western
and eastern Pacific pelagic sediments and also to
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relatively manganiferous East Pacific Rise metalliferous
sediments and Fe–Mn-rich umbers associated with
the Troodos ophiolite (e.g. Boström et al. 1969;
Bonatti et al. 1972; Cronan et al. 1976; Sayles and
Bischoff 1973; Robertson and Hudson, 1973). One
sample from Site U1439 that is relatively rich in
Ni + Cu + Co could have originated as a hydrogenous
nodule that lost manganese owing to chemical mobi-
lization during diagenesis. In support, the overlying
sediments show abundant evidence of diagenetic
mobilization and migration of metalliferous oxides,
as indicated by greyish-to-blackish ‘patches’ and dif-
fuse segregations of metalliferous oxides (Reagan
et al. 2015; Supplementary Table 7). The likely cause
is upward flow of reducing seawater from the igneous
basement.

Generally, high K2O, Rb/Hf or Zr/Y ratios, together
with high Th/Nb or low La/Th ratios, are characteristic
of continentally influenced sources, such as loess (air-
fall dust), tephra from a continental margin island arc
setting (i.e. Japan), or terrigenous (redeposited) sedi-
ments (Floyd and Leveridge l987, Bhatia l983, Bhatia
and Crook, l986; Plank et al. 2007; see also Floyd et al.
1991; McLennan et al. 1993).

The K2O versus SiO2/CaO diagram (Figure 11(a)) sug-
gests primary compositional variations within the tuf-
faceous and volcaniclastic sediments. This diagram
indicates the relative influence of IBM versus Honshu
volcanic products because low SiO2/CaO ratios at low

K2O concentrations reflect IBM sources (e.g. Kutterolf et
al. 2017; Schindlbeck et al. 2017; average tephra com-
positions in Figure 11(a) are represented by stars).

The sediments have La/Th ratios from 3.0 to 13,
which is indicative of a magmatic arc origin (e.g.
Bhatia 1985; Bhatia and Crook 1986; McLennan et al.
1993). Potassium is generally higher in volcanics from
the Honshu arc than from the IBM arc (exceptions are
some IBM backarc volcanics) at given silica contents
(Bryant et al. 2003; Kutterolf et al. 2014; references
therein). The La/Th versus K2O discrimination diagram
(Figure 11(b)) suggests that the Oligocene–early
Miocene sediments (Time Slice 1) predominantly came
from the IBM arc, whereas the early Miocene–mid-
Pliocene–Holocene sediments (Time Slices 2 and 3)
were mostly from the Honshu arc. The Zr/Y versus La/
Th diagram (Figure 11(c)) further suggests that
Oligocene samples from the upslope sites (U1439,
U1442) were mostly derived from the Izu arc (although
many samples plot in overlap area with Japan). In the
Rb/Hf versus Th/Nb diagram (Figure 11(d)), which high-
lights continental sources, only a relatively small num-
ber of samples, mostly from the Oligocene of Hole
U1439, plot uniquely in the Izu field, suggesting a
strong influence of continentally derived sediments
(e.g. loess) or volcanic products from a continental
margin arc.

Several other well-known diagrams (Floyd and
Leveridge l987, Bhatia l983, Bhatia and Crook l986;

Figure 10. Ternary plot of Fe versus Mn versus Ni + Cu + Co × 10 for chemical data from Sites U1439A, U1440A&B, U1441A, and
U1442A. For our new chemical data, the symbol shape is indicative of the three different time slices, whereas the colours refer to
the drill sites (as in previous chemical plots). The diagram highlights the composition of basal metalliferous sediments and some
layers and segregations within Time Slice 2 (early Miocene–early Pliocene). Fields: hydrogenous nodules and hydrothermal material,
Fe–Mn crusts, East Pacific Rise axial zone and crest flank metalliferous sediments (e.g. Boström et al. 1969; Bonatti et al. 1972;
Cronan et al. 1976). Western Pacific pelagic sediments are shown as green polygons (Lin 1992; Cousens et al. 1994). The ridge crest
metalliferous sediments are chemically similar to the EPR metalliferous sediments from deeper ridge flanks (e.g. Bauer Deep
sediments) (Sayles and Bischoff 1973) and ferromanganiferous umbers, for example of the Troodos Massif, Cyprus (Robertson and
Hudson 1973) (see Supplementary Table 3 for analytical data).
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Plank et al. 2007) suggest contributions from different
crustal types, lithological associations, or tectonic set-
tings. The absolute values or ratios of trace element and
REEs indicate the extent of reworking/recycling and the
relative contributions of different possible sources, i.e.
E-MORB, N-MORB, volcanic rocks of Japan, the Izu–
Bonin arc, their related tephras (Kutterolf et al. in
press), loess (Chauvel et al. 2014, Liang et al. 2009),
upper continental crust (UCC) (McLennan et al. 1993),
or pelagic sediments (Lin 1992; Cousens et al. 1994).

The Th/Sc versus Zr/Sc plot (Figure 12(a)) is sugges-
tive of primary compositional variations rather than
sediment recycling or mineral (e.g. zircon) enrichment
in the Izu–Bonin forearc sediments because the Th/Sc
ratios point to a relatively primitive source (e.g.
Zimmermann and Bahlburg 2003). The La versus Th
diagram (Figure 12(b)) suggests that the Oligocene–
early Miocene sediments (Time Slice 1) were preferen-
tially derived from an oceanic island arc setting (OIA),
whereas the early Miocene–mid-Pliocene–Holocene
sediments (Times Slice 2 and 3) appear to have a mostly

continental island arc source. The youngest sediments
are split between both of these fields. There is a ten-
dency for implied oceanic sources to predominate in
the upslope sites (U1439, U1442), whereas the down-
slope sites appear to contain relatively more abundant
continental island arc source material.

The La/Th versus Hf diagram (Figure 12(c)) is indica-
tive of an andesitic island arc source for most of the
Oligocene–early Miocene sediments of the upslope
sites (Time Slice 1). This is unexpected because the
sediments have rhyodacitic bulk compositions that are
typical of continental island arcs (Floyd and Leveridge
l987; Bhatia l983; Bhatia and Crook l986; Plank et al.
2007). The relatively felsic compositions presumably
reflect fractionation from parent andesitic island arc
volcanoes (Tamura et al. 2009). In contrast, the down-
slope site sediments mainly plot in the ‘mixed felsic and
mafic sources’. Few of the sediments plot in the felsic
island arc source area typical of continental island arcs,
loess, or western Pacific pelagic sediments probably
because of mixing with more mafic source material.

Figure 11. Selected binary plots of elements and elemental ratios, used as provenance indicators. (a) K2O versus SiO2/CaO; (b) La/Th
versus K2O; (c) Zr/Y versus La/Th; (d) Rb/Hf versus Th/Nb (see Hannah et al. 2002; Plank 2005; Bryant et al. 2003; Schindlbeck et al.
2017. for background information). For the new chemical data, the symbol shape is indicative of time slices and the colours of drill
locations (as above). The typical ratios of Western Pacific pelagic sediments (green polygons; Lin 1992; Cousens et al. 1994), Chinese
loess and tephras from several potential volcanic source areas are indicated for comparison. Correlation fields for the Honshu
tephras are after Kimura et al. (2015) and references; IBM correlations (stars) are from Fryer et al. (1990), Hochstaedter et al. (1990),
Hochstaedter et al. (2001), Tollstrup et al. (2010), Gill et al. (1992), Yokoyama et al. (2003, 2006), Kuritani et al. (2003), Tamura et al.
(2005), Tamura et al. (2007, 2009), and Taylor and Nesbitt (1998). See Supplementary Table 3 for analytical data.
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The La versus Th versus Sc discrimination plot (Figure 12
(d)) highlights the similarities of many of the
Oligocene–early Miocene, generally up-slope sedi-
ments, with typical basalt–andesite compositions of
the Izu–Bonin arc (e.g. Fryer et al. 1990; Hochstaedter
et al. 1990, 2001; Gill et al. 1992; Taylor and Nesbitt
1998; Kuritani et al. 2003; Yokoyama et al. 2003, 2006;
Tamura et al. 2005, 2007; Tollstrup et al. 2010). In con-
trast, the mid-Pliocene to Holocene downslope sedi-
ments are more similar to volcanic ash from Honshu

(e.g. Kimura et al. 2015). These relationships are sup-
ported by comparison with the average compositions
of the discrete tephra layers (Figure 12(d)) (see also
Kutterolf et al. 2017).

The Th/La versus Sm/La diagram for the bulk sedi-
ments (Figure 13(a)) and also for the tephras (Figure 13
(b)) supports an Izu–Bonin arc derivation for many of the
Oligocene–early Miocene sediments (Time Slice 1), espe-
cially those of the upslope sites (U1439, U1440). This
diagram also suggests an increased influence of an

Figure 12. Discrimination diagrams utilizing selected trace elements. For the new chemical data, the symbol shape is again
indicative of time slices and the colours of drill locations (as in previous chemical plots). (a) Th/Sc versus Zr/Sc (modified after
McLennan et al. 1993). The diagram indicates chemical composition relative to mantle and upper continental crust (UCC) and the
extent of sediment recycling (which results in Zr addition); also shown are the typical compositions of pelagic sediment (green
polygons) and tephras (stars; see c); (b) La versus Th diagram showing fields of different tectonic settings (fields: ACM active
continental margin, CIA Continental island arc, OIA Oceanic island arc, PM Passive margin; after Bhatia 1983); (c) Hf versus La/Th
diagram indicating different source areas of clastic sediments (after Floyd and Leveridge 1987); see key to symbols; (d) La versus Th
versus Sc diagram showing provenance fields (after Bhatia and Crook 1986) (see b). Additional fields in some of the diagrams
indicate deep-sea carbonate sediments, after Ziegler et al. (2007) (cyan-coloured field), typical compositions of Western Pacific
pelagic sediments (green polygons; Lin 1992; Cousens et al. 1994), tephra layer compositions at Expedition 352 sites (stars; Kutterolf
et al. 2017), Chinese loess (purple field; Liang et al. 2009; Chauvel et al. 2014), and also average post-Archaean Australian shale
(PAAS; purple star and labelling; Rollinson 1993) (See Supplementary Table 3 for analytical data).
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upper continental and/or loess source within the early
Miocene–Pleistocene sediments of the lower slope sites.

The Oligocene–Holocene bulk sediment composition
is compared with equivalent compositional glass data
for associated tephras in Figure 13(b) (Kutterolf et al.
2017). There is a generally good match between the
continentally influenced early Miocene and younger
sediments and the associated tephras, both of which
show a trend towards an UCC composition, especially
for the lower slope sites (U1440, U1441). However,
many of the tephras of various ages from the different
sites plot within, or near, the Izu arc field, in contrast to
the interbedded fine-grained sediments. Possible expla-
nations are either that the older sediments represent a

mixture of Izu arc-related and/or MORB sources or that
the sediments contain variable amounts of components
such as loess and/or pelagic sediment (itself a mixture
of different source materials). The age versus Zr/Nb plot
(Figure 13(c)) indicates overlapping compositions of the
bulk sediment and tephra for the Oligocene–Miocene
interval (Time Slice 1) suggesting that the bulk sedi-
ment and tephra compositions co-vary especially at the
upslope sites (U1439, U1442). In contrast, bulk sediment
compositions deviate strongly from associated tephra
during Pliocene–Pleistocene, suggesting an important
additional source during this time interval. Some of the
Japanese continental arc-derived tephra is chemically
similar to some of the sediments on this diagram.

Figure 13. Binary plots comparing bulk sediment composition (this study) with tephra glass composition of the same sites based on
Laser Ablation ICP MS (Kutterolf et al. 2017). (a) Th/La versus Sm/La diagram (modified after Plank et al. 2007) comparing the
Expedition 352 whole-rock sediment data with sediments from different settings, in Plank et al. (2007), i.e. Nankai hemipelagic
sediment (olive wheel symbol), Honshu hemipelagic sediments (green wheel symbol), Izu sediments (yellow wheel symbol), and
felsic upper continental crust (dark star) (from Taylor and McLennan 1985). The symbol shape is indicative of three time slices,
whereas sediment colours refers to drill locations as in previous chemical plots; (b) same diagram plotting but instead tephra
analyses from single point La-ICPMS glass measurements (Kutterolf et al., 2017). The dotted field represents Oligiocene tephras from
Hole U1439A; (c) age versus Zr/Nb plot; (D) age versus Rb/Hf plot. These two plots indicate changes in bulk sediment (a) and tephra
glass composition (b) through time. (c) Age versus Zr/Nb plot; (d) age versus Rb/Hf plot. These two plots indicate changes in bulk
sediment (a) and tephra composition (b) through time. See text for explanation.

1830 A. H. F. ROBERTSON ET AL.



However, the abundant relatively Zr-rich tephra com-
position is not reflected in the sediment bulk composi-
tion. Many of the bulk sediments plot within the
compositional range of loess or pelagic sediment, espe-
cially for the Miocene–Pleistocene (Time Slices 2 and 3)
in the age versus Rb/Hf plot (Figure 13(d)). Some of the
bulk sediments throughout the entire sequence are
compositionally similar to pelagic sediment or loess.
Loess contributes significantly to the bulk composition
of pelagic sediment even in very distal open-ocean
equatorial settings (e.g. Ziegler et al. 2007; Ferrat et al.
2011; Scudder et al. 2016). The contribution of Asian
loess has specifically been demonstrated using multi-
variate statistical analysis of bulk marine sediments
(ODP Site 1149; Scudder et al. 2014). Loess can contri-
bute strongly in open-ocean settings that are isolated
from terrestrial-derived input via gravity flows (turbi-
dites and contourites), as for the Expedition 352 sites.

The probable explanation for the tendency of the
lower slope site sediments (U1440, U1441; Figure 13(a))
to be more continentally influenced than the upper
slope sites (i.e. Japan-derived field) is that IBM-derived
eruptive products (gravity flows or fall-out deposits)
were ponded in upslope basins. In contrast, continen-
tally derived loess and tephra underwent long-distance
wind transport and settled out over the entire IBM
forearc area as elsewhere. This regional input was
masked in the upper slope basins by much greater
input directly from the IBM arc.

In summary, the main constraints from sediment
chemistry are as follows: (1) The Oligocene–early
Miocene sediments (Time Slice 1) that were mainly
derived from fractionated oceanic arc volcanic products
are correlated with the Izu–Bonin arc. (2) The late
Miocene–Pleistocene sediments (Times slices 2 and 3)
received an important contribution from a continental
island arc, correlated with Japan. (3) Tephra input dur-
ing the later Miocene and Plio-Pleistocene (upper part
of time slices 2 and 3), as indicated by tephra analysis,
was masked by a dominant input of Western Pacific-like
hemipelagic sediment and, or Chinese loess, especially
for the lower slope sites (U1440, U1441). This input is
especially marked during the early Miocene.

Constraints from sediment magnetic properties

The magnetic hysteresis properties and first-order
reversal curves (FORCs; Pike et al. 1999; Roberts et al.
2000) of sediment samples were measured to identify
the composition and grain size of magnetic minerals,
which provide clues to sediment input, provenance,
and extent of alteration. Twenty samples of typical
fine-grained hemipelagic sediments were analysed

from the upper slope (Site U1439) and the lower slope
(Site U1440) to test the inference from the sediment
chemistry that the early Miocene (lower part of Time
Slice 2) lacks significant tuffaceous input. To validate
the test, tephras or tuffaceous material occurs within
some of the sediments sampled (e.g. Unit I and the
upper part of Unit II at Sites U1439 and U1440) but
not in others (e.g. lowest part of Units II–IV, and the
upper part of Unit V at Site U1439; and lower Unit II and
the upper part of Unit III at Site U1440).

Shipboard palaeomagnetic data indicate that the
magnetic carriers of the sediments generally have a
median destructive field (MDF) of the natural remanent
magnetization (NRM) that is <20 mT. Progressive ther-
mal demagnetization of a few samples showed a gra-
dual decay of remanence from ~100°C up to ~550–600°
C (Reagan et al. 2015). These observations are consis-
tent with titanomagnetite of variable grain size, degree
of oxidation, and/or amount of titanium as the mag-
netic carrier, as is commonly found in marine sediments
and tephra.

Postcruise magnetic hysteresis and FORC data give
log-normal coercivity distributions that range from
0 mT to slightly above 200 mT and coercivities of
remanence, which are equivalent to MDFs for fully
magnetically saturated samples, are <50 mT (see
Supplementary Table 9). These data are also consistent
with a titanomagnetite magnetic carrier.

Magnetic grain size can be assessed for titanomag-
netite on Day plots (Day et al. 1977; Dunlop 2002),
where magnetic hysteresis data are compared with
theoretical values calculated using known amounts of
single-domain (SD, long-axis length ~0.03–1 µm),
pseudo-single-domain (PSD, ~1–20 µm), multidomain
(MD, >20 µm), and superparamagnetic (SP, <0.03 µm)
magnetite/Ti–magnetite grains. Most seafloor sedi-
ments fall in the PSD field, even though actual grain
sizes most likely comprise mixtures of SD, PSD, and MD
grains, as well as SP grains in some lithologies.

Overall, the IBM forearc results are consistent with
the SD–MD theoretical curves and indicate that the
sediments are dominated by populations of PSD
magnetic grains (Figure 14). Some of the data are
offset towards the SD–SP curves, indicating contribu-
tions from very small SP magnetic grains. The SP
contribution is present in Hole U1439A Unit I (Time
Slice 3) and the upper part of Unit II (upper Time
Slice 2) where there are abundant tephra layers/pods
or tuffaceous mud. The SP contribution is absent,
however, in the lower part of Unit II, Unit III, and
the upper part of Unit IV (lower part of Time Slice
2), as well as the upper part of Unit V (upper part of
Time Slice 1), where tephra layers are rare or absent.
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Similar observations are true for Time Slices 1–3 in
Hole U1440A. Tephras are commonly fine-grained
(e.g. Heider et al. 1993; Petronotis et al. 2015).
Hence, the background sediment in the intervals
with SP grains likely contains a disseminated tephra
component.

The FORC distributions can also be divided into two
distinct groups based mainly on the range of coerciv-
ities (the Hc axis in the FORC diagrams). Samples from
stratigraphic intervals with tephra all have a population
of grains with higher coercivity than those samples
from intervals lacking in tephra (Figure 15). In intervals
without tephra, the maximum coercivities are typically
less than <75 mT, whereas in the intervals with tephra,
the maximum coercivities typically are >150 mT, with
some samples having coercivities >200 mT.

The magnetic interactions (the Ha axis in the FORC
diagrams) for intervals with and without tephra are
similar and suggest that magnetic grains are abundant
and close enough to one another that strong interac-
tions occur (Figure 15). Such behaviour is common in
marine sediments with a significant terrigenous and/or
volcanic source. This differs from deep marine

sediments with a dominant biogenic magnetite compo-
nent, which commonly have little or no magnetic inter-
action (e.g. Roberts et al. 2012).

Taken together, the discrete magnetic observations
indicate that the hemipelagic sediment in the intervals
with tephras (or tuffaceous material) also contain dis-
seminated tephra, which contributes to the finer mag-
netic grain size and higher coercivity relative to
intervals without observable tephras. These results
therefore support the sediment chemical evidence
that indicates a significant tephra contribution, except
during the early Miocene (lower part of Time Slice 2)
when metal-enriched hemiplegic sedimentation took
place below the CCD.

Synthesis of forearc sedimentation and basin
development

Our new biostratigraphical, chemical, and magnetic
data are synthesized with the site-by-site shipboard
descriptions (Reagan et al. 2015) in Figure 16.
Shipboard data for the background fine-grained lithol-
ogy, microfacies, associated sediments, and diagenesis

Figure 14. Day plot (Day et al. 1977) of magnetic hysteresis properties of sediments from Sites U1439 and U1440. Light grey mixing
lines for samples with mixtures of single domain (SD), multi-domain (MD), and superparamagnetic (SP) particles are from Dunlop
(2002). Samples from intervals that have numerous tephra layers plot towards mixing lines with SP grains and have higher Mrs/Ms

values, indicating the presence of a finer grained magnetic carrier.
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are summarized in Supplementary Tables 4–7 for Sites
U1439, U1440, and U1442. In addition to the fine-
grained sediments discussed above, relatively coarse-
grained tuffaceous and epiclastic (erosionally derived)
talus are taken into account. During the Eocene–Recent,
the CCD is assumed to have a broadly similar depth to
that inferred for the Pacific basin for the equivalent
time intervals (Pälike et al. 2012).

Clastic sediments within and directly above the
eruptive igneous basement

Dominantly Mg-rich boninitic basalts were recovered
from the basement at the two upslope Sites U1439
and U1442 (Reagan et al. 2015). In Holes U1439A and
U1439C, mafic dikes or sills are overlain by intercala-
tions of pillow lava, massive sheet flows, breccia, and
pyroclastic flow deposits, ranging from high-Mg ande-
site to primitive boninite in composition. The volcanic
succession there is covered by a thin layer of epiclastic
sediments made up of basaltic clasts in a matrix of
gravel-sized lava fragments and altered glass (~1 m
thick). The epiclastic material is interpreted as the result

of erosion (mass wasting) on an irregular seafloor after
volcanism ended. The volcanic sequence in nearby Hole
U1442A begins with boninitic lava and hyaloclastite and
is topped by a veneer (25 cm thick) of epiclastic breccia,
with gravel-sized volcanic clasts in a sandy-granular
matrix of altered glassy boninitic fragments. The clasts
are subrounded, coated with metalliferous oxide
(<3 mm thick), and occur within a matrix of pinkish,
non-calcareous sandy, and silty clay. This thin basal
clastic material is indicative of post-volcanic seafloor
erosion and reworking. Basaltic rocks known as forearc
basalt (FAB) were recovered from the basement at the
two lower slope sites. In Hole U1440B, an inferred
sheeted dike complex is followed upwards by volcanic
rocks. Downhole resistivity measurements using the
formation microscanner suggest that the succession is
dominantly fragmental (e.g. hyaloclastite), with scarce
intercalated pillow lava flows (Reagan et al. 2015; S.
Morgan, unpublished data). The primary extrusive
material culminates in volcanic breccia with lava frag-
ments, including pillow lava in a matrix of mud (c. 1 m
thick). Similar material was also recovered in Hole
U1440A. In Hole U1441A, basaltic extrusive rocks,

Figure 15. FORC diagrams of sediments from Sites U1439 and U1440 illustrating the coercivity distributions along the Hc axis and
interactions between magnetic grains along the Ha axis. Samples from intervals with numerous tephra layers (a) contain higher
magnetic coercivity minerals than intervals where tephra layers are rare or absent (b).
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similar to those recovered in Holes U1440A and
U1440B, are overlain by monomict lava breccias (c.
80 m thick) with a matrix of coarse volcaniclastic sand.
The clasts range from angular to subrounded, with the
largest clasts (>10 cm in size) occurring near the top of
the unit (Igneous Unit 1; Reagan et al. 2015; S. Morgan,
unpublished data). There is no evidence that the brec-
cias are primary eruptive products (Reagan et al. 2015;
Figure 6). Alternative interpretations that the breccias
represent either physical brecciation (tectonic or drilling
induced) or reworked sedimentary talus were tested by
postcruise palaeomagnetic study.

Palaeomagnetic evidence of basal talus breccias

Thirteen minicores with a diameter of 0.5 in were taken
from pieces of volcanic rocks that were large and intact
enough to be sampled from the uppermost part of the
oceanic basement (igneous Unit 1) at Site U1441. Six
samples were thermally demagnetized, and seven were
demagnetized using the alternating field (AF) method.
Magnetic remanence was measured using an AGICO JR-
6 Spinner Magnetometer. Thermal demagnetizations
were carried out in steps of 50°C from 150 to 450°C
and 25°C from 450°C to 550° or 575°C. Because of very

low coercivities, AF demagnetization steps were very
small (0.5 or 1 mT) and began at very low fields. Most
samples were almost completely demagnetized by
30 mT.

For the AF-demagnetized samples, NRMs drop shar-
ply after demagnetization at 0.5 mT and then the NRM
decay is univectorial. Principal component analysis
(PCA) gives reliable direction values, with maximum
angular deviation (MAD) values between 1° and 3°.
Thermal demagnetization spectra generally show a
first decay of the NRM until 350°C, then either a plateau
or a small self-reversal, and finally unblocking of the
characteristic remanent magnetization (ChRM) between
400 and 550–575°C. The ChRM directions given by PCA
have a slightly more reliable MAD (between 2° and 7.5°)
because samples broke after several heating steps and
it was difficult to reposition them for further
measurement.

The 13 inclinations obtained by PCA are inconsistent
(see Supplementary Table 8). This contrasts with the
directions obtained from initial shipboard demagnetiza-
tion which were less scattered, with inclination values
around the present-day geocentric axial dipole (Reagan
et al. 2015). The random inclinations obtained here are
consistent with igneous Unit 1 at Site U1441

Figure 16. Line drawings of the setting of recovered sediments and igneous basement (a–c) in relation to the Izu–Bonin lower
outer forearc (upper section; true scale). The basin morphology is based on seismic reflection data (Christeson et al. 2016) and
shipboard information (Reagan et al. 2015). The diagrams highlight the dominant lithology, the importance of extensional faulting,
and the modes of accumulation for the three time slices. See text for explanation.

1834 A. H. F. ROBERTSON ET AL.



representing a c. 80-m-thick pile of redeposited volca-
nic rock talus (see discussion of forearc development,
below). The talus is likely to have been eroded from a
nearby subaqueous fault scarp. The talus could have
formed either soon after volcanism ended or later, prior
to the accumulation of the oldest recovered deep-sea
sediments at this site (early Miocene?).

Talus accumulation within the sedimentary
sequences

Basalt-derived talus represents an important part of the
recovery at the two lower slope sites, where it occurs
within the Oligocene–Pliocene interval at Site U1440
and reappears as an undated (Pliocene?) interval at
Site U1440 (Figures 4, 6 and 16).

At Site U1440, coarse clastic accumulation began dur-
ing the Oligocene with silty mud containing volcanic
gravel followed by muddy volcanic breccia/gravel with
gravel (Figures 4 and 6). This material is a mixture of
angular-to-subrounded clasts (up to several cm in size),
mostly composed of highly altered basalt that includes
orthopyroxene. The large volumes of mud, sand, and
coarse talus (breccia–conglomerate) were emplaced by
mass-flow processes (Lowe 1982; Pickering et al. 1986;
Mulder and Alexander 2001; Pickering and Hiscott 2016).
The talus was shed from the sloping western margin of
the small sediment pond in which Site U1440 is located
(Figure 16(a)iii). Orthopyroxene is characteristic of boni-
nitic rocks recovered from the two upslope sites (U1439,
U1442) (Reagan et al. 2015). This observation suggests
that the orthopyroxene-bearing detritus at Site U1440
originated several kilometres upslope from its present
position (assuming unknown boninites did not erupt
more locally). The overlying Miocene(?) interval at Site
U1440 includes scattered, subangular clasts (up to peb-
ble-sized) of pumice and lithified ash, together with
clasts of altered basalt. This suggests that some of the
talus is a mixture of local basement-derived material and
lower density, evolved arc products.

The early Pliocene(?) interval at Site U1440 includes
decimetre-thick interbeds of matrix-supported, clast-rich
breccia–conglomerate. This is made up of layers (several
centimetres thick) with poorly consolidated clasts of pink
non-calcareous siltstone, highly altered basalt, and iso-
lated angular basalt clasts (up to 2.5 cm in size). Some
coarse clastic layers are impregnated with dark-coloured
metalliferous oxide-rich material which is interpreted as a
diagenetic precipitate. This evidence indicates reworking
of previously lithified non-calcareous siltstone. The poorly
dated Miocene(?) or Pliocene(?) interval near the depo-
centre at Site U1441 includes a c. 10-m-thick interval of
reddish-brown muddy, matrix-supported breccia–

conglomerate (Figure 16(b)ii) and randomly distributed
centimetre-sized, rounded-to-sub-angular pumice clasts
(Reagan et al. 2015) confirming the importance of
evolved arc-derived volcanic material.

Seismic reflection data (Christeson et al. 2016) indicate
that three of the sediment ponds drilled are bordered by
normal faults (Figures 3a–d; 16(a–c)). Comparable west-
facing half-grabens, infilled with Oligocene sediments,
have also been seismically imaged further north on
Bonin Ridge (Taylor and Fujioka et al. 1992). Structural
observations from Site U1439 show that the angle of
bedding increases from sub-horizontal up to 17° within
the Oligocene nannofossil ooze/chalk (below 155.0 mbsf).
This was coupled with the development of very small-
scale shear zones and normal faults with displacement of
up to ~5 cm (Reagan et al. 2015). Comparison with seismic
reflection data suggests that eastward tilting took place
(Kurz et al. 2015), which is biostratigraphically constrained
as between c. 32 and 27 Ma (Figure 4). There is also
evidence of syn-sedimentary tectonics at the nearby
upfaulted Site U1442 (Figure 3(a)), where Oligocene (c.
27–32 Ma) sediments dip at up to c. 35°, whereas the
overlying sediments (above c. 74–75 mbsf) are sub-hor-
izontal (Kurz et al. 2015; Reagan et al. 2015).

Comparable talus to that recovered from the Izu–
Bonin lower slope sites is known from numerous
deep-ocean settings affected by extensional faulting,
for example associated with the axial grabens and
flanks of spreading ridges (e.g. Ballard and Moore
l977). Talus locally overlies extrusive rocks in the vicinity
of extensional faults within supra-subduction zone
ophiolites of similar origin to the Izu–Bonin forearc
basement (e.g. Troodos ophiolite (Robertson l975). In
contrast, the talus at Sites U1440 and U1441 relates to
later-stage extensional faulting. Comparable igneous-
derived talus has been recovered from above a major
extensional fault which transects an older emplaced
SSZ-type ophiolite in the late Cenozoic backarc
Woodlark basin (Taylor et al. 1999).

In summary, the breccia–conglomerates and asso-
ciated gravel are interpreted as reworked subaqueous
talus that was generated by mass wasting of exten-
sional fault scarps that actively dissected the outer
Izu–Bonin forearc. Talus appeared earlier at Site
U1440A (Oligocene–Miocene) than at Site U1441A
(Miocene(?)–Pliocene(?)), consistent with the absence
of dated pre-Miocene sediments in this depocentre.

Metalliferous oxide sediments overlying the
volcanic basement

In Hole U1439A, the igneous basement is overlain by a
thin (<3 cm), consolidated but unlithified black
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metalliferous oxide-rich crust. XRD analysis of the low-
ermost ~30 cm of the succession revealed minor man-
ganese oxide, a serpentine mineral, and muscovite
(Reagan et al. 2015). In Hole U1442A, the uppermost
igneous basement includes a >40-cm thick sedimentary
layer with subrounded, altered extrusive igneous rock
clasts that are coated with metalliferous oxide (<3 mm
thick) within a matrix of pinkish, non-calcareous sandy
and silty clay. At Site U1440, the highest recovered
basaltic rock is coated by a film of metalliferous oxide.
The chemical data suggest that the basal metalliferous
oxide sediments originated as a variable mix of north-
west Pacific pelagic sediment, hydrothermal oxide-sedi-
ment, and hydrogenous precipitates (see Figure 10).
The composition of the basal sediments merges with
that of siliceous and clay-rich sediments.

40Ar/39Ar ages on cores from Expedition 352 sug-
gest igneous basement ages of around 50-51 Ma (D.
Heaton and A. Koppers, pers. com. 2016). Since the
oldest recorded age of the sediment cover is earliest
Oligocene (~35 Ma) based on calcareous nannofossil
dating (see Figure 4), a hiatus of up to 15 million
years is implied between the end of igneous activity
and the start of pelagic carbonate deposition. The
metalliferous sediments formed at some time during
this hiatus of up to 17 million years between ocean
crust genesis and the first dated pelagic carbonate
sedimentation. There is no evidence that an older
Eocene–Oligocene sequence accumulated but was
later eroded. A possible reason for the hiatus is that
most sediment bypassed the outer forearc to accumu-
late in the subduction trench. Some parts of the
Troodos ophiolite (Cyprus), which formed in a compar-
able forearc setting (Pearce and Robinson 2010), for
example, remained free of deep-sea sediment for tens
of millions of years (e.g. Robertson 1977).

Early Oligocene–early Miocene pelagic and
tuffaceous sediments (Time Slice 1)

Pelagic carbonate began to accumulate more or less
coevally at Sites U1439, U1442, and U1440 and could
also have accumulated near Site U1441 where the basin
depocentre was not drilled (Figure 16(a)). The
Oligocene–early Miocene time interval (Time Slice 1)
of the upslope Sites U1439 and U1442 (Figure 6)
began with the deposition of nannofossil ooze in an
oxidizing environment where burrowing organisms
flourished. Minor basement-derived silty and sandy
material was supplied to near-basal sediments,
although the overlying sequence is free of coarse clastic
material in contrast to the lower slope sites (see below).
These sediments accumulated near the depocentre of a

foreac basin sediment pond (Site U1439) and on an
adjacent topographic high (U1442). The CCD is inferred
to have deepened from the end of the early Oligocene
to the end of the Oligocene. The deepening relates to
the growth of ice sheets, a fall in sea level, and a shift of
carbonate from shallow to deep waters. The CCD in the
open Pacific is placed around 4.6 km during the
Oligocene (Pälike et al. 2012).

Higher in the sequence at Site U1439, repeated beds
(<20 cm thick) with sandy erosional bases, micro-cross
lamination, obvious normal grading, and parallel lami-
nation are interpreted as the partially developed Bouma
sequences (i.e. mostly D–E and C–D–E divisions) of
volcaniclastic and/or tuffaceous turbidites (Bouma,
l962; Pickering and Hiscott 2016), by comparison with
other modern and ancient arc-related sediments
(Huang l980; Pickering et al. 1986; Peters et al. 2000;
Scudder et al. 2009, 2014; Pickering et al. 2013;
Schindlbeck et al. 2013; see also Pickering and Hiscott
2016). The sandy bases of the turbidites are variably rich
in arc-derived material, especially quartz, colourless
glass, feldspar, amphibole and some pyroxene, ortho-
pyroxene, and titanomagnetite. A few sandstone–silt-
stone layers contain mixtures of glass, mineral grains,
calcareous nannofossils, and rare planktonic foramini-
fers (Reagan et al. 2015). In contrast, similar tuffaceous
sediments are effectively absent from the condensed
sequence at adjacent Site U1442 and are restricted to
rare (distorted) layers of silty volcaniclastic sand at Site
U1440.

At both Sites U1439 and U1442 numerous thin
(<3 cm), repeated interbeds and partings of fine-
grained ash, have sharp bases, subtle normal grading,
and bioturbation. These layers are interpreted as fallout
deposits that were variably redeposited near and within
the sediment ponds by local downslope reworking and
bioturbation (cf. Scudder et al. 2009, 2014; Schindlbeck
et al. 2013; Pickering and Hiscott 2016). The Oligocene
tephra layers at Site U1439 have a distinctive chemical
composition that was also recognized in fine-grained
fallout material in the coeval sediments at Site U1442
(Figure 13(a,b)). The tuffaceous turbidites were derived
from the Izu–Bonin arc, either directly via eruption or
via coarse proximal fallout that was reworked into lower
slope sediment ponds, as at Site U1439. The source
volcanoes within the Izu–Bonin arc are estimated as c.
150 km away based on tephra composition (Kutterolf
et al. 2017) (Figures 11–13).

Time-equivalent near-basal mudstones on the lower
slope (Site U1440) (Figure 6) include abundant altered
volcanic glass, reworked pyroxene, sparse plagioclase,
and serpentinite (Reagan et al. 2015), all derived from
the igneous basement. Above this, the sequence is
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dominated by c. 15 m of mud-supported, granule-grade
breccia/conglomerate, which continues for c. 65 m
upwards through the early Miocene-to-mid-Pliocene
interval (Time Slice 2; Figure 6). Similar coarse volcani-
clastic material was recovered from the mid-Pliocene-
to-Pleistocene interval (Time Slice 3).

Sediments of the more proximal (westerly) Izu–Bonin
forearc were drilled further north during ODP Leg 126
(Figure 1(b)) where a depocentre (Sites 792 and 793) is
infilled by proximal volcanogenic turbidites and debris-
flow deposits (up to 15 m thick individually) with mud-
stone interbeds. Sediment was supplied axially from the
north in this area (Hiscott et al. 1992), together with
sparse shallow-water to non-marine material from
nearby frontal arc highs. Thick and coarse volcanic
products, therefore, formed near the IBM arc, whereas
topographical barriers (e.g. Bonin Ridge) and any prox-
imal fault-bounded basins restricted sediment supply to
the Expedition 352 distal forearc sites.

Early Miocene–early Pliocene low-carbonate
sediments (Time Slice 2)

Early Miocene to early Pliocene (Time Slice 2; c. 23–
4 Ma) was dominated by low-carbonate hemipelagic
sedimentation near or below the CCD, as recovered at
Sites U1439, U1442, and U1441 (Figure 16(b)i–iii).
Reddish coloured clay/claystone with metalliferous
oxide enrichment (Figures 7, 9, and 10) characterizes
the early Miocene (lower interval of Time Slice 2), fol-
lowed by brownish muds (with some carbonate-rich
intervals) during the early Miocene-to-early Pliocene
time (upper interval of Time Slice 2) (Figures 3 and 4).

The sharp reduction in calcium carbonate preserva-
tion at around 23 Ma (earliest Miocene) approximates
to the ‘carbonate crash’ and resulting ‘carbonate fam-
ine’ (Lyle et al. 1995) across the entire Pacific Ocean.
Recent work suggests that 600 m of shoaling occurred
at 18.5 Ma and lasted for c. 2.5 Ma (Pälike et al. 2012).
The ‘crash’ corresponds to rising seawater temperature
and a small rise in eustatic sea level, which together
resulted in overall shallowing of the CCD (Lyle 2003).
Increased amounts of calcium carbonate are likely to
have been retained in shallow-water settings allowing
the oceanic CCD to rise. The relatively short period of
warming relates to ice sheet decay within a cycle of
longer term cooling and overall ice advance (Lyle 2003).

The period of low-carbonate clay-rich accumulation on
the Izu–Bonin outer forearc (c. 8 million years) partially
corresponds to the period of CCD shoaling that lasted
until c. 16 Ma (Pälike et al. 2002). However, some low-
carbonate accumulation (mostly muds) continued for a
further c. 10 Ma (until 4 Ma; upper limit of Time Slice 2).

The low-carbonate clay-rich deposition overlaps with rift-
ing and spreading of the Shikoku Basin and the
Ogasawara Trough from c. 25 to 20 Ma (Ishizuka et al.
2011a). The rifting was probably triggered by rollback of
the Pacific plate which caused subsidence of the Izu–
Bonin forearc as a whole. Global palaeoceanography and
regional tectonics therefore both played a role in the early
Miocene-to-early Pliocene low-carbonate deposition.

The early Miocene (lower part of Time Slice 2) lacks
airfall tephra input to the Expedition 352 sites (Figures
13(a), 14, and 15). Other types of fine-grained sediment
relatively increased, notably pelagic sediment, loess,
and metalliferous oxide precipitates.

During mid-Miocene-to-early Pliocene (upper interval
of Time Slice 2) nannofossil-bearing, pinkish grey silty clay
accumulated periodically, together with pinkish nanno-
fossil ooze at Sites U1439 and Site U1442. Siliceous
sponge spicules are common together with sparse radi-
olarians, common zeolite, and mixed-layer clays (Reagan
et al. 2015). Thin interbeds of fine-to-medium-grained
tuffaceous siltstone–sandstone (mostly felsic but occa-
sionally mafic) and ash layers occur with quartz, plagio-
clase, pyroxene, amphibole, and felsic glass. Metalliferous
oxides continued to be enriched within hemipelagic mud.

Radiolarians, diatoms, and siliceous sponge spicules
are relatively abundant at both downslope sites. The
early Miocene(?) interval at Site U1440 includes scat-
tered, subangular clasts (up to pebble-sized) of pumice
and lithified ash, together with clasts of altered basalt
which is explained by reworking of pre-existing sedi-
mentary material. Beginning around the mid-Miocene
(c. 15 Ma), there was a gradual return to calcareous
sediment, accompanied by some air-fall tephra and
tuffaceous sediments, similar to the two upslope sites.

Proximal forearc basin sedimentswere previously recov-
ered further north on the Izu–Bonin Ridge during ODP Leg
126 at Sites 787, 792, and 793, where incomplete Miocene
sequences comprise bioturbated sandy mudstone and
sandy mudstone rich in nannofossils, and both felsic and
mafic volcanic grains (Taylor and Fujioka et al. 1992).
Miocene sediments were also recovered during ODP Leg
125 at Site 782 comprising nannofossil marls, clay, and
volcanogenic sand (early Pleistocene–mid-Miocene) (Fryer
et al. 1990). These results emphasize the differences
between the calcareous sedimentation in the proximal
forearc basin versus the generally low-carbonate accumula-
tion on the distal forearc drilled during Expedition 352.

Early Pliocene-to-Holocene pelagic carbonate and
tephra (Time Slice 3)

Weakly calcareous clay/claystone/mudstone and nan-
nofossil ooze accumulated during early Pliocene-to-
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Recent time at both of the upslope sites (U1439, U1442)
(Figure 16(c)i–iii). In contrast, weakly calcareous mud
was deposited at both of the downslope sites (U1440,
U1441), with occasional thin interbeds of nannofossil
ooze. At Site U1439, the nannofossil ooze is inter-
bedded with calcareous mud and muddy, sandy, and
clayey nannofossil ooze. Holocene background sedi-
ments are characterized by relatively pure nannofossil
ooze with abundant planktic foraminifers. The nanno-
fossil ooze is commonly silty with quartz and plagio-
clase, together with variably abundant planktonic
foraminifers, radiolarians, diatoms, sponge spicules,
and rare silicoflagellates. Felsic glass, volcanic and sedi-
mentary rock fragments, and also mineral grains (e.g.
clinopyroxene) occur in a few samples. Plio-Pleistocene
sediments recovered on the proximal forearc during
Legs 125 (Fryer et al. 1990) and 126 (Taylor and
Fujioka et al. 1992) are similarly dominated by nanno-
fossil-rich pelagic and hemipelagic sediments, with vari-
able tuffaceous input including pumice.

The return to high-carbonate accumulation on the
Izu–Bonin forearc corresponds to an increase in carbo-
nate in the Indo-Pacific (‘biogenic bloom’), as reported
in the Western Equatorial Pacific (Nathan and Leckie
2009; see also Pälike et al. 2002). Maxima in carbonate
accumulation rates correspond to glaciation-controlled
Neogene cooling (Lyle 2003). The increased productiv-
ity also reflects increased nutrient supply from rapidly
eroding land areas, notably the Himalayas and the
Andes. The deepwater circulation that channelled the
nutrients was further influenced by developing regional
tectonics (e.g. Indonesian Seaway; Hall 2012).

The Pleistocene upper part of the succession at Site
U1439 includes numerous tephra layers (10–20 cm
thick) and one discrete tuffaceous interval (Reagan
et al. 2015). Similar facies are present at the adjacent
Site U1442, where relatively muddy nannofossil ooze
contains rare transparent and coloured glass, together
with minor basaltic fragments, quartz, plagioclase, and
ferromagnesian minerals. Ten discrete ash layers and
seven tuffaceous intervals were recognized at this site
(Kutterolf et al. sub.). In contrast, the fine-grained sedi-
ments at the downslope Site U1440 are dominated by
weakly burrowed calcareous mud (variably mixed with
ash) and interbedded ash layers (as cm-thick normal-
graded beds). The tuffaceous layers contain abundant
colourless glass, together with rare quartz and feldspar,
and also trace amounts of biotite, pyroxene, amphibole,
apatite, nannofossil ooze, silt, and siliceous microfossils
(mostly radiolarians). Shipboard XRD of muddy nanno-
fossil ooze revealed quartz, calcite, illite, mixed-layer
clays, chlorite, phillipsite and manganese oxide, and
serpentinite (Reagan et al. 2015). Siliceous microfossils

are spasmodically abundant. Ash of similar composition
was also recovered from the Pleistocene interval at Site
U1441. These sediments record felsic fallout ash that
was modified by local redeposition and bioturbation, as
inferred for the Oligocene–early Miocene ash layers.
The tephra mainly originated from the Honshu arc,
coupled with further input from the Izu–Bonin arc
(Figure 13(b); Kutterolf et al. 2017). The IBM arc as a
whole was highly active during the Pleistocene (Taylor
and Fujioka et al. 1992; Straub and Schmincke 1998;
Straub 2003), as was the Japanese continental margin
arc (Machida and Arai 1983; Taylor and Fujioka et al.
1992; Mahony et al. 2011), possibly reflecting a global
increase in explosive volcanism (Kennett and Thunnel
1975; Prueher and Rea 2001; Cambray et al. 1993;
Kutterolf et al. 2013).

Comparison with the most proximal forearc

Eocene–Oligocene arc-derived sediments were recovered
from the Amami Sankaku Basin (Site U1438) during IODP
Expedition 351 (Arculus et al. 2015c; Johnson et al. 2017;
Figure 1(b)). The depositional setting is inferred to have
been a distal volcaniclastic apron or submarine fan that
was located c. 50 km oceanwards of the arc front (now
represented by the Palau-Kyushu remnant arc). The oldest
recovered sediments at Site U1438, within 50 m of the
drilled igneous basement, are a mixture of fine-to-very
coarse-grained tuffaceous and volcaniclastic sediments,
together with some basaltic andesite (Barth et al. 2014;
Marsaglia et al. 2014; Arculus et al. 2015c). In contrast,
Eocene sediment is absent from the Expedition 352 drill
sites. Possible reasons are because of topographic barriers
(i.e. fault-bounded basins) or sediment bypassing to the
trench. Even today, the IBM forearc in the vicinity of the
Expedition 352 drill sites is largely devoid of a sedimentary
cover (Reagan et al. 2015; Figure 3(a–d)).

Within the Amami Sankaku Basin, at around 25 Ma
(late Oligocene), there was a marked decrease in grain
size and the deposition of c. 50 m of reddish-brown,
radiolarian-bearing hemipelagic mudstone with thin
volcaniclastic siltstone to sandstone beds (at
160 mbsf) (Marsaglia et al. 2014; Arculus et al. 2015c;
Johnson et al. 2017). The distinctive colour prompts
comparison with the reddish fine-grained intervals at
the Expedition 352 sites although these may be mostly
younger (i.e. early Miocene). Above this, the Neogene–
Recent succession is dominated by tuffaceous mud,
ash-bearing mud, mud, clay, and ash with minor for-
aminifer- and radiolarian-rich pelagic and hemipelagic
sediments. The Expedition 351 results (Arculus et al.
2015c) emphasize the dominance of volcanic ash
input throughout Miocene-to-Recent time in the
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proximal forearc in contrast to the more varied hemi-
pelagic and distal tuffaceous accumulation in the
Expedition 352 outer forearc sites.

Regional development of the Izu–Bonin forearc

The synthesis takes account of the results of previous
scientific drilling in the northwest Pacific region
(Figure 1(a,b)), including the Izu–Bonin forearc (e.g.
Fryer et al. 1992; Hiscott et al. 1992; Pearce et al.
1992), the Mariana forearc (e.g. Natland and Tarney
1982; Lee et al. 1995), the West Philippine Sea backarc
basin (deVries Klein et al. 1980; Taylor and Fujioka et al.
1992), the Pacific plate (Plank et al. 2007), and the wider
region, especially Honshu, and also IODP Expedition
351 drilling (Arculus et al. 2015c; Figure 1(b)).

Eocene forearc genesis

The Izu–Bonin forearc was initiated around 50 Ma
(Reagan et al. 2015, 2017). Basalts and gabbros from
the IBM forearc, trench, and islands on the IBM Ridge
(Guam) have ages going back to 51-52 Ma for the
trench slope (Reagan et al. 2010; Ishizuka et al. 2011a)
and for the Mariana forearc (Cosca et al. 1998; Reagan et
al. 2013). Transitional high-Mg andesites are dated at c.
43–44 Ma on Guam and in the Bonin islands (Reagan
et al. 2010). 40Ar/39Ar and U–Pb zircon ages of basalt
from the forearc slope east of the Bonin Ridge and
south of Guam imply forearc volcanism around
50–52 Ma. This was followed by low-Ca boninite
volcanism on Chichijim around 48–46 Ma (Ishizuka
et al. 2006). 40Ar/39Ar ages of the Expedition 352
igneous basement indicate magmatism around 50–51
Ma (D. Heaton and A. Koppers, pers. com. 2016).
Widespread FAB volcanism also took place within the
Amami Sankaku Basin, c. 250 km to the west of the
Expedition 352 sites (pre-Shikoku Basin opening), as
drilled at Site U1438 during IODP Expedition 351
(Arculus et al. 2015c). A late Palaeocene-early Eocene
age for this volcanism is possible based on radiolarians
and other evidence (Arculus et al. 2015c; Ishizuka et al.
2016; Brandl et al. 2017). The 52–48-Ma age range of
volcanic rocks recovered from the Bonin forearc
(Ishizuka et al. 2011a; Reagan et al. 2017) is comparable
to the basaltic basement of the Amami Sankaku Basin
drilled at Site U1438 (Arculus et al. 2015c, 2015a, 2015b;
Reagan et al. 2017). FAB overlies dolerite based on
Expedition 352 drilling (Reagan et al. 2017). Also, nearby
Shinkai 6500 diving shows that diabase is underlain by
gabbro (Reagan et al. 2010). One interpretation is that
FAB exclusively erupted during subduction initiation.
An alternative (Lallemand 2016) is that the Amami

Sankaku Basin basalt relates to early-stage backarc rift-
ing of the Western Philippine Basin (at a high angle
with respect to the IMB forearc). The rift magmatism
could have been influenced by the Manus plume
(Ishizuka et al. 2013; see also Hickey-Vargas 2005;
Savov et al. 2006; Fletcher and Wyman 2015; Wu et al.
2016).

Subduction-initiation process

Models of subduction zone initiation and related crustal
spreading (e.g. Stern 2004) commonly infer an open-
ocean setting (Uyeda and Ben-Avraham 1972; Casey
and Dewey 1984; Stern and Bloomer 1992; Stern
2004). In the popular oceanic transform model, the
Pacific plate subducted northwards, offset by very
long c. N–S transform faults (Hilde et al. 1977;
Hussong and Uyeda 1981; Stern and Bloomer 1992;
Figure 17(a)). Passive sinking of the Pacific plate
initiated subduction and a change in Pacific plate
motion around 50 Ma (Stern and Bloomer 1992). The
leading edge of the subducting plate retreated ocean-
wards initiating decompression melting and boninitic
magmatism, followed by the onset of ‘normal’ arc vol-
canism (up to 10 million years later). Several lines of
evidence question the oceanic transform-initiation
model: (1) Although Pacific plate subduction was gen-
erally northward on a very large scale including the
Sunda arc and the northwest Pacific region, recent
reconstructions of the Izu–Bonin region involve several
plates and even phases of southward as well as north-
ward subduction (Hall 2002, 2012; Deschamps and
Lallemand 2002; Wu et al. 2016). (2) Direct evidence of
a pre-Eocene precursor oceanic fracture zone is lacking
(although preservation is unlikely). (3) The implied exis-
tence of a fracture zone >3500 km long may be improb-
able by comparison with modern oceanic settings. (4)
The incipient Izu–Bonin magmatism restores to a posi-
tion close to a late Mesozoic volcanic arc (Daito Ridge
Group) rather than an open-ocean setting (Arculus et al.
2015a, 2015b, 2015c). The crust directly west of the IBM
system was probably composed of late Mesozoic arc-
type material, as preserved to the north of the West
Philippine Basin (e.g. Daito Ridge Group; see Arculus
et al. 2015a) and implied conjugates to the south (Hall
et al. 1991; Hall 2002). An alternative reconstruction
suggested here (Figure 17(b)) precludes tectonic mod-
els in which at ~50 Ma, the IBM was bordered on both
sides by oceanic crust, with important implications for
genesis of the Izu–Bonin forearc and its sediment cover
(and supra-subduction ophiolites generally).

A comparison of the preliminary Expedition 351 and
352 basalt chemical data (Arculus et al. 2015a; Reagan
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et al. 2017) suggests that the former are relatively fertile,
consistent with an incipient backarc setting. If correct,
more depleted subduction-initiation crust, as drilled in
the Izu–Bonin Ridge at the Expedition 352 sites also
existed oceanwards of the restored Amami Sankaku
Basin but was removed by subduction erosion (Reagan
et al. 2107). South of the Expedition 352 sites (c. 200 km)
the Ogasawara Plateau (‘Ogasawara palaeoland’; Ishii et al.
1985; Figure 1(b)) is interpreted as accreting Pacific Ocean
seamount crust (Kaiho et al. 2007; Kodeira et al. 2010;
Ohara et al. 2015). There are hints of compressional and
strike-slip deformation in the Expedition 352 cores (Kurz
et al. 2015; Reagan et al. 2015). Seamount collision and
related subduction erosion could have affected the Izu–
Bonin forearc over wide regions.

Subduction might have initiated spontaneously
(spontaneous subduction model: Leng and Gurnis
2015) as suggested for the Amami Sankaku Basin
(Arculus et al. 2015a, 2015b). The coring and reflection
seismic evidence from the Amami Sankaku Basin
(Arculus et al. 2015a, 2015b) does not reveal evidence
of thrusting, uplift, or sedimentary reworking as
expected for compression-related subduction initiation.
However, the site could be too far away from the
restored locus of subduction initiation (>100 km) to
show obvious evidence of convergence (e.g. uplift and
mass wasting). The evidence is equivocal (Keenan and

Encarnación 2016) because the link between the MORB-
basement and subduction initiation is uncertain.
Modelling suggests that subduction initiation along a
convergent boundary between oceanic crust and older
arc crust is plausible where crust of markedly differing
buoyancy is juxtaposed. The late Mesozoic arc crust
(Daito Ridge Group) could have become relatively
buoyant and elevated as a result of crustal extension,
and the associated thermal heating then promoted
rifting of the Amami Plateau and the Daito Ridge to
form the Amami Sankaku Basin. The effective crustal
age of the overriding plate was thereby reduced to c.
0–7 Ma in contrast to a 50–70-Ma age of the subducting
Pacific oceanic crust (Leng and Gurnis 2015).

Subduction initiation along the IBM forearc (52–
48 Ma) corresponds to a time of regional to global
plate reorganization. In the spontaneous subduction
model, the initiation of the Bonin-Mariana/Tonga-
Kermadec convergent system might itself have trig-
gered such a global reorganization, which is seen as
far afield as Hawaiian-Emperor seamount chain bend
(53.3–43.8 Ma) (Whittaker et al. 2007). The recon-
structed Pacific plate motion direction changed from
northwesterly during 60–50 Ma to more westerly during
50–40 Ma (Whittaker et al. 2007).

An alternative is that the IBM subduction initiation
was forced, possibly by India–Asia collision in the

Figure 17. Alterative tectonic models for the genesis of the Izu–Bonin–Mariana forearc crust related to subduction initiation. (ai,aii)
Oceanic fracture zone converted into a subduction zone when plate convergence direction greatly changed (simplified from Stern
and Bloomer 1992); (bi,bii) pre-existing Mesozoic arc rifted adjacent to a continent–ocean transform plate boundary (possibly
related to transtension). Changed plate convergence vector then resulted in subduction initiation as in (ai). Spreading of the West
Philippine Sea follows immediately (51–45 Ma), possibly plume influenced. Reconstruction based on palaeomagnetic data (inter-
polated back to c. 50 Ma) and subaqueous regional geology (e.g. Arculus et al. 2015a, 2015b). Model (b) is preferred here.
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Himalaya–Tibet region (Reagan et al. 2013). Collision is
commonly put at 60–50 Ma, although later collision has
its advocates (see Najman et al. 2010). It is unclear how
long the effects of Himalaya–Tibet collision would take
to propagate to the northwest Pacific region. However,
accepting collision around 60–50 Ma, a related trigger-
ing of subduction in the IBM forearc is plausible.

In summary, prior to 50 Ma, pre-existing Mesozoic
arc crust is likely to have been bounded by a transform
fault (c. WSW–ESE trending) which was then trans-
formed to a convergent plate boundary. The likely
cause was a switch from strike-slip to transpression/
convergence (i.e. forced subduction).

Eocene–Recent development of the Izu–Bonin arc

Early Eocene magmatism (c. 52–50 Ma) was followed by
tholeiitic to calc-alkaline volcanism (e.g. on the Bonin
Ridge) to create an Eocene volcanic arc to the west of
the subduction-initiation crust. This started at about 44
Ma (e.g. on Chichijima, Hahajima and Saipan) (Ishizuka
et al. 2006; Reagan et al. 2008), as also documented
during Expedition 351 (Brandl et al. 2017). From 42 to
25 Ma, the front of the active magmatism was located
~20 km east of the present arc (Taylor and Fujioka et al.
1992; Ishizuka et al. 2006). The volcanism continued
along this arc lineament until 29 Ma for the Mariana
segment, 27 Ma for the Izu–Bonin segment and 25 Ma
for the Kyushu-Palau Ridge (Ishizuka et al. 2011b),
which is consistent with the abundance of arc-derived
ash layers at the Expedition 352 sites. The arc volcanism
was coupled with near-orthogonal spreading of the
West Philippine Basin (Fujioka et al. 1999; Deschamps
and Lallemand 2002; Taylor and Goodliffe 2004; Sasaki
et al. 2014).

During ongoing Pacific Ocean subduction, the IBM
arc rifted during the late Oligocene (c. 26–25 Ma), fol-
lowed by early Miocene spreading to form the Shikoku
Basin in the north, the Parece Vela Basin further south
and related basins and highs (e.g. Ogasawara and
Nishinoshima Troughs), all bounded by major normal
faults (Taylor and Fujioka et al. 1992; Ishizuka et al. 2006,
2011b; Takahashi et al. 2009; see also Sibuet et al. 1987;
Figure 1(a)).

A magmatic minimum in the Izu–Bonin arc magma-
tism is inferred to exist from c. 25 to 15 Ma (Taylor and
Fujioka et al. 1992). This encompasses the overall timing
of deposition of the unusual reddish coloured, well-
oxidized sediments, as recorded at both the
Expedition 351 and 352 sites (Reagan et al. 2015;
Arculus et al. 2015c). Backarc spreading finally ceased
at ~15 Ma, around the time that the Japan Sea began to
open.

After 15 Ma, the Neogene IBM arc relocated to near
its present position (Taylor and Fujioka et al. 1992; Hall
et al. 1995; Yamazaki et al. 2010; Mahony et al. 2011),
during which there was copious supply of tuffaceous
sediment from the Izu–Bonin forearc, as drilled during
Expedition 352 (Reagan et al. 2015) and elsewhere (e.g.
Amami Sankaku Basin; Arculus et al. 2015c). Volcanism
became active along rear-arc seamount chains and iso-
lated seamounts from c. 17 to 3 Ma (Ishizuka et al. 1998,
2003; Tamura et al. 2014, 2015; Busby et al. 2017).
During this time, the IBM arc moved northwards to its
current position.

The sedimentary history of the Expedition 352 sites
and the Izu–Bonin arc as a whole reflects northward
motion from a near equatorial palaeolatitude, followed
by amalgamation with the Japan continental margin
arc. There are several different interpretations of how
this took place (Figure 18), which may be constrained
by sedimentary evidence from the Expedition 352 fore-
arc sites.

First, the ‘retreating slab’ model which is based on
palaeomagnetic data indicates substantial northward
drift of the Izu–Bonin arc from near the equator,
coupled with major clockwise rotation since c. 50 Ma
(Shih 1980; Haston and Fuller 1991; Hall et al. 1995; Hall
2002; Yamazaki et al. 2010; Figure 18(a)). Based largely
on land palaeomagentic evidence from Palau, Guam,
Saipan Chicijima, and Anijima, the Philippine Sea plate
rotated 84° clockwise (Hall et al. 1995; Deschamps and
Lallemand 2002; Hall 2002). An initial 50° of rotation
took place between 55 and 45 Ma (around a pole at 10°
N), followed by 34° of continuous rotation between 25
and 5 Ma (around a Euler pole at 15°N, 160°E) (Hall
2002). As a result, the Izu–Bonin arc swept around like
a windscreen wiper from an initial c. NW–SE trend to its
present c. NNW–ESE trend. The resulting tectonic recon-
struction implies >2000 km of rollback of the down-
going Pacific plate, a low-angle ‘soft collision’ of the
Philippine Sea plate with the Eurasian plate, and the
arrival of the Izu–Bonin arc at southernmost Honshu by
early Miocene (20 Ma). Palaeomagnetic data from drill
and gravity cores from the West Philippine Basin
(Sdrolias et al. 2004; Yamazaki et al. 2010), from Leg
195 (Richter and Ali 2015), and from Expedition 352
(Reagan et al. 2015; Sager et al. 2017), combined with
the known seafloor spreading fabric (Hilde and Lee
1984) confirm that this area was located close to the
equator at 50 Ma. Major northward movement took
place from 50 to 25 Ma but apparently little movement
after 15 Ma, according to Yamazaki et al. (2010). The
marine magnetic data support up to c. 84° of the clock-
wise motion occurred between 50 and 15 Ma. However,
there is an apparent discrepancy between the land and
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marine palaeomagnetic evidence during 15–5 million
years concerning the presence or absence of continu-
ing rotation and northward drift. Palaeomagnetic-based
reconstructions have however been criticized on several
grounds: (1) Palaeomagnetic data from the land out-
crops could be of only local significance. (2) Land
palaeomagnetic data are sparse, without many data
that pass strict statistical significance criteria. (3) Data
from Indonesia and elsewhere could come from tecto-
nically decoupled areas. (4) The required Pacific slab
rollback of >2000 km may be improbable.

The second type of model (Figure 18) assumes a
nearly static Pacific trench in a hotspot mantle refer-
ence frame (‘anchored slab model’), with little change
in plate geometry since around 50 Ma. As a result, the
Izu–Bonin arc system is shown as generally NW–SE
trending (Seno and Maruyama 1984; Ishizuka et al.
2011a, 2011b, 2013; Xu et al. 2014; Zahirovic et al.
2014; Leng and Gurnis 2015). Such interpretations are
questionable: (1) Palaeomagnetic data indicate major
rotations on land and under the sea in the Philippine
Sea region (e.g. Indonesia). (2) Absence of geological
evidence from Honshu that the Izu–Bonin arc was
located near its present position until the Miocene. (3)
Evidence from other regions where slab rollback is well
documented as playing an important role (e.g.
Mediterranean Sea; Pannonian Basin; see below).

The third type of model is based on seismic tomo-
graphic evidence (‘tomographic model)’. Palaeotrench
analysis suggests that at least the north-central portion
of the IBM subduction zone has moved no more than

200 km since c. 48 million years (Wu et al. 2016;
Figure 18). The Philippine Sea plate began as a small
microplate near the equator (possibly above the Manus
plume), bordered by now-subducted, large oceanic
tracts to the northwest, west, and southwest. The
microplate expanded by seafloor spreading and drifted
northwards to collide with southern Honshu by early
Miocene (20 Ma). Problems with this interpretation
include: (1) The need to invoke huge vanished east
Asian oceans for which there is little or no supporting
geological evidence. (2) The requirement to invoke
complex strike-slip and convergent boundaries on sev-
eral plates in order to juxtapose the IBM arc with
Honshu by 20 Ma. (3) The difficulties inherent in resol-
ving complex microplate interactions in areas such as
Indonesia (e.g. Hall 2002). (4) Apparent inconsistencies
with the geological evidence, for example the existence
of a passive margin along the northern margin of the
Australian plate (e.g. Hall 2002). (5) Non-slab rollback
since c. 48 Ma is questionable in view of geophysical
and geological evidence of long-distance (hundreds of
kilometres) and long-term (10 s of Ma) rollback else-
where, including southeast Asia (Hall and Spakman
2015) and the Mediterranean region (e.g. Wortel and
Spakman 2000).

The sedimentary evidence from Expedition 352 is
consistent with models 1 and 3, which both involve
migration of Izu–Bonin–Mariana arc from near the
equator to collide with Honshu. However, the sedimen-
tary evidence is inconsistent with model 2. If the Izu–
Bonin–Mariana arc was always near the Eurasian active

Figure 18. Alternative tectonic models of the northwest Pacific region. Modified after Wu et al. (2016). a, ‘Retreating trench’ model;
(b) ‘anchored slab’ model; (c) ‘seismic tomography’ model. Each of these (and variants) have pros and cons as discussed in the text.
The retreating trench models fits the geophysical and geological evidence better than the other two, as discussed in the text.
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continental margin, the sediments should contain con-
tinental-arc-derived tephra throughout, whereas,
instead, Japan arc-derived tephras appear only after
the early Miocene (Figure 13(a–d); Kutterolf et al., sub).

Constraints from the geology of Honshu

Today, the Izu–Bonin–Mariana arc system is in collision
with Honshu directly northwest of the Boso triple junc-
tion of the Eurasian plate, the Pacific plate, and the
Philippine Sea plate (Figure 19(c)). Similar lithologies
to those drilled during Expedition 352 are exposed in
the Boso Peninsula (Ogawa et al., 1985). The Boso
Peninsula was established by around 15 Ma (Figure 19
(b)). During the mid-to-late Miocene (15–6 Ma), the
triple junction area (Kanto syntaxis) experienced clock-
wise rotation of >90° (Figure 19(c)). About half of the
rotation is interpreted to relate to the opening of the
Japan Sea and the remainder (mainly late Miocene) to
collision of the Izu–Bonin arc (Takahashi and Saito
1997).

During Pliocene–Pleistocene time, the NW–SE trend-
ing segment of the Pacific active margin in the Boso
and Miura Peninsula areas experienced near-orthogonal
convergence. This was associated with thrusting, accre-
tion, trench-forearc sedimentation, exhumation of felsic
mid-crustal rocks (mostly tonalite), coupled with related
local tectonic rotations (Figure 19(c)). The overall

driving force was attempted subduction of the Izu–
Bonin arc system during Plio-Pleistocene-to-Recent
(Ogawa et al. 1985; Koyama and Kitazato 1988; Soh
et al. 1998; Yamamoto and Kawakami 2005;
Yamamoto et al. 2007; Ogawa et al. 2008). The Izu–
Bonin–Mariana arc indented the pre-existing active
margin of the Eurasian plate, which would be expect
to result in right-lateral (tectonic escape) structures
along the northwest margin of the indentor (Koyama
and Kitazato 1988; Figure 19(c)). Field evidence indi-
cates that right-lateral strike-slip/transpression, exem-
plified by Riedel shear fabrics, did indeed dominate
the Miocene-recent structural development of pre-
existing accretionary melange (Mineoka melange)
(Ogawa and Takahashi 2004; Mori and Ogawa 2005;
Mori et al. 2011).

In an alternative plate-kinematic model, the Izu–
Bonin arc collided with central Honshu during the
Pliocene (Ali and Moss 1999), specifically 2–5 Ma
(Mahony et al. 2011). If correct, the Pliocene-recent
indentation could relate to orthogonal northward colli-
sion, as in the ‘anchored slab model’ (Figure 18).
However, geological evidence indicates that Honshu
and the IBM amalgamated during the Miocene. The
Eurasian plate active margin including older accretion-
ary mélange (Mineoka mélange) and forearc basin sedi-
ments (Shimanto Group) was covered by
heterogeneous clastic sediments (Sakuma Group)

Figure 19. Simplified plate tectonic sketch showing the amalgamation of the Izu–Bonin arc with the active continental margin of
Honshu (Japan). Reconstruction of the Eurasian, Pacific, and Philippine plate boundary is mainly based on Hall et al. (1995),
Takahashi and Saito (l997), Kawate and Arima (1998), Hall (2002), and Yamazaki et al. (2010). The Mineoka plate as shown in (a) is
based on Mori et al. (2011). The Izu–Bonin arc amalgamated with Honshu by 20 Ma and underwest northeastward translation later
during the Miocene (c. 15 Ma) and later indentation. Honshu-derived felsic tuff reached the Expedition 352 sites from c. 15 Ma.
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during the mid-Miocene (c. 15 Ma), as indicated by the
presence of the large foraminifer, Lepidocyclina sp.
(Mori and Ogawa 2005; Ogawa and Sashida 2005;
Ogawa et al. 2008). Basic tuffaceous rocks that are
interpreted to have been derived from the Izu–Bonin
arc first appear in the Honshu forearc basin in the Boso
Peninsula (Amatsu Formation) during the early late
Miocene (13–12 Ma) (Takahashi and Saito 1997, 1999).
Some palaeomagnetic data for mid-Miocene time sug-
gest that amalgamation of the Izu–Bonin arc with
Honshu began before 15 million years (Hoshi and
Sano 2013).

The three alternative tectonic reconstructions of the
Oligocene–Miocene tectonic-volcanic development of
the Izu–Bonin arc (Figure 18) can also be tested by
the evidence from Honshu, with implications for regio-
nal sedimentation. In the ‘retreating slab’ model (Seno
and Maruyama 1984; Hall et al. 1995; Hall 2002; Sdrolias
et al. 2004; Figure 18; Yamazaki et al. 2010), the Izu–
Bonin arc impinged on the Japanese active continental
margin (Eurasian plate) at a low angle favouring strike-
slip/transpression. In the ‘anchored slab’ model
(Matsuda 1978; Seno and Maruyama 1984; Ishizuka
et al. 2011a, 2013; Xu et al. 2014; Zahirovic et al.
2014), the initial collision with Honshu took place at a
high angle, resulting in near-orthogonal collision/accre-
tion. In the ‘tomographic model’ (Whittaker et al. 2007;
Wu et al. 2016), both the Pacific Plate and the Philippine
Sea Plate underwent orthogonal subduction beneath
the Eurasian Plate from 50 Ma to recent. In a variant
(Wu et al. 2016), the Philippine Sea Plate near southern
Japan subducted southeastwards at c. 20 Ma while a
remnant of the Pacific Plate subducted northwestwards.
This ‘double subduction’ culminated in near-orthogonal
accretion/collision prior to 10 Ma.

Prior to the collision of the Izu–Bonin arc with the
active margin of the Eurasian plate in Honshu, accre-
tionary melange developed related to subduction of
the Pacific Plate and/or the Philippine Sea Plate to
form the Shimanto accretionary prism (Taira et al.
1982, 1989; Taira 2001). The northward drift of the
Izu–Bonin arc is believed to have been associated with
isolation of a crustal sliver (Mineoka microplate)
between the Eurasian Plate, the Pacific Plate, and the
Izu–Bonin arc prior to, or during, early Miocene time
(Ogawa et al. l983; Mori et al. 2011; Figure 19(a)). The
inferred Mineoka microplate might have a counterpart
in a now-subducted (putative) North New-Guinea Plate
(Ogawa et al. 1985). The Mineoka microplate is mostly
harzburgitic serpentinite mélange with blocks of lime-
stone, radiolarian chert, basalts of mid-ocean ridge,
island arc tholeiitic and within-plate types, plutonic

rocks (e.g. gabbro and tonalite of island arc affinity),
and some metamorphic rocks (Ogawa and Taniguchi
1989; Mori et al. 2011). The mélange blocks are dated
at c. 41 24 Ma (Hirano et al. 2003; Mori et al. 2011). The
mélange is restored as oceanic crust (Mineoka ophio-
lite) that accreted around mid-Miocene time (18–
15 Ma).

Both the ‘retreating trench’ model and the ‘tomo-
graphic’ model explain the juxtaposition of the Izu–
Bonin arc with Honshu during the Miocene, the former
implying strike-slip/transpression and the latter ortho-
gonal collision (Figure 18). Both models infer collision of
the Izu–Bonin arc by c. 20 Ma (early Miocene), consider-
ably earlier than the first sedimentary evidence of jux-
taposition (c. 15 Ma). However, a hiatus could exist
between the collision and the initial cover deposition.
In the ‘retreating plate’ model, the Izu–Bonin arc
approached southernmost Honshu several million
years before reaching the Bozo Peninsula area (near
Tokyo) where the sedimentary age evidence comes
from.

Summary of tectonic development

The ‘retreating trench’ model is consistent with most
of the regional geological and geophysical evidence
(Figure 20). In this scenario, after genesis of the IBM
forearc at c. 50 Ma and formation of the early IBM arc
and the West Philippine Basin, the Shikoku Basin
rifted around 25–20 Ma (Ishizuka et al. 2011b), fol-
lowed by amalgamation with southern Honshu
around 20 Ma. The geological evidence from Honshu
is compatible with oblique subduction/collision of the
Izu–Bonin crust during the Miocene, followed by near-
orthogonal subduction/collision during Pliocene–
Pleistocene. Izu–Bonin arc volcanism paused during
backarc rifting as the Pacific plate retreated ocean-
ward, as documented by the absence of Izu–Bonin
arc-derived tephra from c. 26 to 15 Ma. After the
Izu–Bonin arc migrated northward and indented with
central Honshu (Bozo Peninsula), subduction of the
Philippine Sea plate reactivated the input of Honshu-
derived tephra beginning at c. 18 Ma and becoming
abundant from c. 8 Ma, as documented from the
Expedition 352 cores. It thus took an additional c.
3 Ma for ash input to resume from the Honshu arc
compared to the Izu–Bonin arc after the c. 26–15 Ma
switch off. The later resumption of ash input from
Honshu may reflect the time needed for the Izu–
Bonin arc to move sufficiently northward for subduc-
tion to resume.
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Conclusions

(1) The four Expedition 352 drill sites, two on the
upper slope (Sites U1439 and U1442) and two
on the lower slope (Sites U1440 and U1441),
document the sedimentary, tectonic, magmatic,
and palaeoceanographic development of the
Izu–Bonin forearc from Eocene–Recent time,
including its amalgamation with southern
Japan (Honshu).

(2) Early Eocene (c. 51–52 Ma) supra-subduction
spreading of the igneous basement was fol-
lowed by an up to c. 15 Ma hiatus. Seafloor
erosion and reworking locally produced basaltic
talus (c. 80 m thick) on the lower forearc slope,
as supported by palaeomagnetic evidence.

(3) Based on sediment chemistry, basal iron-rich
metalliferous oxide-deposits at several sites
represent a mixture of distal hydrothermal pre-
cipitates and Pacific hemipelagic sediment that

Figure 20. Preferred Oligocene–Pliocene development of Izu–Bonin arc, based on the ‘retreating slab’ model (see Figure 18(a); Hall
2002). Note the locations of the Expedition 350, 351, and 352 drilling areas (different density stars). Inferred sources of the
tuffaceous sediments in the Izu–Bonin oceanic arc and the Honshu continental margin.
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accumulated over an extended time interval,
consistent with the biostratigraphically deter-
mined hiatus.

(4) During the Oligocene (c. 34–23 Ma), pelagic
carbonate accumulated above the CCD, with
copious input of volcanic ash of largely felsic
composition, mainly derived from the Izu–
Bonin arc.

(5) Early Miocene–early Pliocene (c. 23–4 Ma) was
dominated by carbonate-poor hemipelagic clay
and mud deposition near or beneath the CCD,
together with hydrogenous metal enrichment
(but with considerable variation after 15 Ma).
The low-carbonate relates to the global carbo-
nate ‘crash’ (23–20 Ma), coupled with forearc
subsidence during rifting of the backarc
Shikoku Basin (25–20 Ma).

(6) The early Miocene (c. 23–18 Ma) was virtually
free of tuffaceous input, as indicated by chemi-
cal and sediment magnetic property data.

(7) Mid-Miocene to mid-Pliocene (c. 15–4 Ma)
tephras were mainly derived from the Izu–
Bonin arc. Tephras of mid-Pliocene to
Pleistocene age came from both the Izu–Bonin
arc and from the Japanese continental margin
arc (Honshu) based on the tephra chemical
evidence.

(8) Loess contributed to the hemipelagic sediments
throughout the entire sedimentary history,
especially from the early Miocene onwards (c.
23 Ma) after collision with Honshu.

(9) The hemipelagic sediments became increas-
ingly calcareous during mid-Miocene to early-
Pliocene (c. 16–4 Ma) related to global increase
in carbonate production. The lowered CCD
allowed nannofossil ooze to accumulate on
the upper slope sites whereas low-carbonate
accumulation persisted on the lower slope sites.

(10) Productive nannofossil chalk accumulated at
the upper slope sites during the later Pliocene
and Pleistocene (<4 Ma), while near or sub-CCD
accumulation continued at the lower slope
sites.

(11) Extensional faulting created outer forearc small
basins and was active in generating large
volumes of basaltic talus by mass wasting and
debris-flow processes during Oligocene–
Pliocene(?). Hemipelagic and pelagic sedimen-
tation accumulated on a fault-influenced topo-
graphic high between two fault-bounded
basins.

(12) Compositionally different tuffaceous sediment
accumulated at the upper slope versus the

lower slope sites. The upper slope sites received
turbiditic input from the Izu–Bonin arc, whereas
the topographically isolated lower slope sites
preferentially accumulated distal continental
margin fallout (continental margin arc tephra,
loess, and pelagic sediment).

(13) Sediment chemistry and magnetic data suggest
that Izu–Bonin arc volcanism switched off during
opening of the Shikoku backarc basin.

(14) Amalgamation of the Izu–Bonin arc with Japan
during the Miocene (c. prior to c. 15 Ma) and its
later northward translation and indentation
(Plio-Pleistocene) allowed Honshu-derived
tephra to reach the Izu–Bonin forearc after c.
15 Ma. The Izu–Bonin arc reactivated allowing
resumed input of tephra to the Izu–Bonin outer
forearc (15 Ma–Recent).

(15) The Izu–Bonin outer forearc sedimentation his-
tory combined with evidence from Honshu is
most consistent with the ‘retreating slab’ model
for the Oligocene–Miocene tectonic–magmatic
development of the IBM arc.
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