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ABSTRACT

International Ocean Discovery Program (IODP) Expedition 351 drilled a 
rear-arc sedimentary succession ~50 km west of the Kyushu-Palau Ridge, an 
arc remnant formed by rifting during formation of the Shikoku Basin and the 
Izu-Bonin-Mariana arc. The ~1-km-thick Eocene to Oligocene deep-marine vol-
caniclastic succession recovered at Site U1438 provides a unique opportunity 
to study a nearly complete record of intra-oceanic arc development, from a 
rear-arc perspective on crust created during subduction initiation rather than 
supra-subduction seafloor spreading. Detailed facies analysis and definition 
of depositional units allow for broader stratigraphic analysis and definition of 
lobe elements. Patterns in gravity-flow deposit types and subunits appear to 
define a series of stacked lobe systems that accumulated in a rear-arc basin. The 
lobe subdivisions, in many cases, are a combination of a turbidite-dominated 
subunit and an overlying debris-flow subunit. Debris flow–rich lobe-channel 
sequences are grouped into four, 1.6–2 m.y. episodes, each roughly the age 
range of an arc volcano. Three of the episodes contain overlapping lobe facies 
that may have resulted from minor channel switching or input from a different 
source. The progressive up-section coarsening of episodes and the increasing 
channel-facies thicknesses within each episode suggest progressively prograd-
ing facies from a maturing magmatic arc. Submarine geomorphology of the 
modern Mariana arc and West Mariana Ridge provide present-day examples 
that can be used to interpret the morphology and evolution of the channel (or 
channels) that fed sediment to Site U1438, forming the sequences interpreted 
as depositional lobes. The abrupt change from very thick and massive debris 
flows to fine-grained turbidites at the unit III to unit II boundary reflects arc 
rifting and progressive waning of turbidity current and ash inputs. This inter-
pretation is consistent with the geochemical record from melt inclusions and 
detrital zircons. Thus, Site U1438 provides a unique record of the life span of 
an intra-oceanic arc, from inception through maturation to its demise by intra-
arc rifting and stranding of the remnant arc ridge.

 ■ INTRODUCTION

The Izu-Bonin-Mariana arc system (Fig. 1) is perhaps the “type” intra- oceanic 
system, partly as a result of extensive Deep Sea Drilling Project (DSDP) and 
Ocean Drilling Program (ODP) drilling/coring that addressed major subduction- 
related processes, such as the origin and nature of backarc and forearc basins. 
Poor recovery on DSDP legs in the Mariana transect was followed by better 
recovery on ODP Leg 126, which provided excellent information on the nature 
of the Sumisu Rift and forearc basin fill, including its largely marine resedi-
mented nature, as summarized in Marsaglia (1995). A major result of this series 
of ODP cruises was the realization that the magmatic history of the arc lay in 
the fragmented, volcaniclastic sedimentary records of forearc, intra-arc, and 
backarc basins as reflected in both geochemical (e.g., Gill et al., 1994; Straub 
et al., 2015) and petrographic (e.g., Marsaglia, 1992; Marsaglia and Devaney, 
1995) data sets. These data sets complement field-based studies of accreted 
oceanic and continental margin arcs (e.g., Busby, 2004; Busby et al., 2006; Bus-
by-Spera, 1985, 1988; Clift et al., 2005) and were used to interpret these terranes 
(e.g., Critelli et al., 2002; Marsaglia et al., 2016; Wombacher and Münker, 2000).

International Ocean Discovery Program (IODP) Expedition 351 drilling was 
designed to answer questions about the fundamental plate-tectonic processes 
of convergent margin initiation and crustal development in intra-oceanic set-
tings by drilling at IODP Site U1438 in the 4.7-km-deep Amami Sankaku Basin 
located west of the Kyushu-Palau Ridge remnant arc (Fig. 1). Site U1438 pro-
vides a remarkable Eocene to Oligocene deep-marine sedimentary record of 
inception of the Izu-Bonin-Mariana arc and later modification by arc rifting. 
Continuous coring and nearly continuous recovery of a clastic section at this 
site allowed for detailed sedimentological analysis at the centimeter to kilo-
meter scale (Johnson et al., 2017) and modeling of the timing and nature of 
input of volcaniclastic components into the basin (Barth et al., 2017; Brandl et 
al., 2017; Hamada et al., 2020) during the main phase of arc development in 
the late Eocene to early Oligocene. Prior drilling of the Izu-Bonin forearc only 
cored the equivalent Oligocene sedimentary record (Taylor et al., 1990). This 
paper relates the depositional record and stratigraphic architecture at this 
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site to melt evolution and crustal processes at a level of detail not attained 
in previous studies of intra-oceanic volcanic-arc successions (e.g., Busby et 
al., 2006; Clift and Lee, 1998; Clift et al., 2000, 2005; Hiscott and Gill, 1992). 
Our study uniquely combines detailed facies analysis with melt inclusion 
and detrital zircon analyses to illustrate the life span of a nascent marine arc 
system, including controls on the broad-scale distribution and depositional 
processes of volcaniclastic sediments.

 ■ GEOLOGIC SETTING

Site U1438 in the Amami Sankaku Basin lies west of the Kyushu-Palau Ridge, 
a remnant of the initial Izu-Bonin-Mariana arc formed following initiation of 
subduction, and isolated from the modern Izu-Bonin-Mariana arc at ca. 25 Ma 
(e.g., Ishizuka et al., 2011) by arc rifting and backarc spreading that formed the 
Shikoku and Parece Vela basins (Figs. 1 and 2). The 1.61-km-thick stratigraphic 
section at Site U1438 records the history of magmatic arc initiation and evolu-
tion from a rear-arc perspective (Arculus et al., 2015a, 2015b; Barth et al., 2017; 
Brandl et al., 2017; Hamada et al., 2020). We use the term “rear arc” instead 
of backarc for the Amami Sankaku Basin because its mafic crust did not form 
behind a mature arc in response to suprasubduction seafloor spreading but 
was created during the process of subduction initiation (Arculus et al., 2015a, 
2015b). The Holocene to Eocene stratigraphy at Site U1438 was subdivided 
into five lithostratigraphic units (Fig. 3): Four sedimentary units (1.46 km with 
76% recovery) overlying the mafic igneous basement formed soon after sub-
duction initiation (Arculus et al., 2015b; Ishizuka et al., 2018). Sedimentary unit 
I is composed of postarc hemipelagic mud with minor ash beds, whereas units 
II and III are dominated by coarser (sand-gravel) marine volcaniclastic units, 
and unit IV is mixed hemipelagic and volcaniclastic sediments. The basaltic 
basement (unit 1) represents new oceanic crust formed by seafloor spread-
ing during Izu-Bonin-Mariana arc initiation (Fig. 2; Hickey-Vargas et al., 2018; 
Ishizuka et al., 2018; Yogodzinski et al., 2018). The ~100 m interval of unit IV is 
thought to represent a metalliferous and hemipelagic drape over this basement, 
with tuffaceous laminae and coarser volcaniclastic sediments derived from 
local magmatism that waned prior to input from the nascent magmatic arc 
and accumulation of unit III prior to arc rifting and deposition of unit II (Fig. 3; 
Arculus et al., 2015a, 2015b; Waldman et al., 2021).

Seismic data show a wedge of presumed volcaniclastic sediment tapering 
away from the Kyushu-Palau Ridge to Site U1438 (Arculus et al., 2015a). The 
top of unit III is rather well defined as a bright reflector on both the east-west 
and north-south seismic lines centered on U1438 (see Supplemental Material1; 
Figs. S1, S2, and S3). The top of unit III can be traced over more than 40 km 
in either direction and is clearly a regional feature. However, reflectors within 
unit III are difficult to follow for more than 10 km, although there are several 
horizontal reflectors that diminish in strength with depth. About 10 km south of 
U1438, the reflectors become incoherent within unit III, although the top of unit III 
remains clear (Fig. S2). There are generally about one or two horizontal reflectors 

within the middepth range of unit III, and these can be traced over ~10 km, but 
no further. The base of unit III is poorly defined, and unit IV and the boundary 
between unit IV and unit 1 are not well constrained with the seismic images 
because of multiple reflectors occurring within the unit III to unit 1 depth range.

Sediment ages listed in Figure 3 are based on biostratigraphic and 
magnetostratigraphic datums reported in Arculus et al. (2015a), with some 
extrapolation in the Eocene part of unit III (>800 m below seafloor [mbsf], 
older than 34 Ma). This model was supported by zircon maximum depositional 
age (MDA) increasing from 29 to 37 Ma from 350 to 1000 mbsf (Barth et al., 
2017) and by a new 39–47 Ma age model for unit IV (Waldman et al., 2021). 
Sediment accumulation rates decreased from ~120 m/m.y. in units II and III 
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Figure 1. Bathymetric maps of the Philippine Sea region. The location of International 
Ocean Discovery Program (IODP) Site U1438 within the Amami Sankaku Basin is marked 
by a star. Arrow points to the location of the bathymetric image of the West Mariana 
Ridge segment pictured in Figure 3B.
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Figure 2. (A–E) Series of cartoon diagrams modi-
fied from Waldman et al. (2021) to include middle 
and upper sections of unit III at Site U1438 and 
further evolution of the Kyushu- Palau Ridge arc 
to the east. They summarize sedimentological 
and facies observations and interpretations 
above the basalt flows of igneous unit 1, starting 
with lithostratigraphic unit IV and progressing 
up through unit III. Vertical and horizontal scales 
have been modified. In E, deep-ocean drilling is 
depicted by the drill ships at International Ocean 
Discovery Program (IODP) Site U1438 and Ocean 
Drilling Program (ODP) Site 793. The dashed pro-
files over volcanoes show potential maximum 
size variation of volcanic edifices in A, B, and C. 
(A) Basalt flows formed during early spreading 
and magmatism (unit 1) and overlying ca. 47 Ma 
mudstones (subunit IVC) form the foundation 
upon which a volcanic center developed with a 
volcanic apron built of shallow water–derived 
volcaniclastic turbidites (subunit IVB) intruded 
by magma (see Arculus et al., 2015b; Waldman 
et al., 2020). (B) Local volcanic quiescence and 
first potential input of ash to the rear-arc mud-
stone (subunit IVA), heralding the development 
of the Kyushu-Palau Ridge (KPR) magmatic arc 
to the east. (C) Further arc edifice develop-
ment and input of arc-derived gravity flows to 
the drill site with calc-alkalic volcanic compo-
nents transitioning from high-Mg to tholeiitic 
in composition (basal unit III). (D) Development 
of a wedge of more tholeiitic volcaniclastic 
sediment extending from the maturing Kyushu- 
Palau Ridge westward into the rear arc (middle 
unit III). (E) Extension and uplift (large green 
arrows) of Kyushu-Palau Ridge produce coarse 
clastic material, which is shed simultaneously 
into the rear arc (Site U1438) and into an ex-
tensional (small green arrows) forearc basin 
floored by basalt (Site 793). Extension-related 
silicic magmatism and likely caldera formation 
along the arc are accompanied by develop-
ment of rear-arc volcanic centers, which also 
feed clasts to the rear-arc wedge. Extension ul-
timately progresses to rifting (unit II tuffaceous 
deposits at Site U1438) and seafloor spreading, 
forming the Shikoku Basin (Fig. 1).
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(Eocene to Oligocene) to ~5 m/m.y. in unit I (Miocene to Holocene) after arc 
rifting progressed to seafloor spreading in the Shikoku Basin.

Unit III at Site U1438 thus records the development of a segment (central 
Kyushu-Palau Ridge) of the submarine Izu-Bonin-Mariana arc (e.g., Brandl et 
al., 2017; Fig. 2). In this study, we summarized the nature of the coarse volca-
niclastic marine depositional units, interpreted their depositional processes, 
and identified trends and recognized subunits. The nature and sequence of 
subunits allowed us to create a model for distal deep-marine rear-arc basin 
sedimentation that was then integrated with geochemical data from igneous 
detritus. This model can be applied to other intra-oceanic backarc/rear-arc suc-
cessions, such as those recovered at Ocean Drilling Program (ODP) Site 1201 
(Shipboard Scientific Party, 2002) and perhaps to more proximal arc facies, such 
as those that crop out in Baja California (Busby et al., 2006; Critelli et al., 2002).

 ■ METHODS

Grain size, sedimentary structures, bioturbation, bedding characteristics, 
facies, and depositional unit classification data are reported for each core in 
Johnson et al. (2017) (Fig. 3). Sedimentary facies were classified using the 
scheme outlined in Pickering et al. (1986) and Pickering and Hiscott (2015): A 
(gravel), B (sand), C (sand/mud couplet), D (silt), and E (clay), with further group 
subdivision and indication of degree of organization. Depositional unit types 
associated with gravity flows (e.g., turbidite, sandy/muddy debris flow) were 
also identified. Some more massive, fine-grained (tuffaceous mudstone) beds 
with sharp contacts showed no apparent internal grading or scoured bases. 
These were considered to be of pyroclastic origin and classified as tuff according 
to criteria set forth by shipboard scientists, whose analysis included smear-
slide and thin-section observations of dominantly vitric components in unit III 
examples (see discussion in Arculus et al., 2015a). Turbidite subdivisions were 
designated using subdivisions of Lowe (1982; coarse grained), Bouma (1962; 
medium grained), and Stow and Shanmugam (1980; fine grained). Other cate-
gories were devised for debris flow, mud/mudstone, and tuff/lapillistone units. 
These data, presented in Johnson et al. (2017), were interpreted here using the 
pattern of lobe depositional unit types and proportions to interpret arc evolution.

First, 100-m-scale stratigraphic summaries were constructed by graphically 
illustrating changes in gravity-flow depositional unit type: fine-grained turbid-
ites (no Bouma Ta or Tb divisions present), medium-grained turbidites (Bouma 
Tb division present but no Ta division), coarse-grained turbidites (Bouma Ta 
and/or any Lowe divisions present), and debrites (debris-flow deposits). Each 
depositional unit was assigned a specific grayscale color, where progressively 
darker gray indicated coarser-grained depositional unit types. Patterns within 
the stratigraphic columns and the depositional unit distribution were correlated 
to submarine channel and lobe facies described by Mutti and Normark (1987) 
and fan models as summarized by Covault (2011). Twelve potential lobe systems 
were identified, based on lobe and channel facies criteria introduced by Mutti 
and Normark (1987). The base of each lobe system was defined as an interval of 

mud-rich lobe-fringe or distal lobe facies. Distal facies are generally overlain by 
intermediate to proximal lobe-axis facies, which are defined by increasing propor-
tion of interbedded debrites. Channel facies are debrite-dominated features and 
contain a fining-upward top. These definitions are consistent with more recent 
2- to 3-dimensional outcrop- and seismic-based studies of lobe systems and 
complexes (e.g., Prélat et al., 2009; Pyles et al., 2019; Sweet et al., 2020), which 
further develop the architectural hierarchy from the bed to the lobe to the lobe 
system scale within a lobe complex. Within such lobe systems and complexes, 
lobes may stack vertically or laterally migrate (autocyclic switching) and overlap, 
constructing thick fan successions (see previously cited publications for details).

Petrographic thin sections were created from 166 samples from unit III. Prior 
to thin-section preparation, billets were first impregnated with blue epoxy for 
porosity recognition. Thin sections were reviewed for general composition and 
texture. Selected thin sections were stained to aid with determination of feldspar 
and zeolite mineralogy using the techniques of Marsaglia and Tazaki (1992) and 
then point-counted for primary grain types, authigenic phases, and porosity.

 ■ RESULTS

Facies, Depositional Units, and Lobes

This work builds on the preliminary results presented in Johnson et al. 
(2017), which we first briefly summarize here. Downhole distributions of grain 
sizes, facies classes, and depositional unit types are displayed in Figure 3, 
where percentages are shown in histogram fashion with each bar representing 
one core (~9.5 m interval). The patterns of facies classes are roughly affiliated 
with certain grain sizes, and therefore these two attributes exhibit very simi-
lar downhole patterns. Generally, turbidites correlate with mudstone (facies 
class E), siltstone (facies class D), and sandstone (facies classes B and C), and 
debrites correlate with gravelly sandstone (facies class A1.4) and conglom-
erate (facies class A1.1). There are some exceptions to this correlation. For 
example, debrites may also contain facies class B sandstone in fine-grained 
intervals. Patterns in the distribution of depositional unit types were used to 
separate unit III into 12 subunits (Johnson et al., 2017). These subunits gen-
erally alternate between debrite-poor and debrite-rich intervals. The overall 
percentages of each bed type in unit III are as follows: ~57% turbidites (fine- 
and medium-grained), ~31% debrites, ~3% coarse-grained turbidites, ~2% tuff/
lapillistone, and ~1% structureless mud deposits.

If we interpret these beds to be gravity-flow deposits supplied by subma-
rine channels emanating from the arc axis 50 km to the east (Kyushu-Palau 
Ridge [KPR], remnant arc; Fig. 1), we can interpret the succession using depo-
sitional lobe models developed for submarine channel-fan complexes, which 
would form the seismically defined wedge of presumed volcanogenic materials 
that extends from the Kyushu-Palau Ridge to the drill site. Given our limited 
1-dimensional view from a single drill site, we chose to simplify our model 
(Fig. 4A), where the facies are defined as: channel, transitional channel- lobe, 
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Figure 4. (A) Schematic diagram model for chan-
nel-feeder system (red) and depositional lobes 
extending from the Kyushu- Palau Ridge into the 
rear arc. Center shows a schematic model for the 
distribution of lobe facies based on descriptions 
by Mutti and Normark (1987) with possible lobe 
switching depicted. Letters are Pickering and 
Hiscott (1986) facies classes affiliated with each 
lobe facies. An alternate lobe configuration is 
pictured on the left, and mass-flow deformation 
is pictured on the right. (B) Bathymetric image 
of the West Mariana Ridge created in October 
2020 with GeomapApp from data provided 
by Scripps Institution of Oceanography (SIO), 
National Oceanic and Atmospheric Administra-
tion (NOAA), U.S. Navy, Global Multi-Resolution 
Topography in GeoMapApp, and General Bathy-
metric Chart of the Oceans (GEBCO). Also see 
Ryan et al., 2009.
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proximal lobe, intermediate lobe, or distal lobe (lobe-fringe). Individual debrite 
and turbidite beds stack to form a lobe, and lobes stack vertically or offset to 
form a lobe system (Fig. 4A). The hemipelagic mud and fine-grained turbidite 
deposits are stratigraphically significant in that they were used to subdivide 
the succession into lobe systems starting at the base of unit III.

Lobe system 1 (Fig. 5) spans from subunit III-L to III-I and is 184 m thick. Sub-
unit III-L is distinguished by its very thin, fine-, medium-, and coarse-grained 
turbidites and muddy beds. The turbidites are classified as lobe-fringe deposits, 
and the muddy deposits are classified as hemipelagites. Tuff bed proportion 
increases through subunit K starting in core U1438E-50R (~1310 mbsf), where 
tuff is 17% of the core, and dissipates above core U1438E-47R (~1285 mbsf), 
where tuff is 100% of the core. These tuff beds are separated by disturbed fine- 
and medium-grained turbidites, thicker than those in subunit III-L. Throughout 
the system, depositional unit thicknesses and grain sizes gradually increase 
in a coarsening-upward succession that transitions to proximal lobe deposits 
at the top of subunit III-J.

The 15.5-m-thick lobe system 2 (Fig. 6) begins within subunit III-I and is 
the second-thinnest lobe of unit III. The sequence begins in core U1438E-36R 
(~1180 mbsf) with intermediate lobe deposits capping the coarse transitional 
facies that top lobe system 1. A transition from fine-grained turbidites to coarse-
grained turbidites to debrites spans the top half of core U1438E-36R and the 
bottom half of core U1438E-35R (~1175 mbsf) before a sharp drop in grain size 
occurs at the top of the lobe.

At 76 m thick, lobe system 3 (Fig. 6) spans from core U1438E-35R to core 
U1438E-27R (~1090 mbsf). There is a 7 m buildup from distal lobe facies to 
transitional facies extending through the top ~60 m of the system where chan-
nel facies occur. Within the transitional facies, two intervals of proximal lobe 
facies occur.

Lobe system 4 (Fig. 6) spans 57 m from core U1438E-27R to the top of 
subunit III-I in core U1438E-20R (~1025 mbsf). The sequence transitions into 
intermediate and proximal lobe deposits. Distal facies transition to channel 
deposits until core U1438E-22R (~1045 mbsf), above which channel deposits 
dominate.

Lobe system 5 (Fig. 7) begins at the base of fine-grained turbidite-rich sub-
unit III-H, which is made up completely of lobe-fringe facies. The top of the 
subunit, core U1438E-16R (~985 mbsf), contains intermediate lobe facies that 
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facies outlined in Figure 3: distal lobe (D.L.), intermediate lobe (I.L.), proximal lobe (P.L.), 
channel-lobe transition (Trans.), and channel (Ch.) facies, where distal lobe facies are 
narrow intervals, and the widest portions of the column are channel facies. Subunits are 
labeled within column; mbsf—meters below seafloor. cl—clay, si—silt, vfs—very fine sand, 
fs—fine sand, ms—medium sand, cs—coarse sand, vcs—very coarse sand, gr—gravel. See 
Supplemental Material for core summary column details (text footnote 1).

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/4/957/5362304/957.pdf
by guest
on 19 August 2021

http://geosphere.gsapubs.org


964Johnson et al. | Rear-arc succession, International Ocean Discovery Program (IODP) Site U1438GEOSPHERE | Volume 17 | Number 4

Research Paper

I
I

D
Ch

an
ne

l
D 

IP
P

P
P

T
T

C
C

Tr
an

s
Tr

an
s

1000

mbsf

1100

1200

Lobe System 2, 3, and 4

Lo
be

 S
ys

te
m

 4
Lo

be
 S

ys
te

m
 3

LS
 2

D.L. I.L. P.L. Trans Ch

cl si vf
s fs m
s cs vc
s gr

cl si vf
s fs m
s cs vc
s

cl si vf
s fs m
s cs vc
s gr

U
14

38
E

-3
1R

U
14

38
E

-2
2R

U
14

38
E

-2
6R

U
14

38
E

-3
6R

Turbidites Containing Ta
Medium-Grained Turbidites without Ta
Fine-Grained Turbidites (Tc-Te)

Tuff or Hemipelagic Mud
Debrites

Depositional Units

III-H
III-I

cl si vf
s fs m
s cs vc
s

Figure 6. Details of lobe systems (LS) 2–4, which 
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episode. The darker colors correspond with in-
tervals of coarser material, where debrites are 
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gray. White intervals are tephra or hemipelagic 
mud. Width of the column in this visualization 
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(Trans or T), and channel (Ch or C) facies, where 
distal lobe facies are narrow intervals, and the 
widest portions of the column are channel facies. 
Subunits are labeled within column; mbsf—me-
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See Supplemental Material for core summary 
column details (text footnote 1).
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See Supplemental Material for core summary 
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grade upward into proximal, transitional, and then finally channel facies in 
core U1438E-12R (~950 mbsf). The top of core U1438E-12R, however, contains 
proximal lobe facies that coarsen upward into channel deposits. This occurs 
again in core U1438E-9R (~920 mbsf), grading from proximal to transitional 
facies as the 124-m-thick lobe system terminates.

The 13.4-m-thick lobe system 6 (Fig. 7) is the thinnest of all identified sys-
tems deposited at Site U1438. Between cores U1438E-8R (~910 mbsf) and 
U1438E-7R (~900 mbsf), facies transition from distal lobe to channel. The lobe 
is roughly defined using grain size within a highly disturbed zone (drilling and/
or soft-sediment deformation) at the Hole E/Hole D overlap zone between core 
U1438D-72R (~890 mbsf) and core U1438E-7R (~900 mbsf).

Lobe system 7 (Fig. 7) begins in a highly disturbed zone from the top of 
core U1438D-72R (~890 mbsf) to the top of core U1438D-70R (~870 mbsf), at 
the bottom of drilled Hole D, with a total thickness of ~20.7 m. The disturbed 
sediment appears to be fine grained, so it is assumed to be the distal facies of 
a lobe system and separate from the coarse material of lobe system 6 directly 
below. Overlying the disturbed sediment are proximal lobe and channel-lobe 
transition facies that fine upward into the overlying lobe system 8. Shipboard 
scientists (Arculus et al., 2015a) interpreted the disrupted zone as a product of 
normal faulting, so there may be missing section in this interval.

A thick sequence of very thinly bedded turbidites makes up the majority 
of lobe system 8 (Fig. 8), which has a thickness of 33.8 m. An increasing con-
tent of interbedded coarse-grained intervals constitutes a coarsening-upward 
transition of lobe facies. The thin-bedded intervals continue into channel-lobe 
transitional facies at the top of the sequence and then fine upward into the 
overlying lobe system 9.

Lobe system 9 (Fig. 8) spans from subunit III-F to III-E (86 m). Subunit III-F 
contains proximal to intermediate lobe deposits, where alternating medium- 
to coarse-grained turbidites and fine-grained turbidites form thin packages. 
Periodic thick (0.5–1 m) coarse turbidites are intermediate lobe facies. The 
overlying subunit III-E consists of channel-lobe transition facies. Above the 
subunit III-E to III-F boundary, facies transition upward to intermediate lobe 
facies, for a short interval and then coarsen upward to channel facies. Following 
a thin channel-facies interval, intermediate facies return before another facies 
sequence that terminates with channel-lobe transitional facies.

Lobe system 10 (Fig. 8) spans from subunit III-D to III-C (106 m thick). Sub-
unit III-D is made up of distal lobe-fringe facies that transition to intermediate 
lobe facies at the top. The bottom of subunit III-C continues the thick facies 
transition started in III-D. In cores U1438D-46R (~640 mbsf), U1438D-47R 
(~650 mbsf), and U1438D-48R (~660 mbsf), thick channel facies debrites mark 
the top of the lobe system.

Lobe system 11 (Fig. 8) is the second lobe that occurs within subunit III-C 
and is much thinner (39 m vs. 106 m). Above the thick debrites of lobe system 
10, distal, intermediate, and proximal lobe facies mark the base of lobe system 
11. In core U1438D-44R (~620 mbsf), debrites mark the introduction of channel 
facies that terminate in core U1438D-42R (~600 mbsf). A short fining-upward 
sequence leads into subunit III-B.

As the thickest (288 m) and most complex system deposited at Site 
U1438, lobe system 12 (Fig. 9) consists of subunits III-A and III-B. The base 
(subunit III-B) contains intermediate to distal lobe facies with alternating medi-
um-grained turbidites and disturbed fine-grained turbidites with few coarse 
turbidites and tuff beds. These pass upward into intermediate lobe facies 
and then to proximal lobe facies (core U1438D-34R, ~520 mbsf), and then 
channel facies beginning at core U1438D-33R. The top of core U1438D-33R 
(~510 mbsf) and the bottom of core U1438D-32R (~505 mbsf) contain thin 
and fine turbidites that lack Ta divisions, a characteristic of intermediate lobe 
facies. The top of core U1438D-32R contains proximal lobe facies that grade 
up into channel facies by core U1438D-31R (~495 mbsf). A thin interval of 
distal lobe facies (core U1438D-25R, ~435 mbsf) is abruptly overlain in core 
U1438D-24R (~425 mbsf) by thick debrites. Four meters of section were not 
recovered between core U1438D-25R and U1438D-24R, so the nature of the 
exact facies transition is unknown. Channelized debrites continue until core 
U1438D-16R (~350 mbsf), which contains thin turbidite and debrite interbeds. 
Core U1438D-16R displays a short transitional interval with channel facies 
debrites, overlain by an interval of thick debrites without turbidites. Given 
the massive debrites above and below the distal lobe facies, the sediment 
package was treated as one lobe system.

These lobe systems are summarized in Figure 10. This column shows the 
distribution of lobes and changes in their nature up through unit III.

Petrographic Data and Observations

Our petrographic observations are consistent with the shipboard core and 
thin-section descriptions of sandy to breccia/conglomeratic facies, showing 
that they are mostly clast supported and polymictic with clasts of pumice, a 
variety of volcanic rock fragments (lithic clasts), and rare scoria. In general, 
tuffaceous sandstone samples contain ~10%–20% crystals. Downhole, zeolite 
and clay mineral grain replacements and cements become pervasive. These 
are illustrated in Figure 11.

Point-count data for eight of the least-altered samples in the upper few 
hundred meters of unit III (320–494 mbsf) show them to contain mainly vol-
canic lithic fragments (average 69%), with lesser feldspar (average 24%) and 
mafic dense minerals (average 7%), as pictured in Figure 11. The proportions of 
vitric to microlitic to lathwork volcanic-lithic textures average 7:39:54, respec-
tively, and the proportions of glassy volcanic (Lvv, Lvml, Lvl) fragments with 
colorless (felsic composition), brown (intermediate to mafic composition), 
and black (mafic composition) groundmasses average 5:61:34, respectively 
(for discussions of glass color and composition, see Marsaglia, 1992, 1993). 
Although these samples were the “least altered,” they still contained, on aver-
age, 20% authigenic clay and 12% authigenic zeolites as pore-filling cements 
and grain replacements. Those authigenic phase percentages significantly 
increase with additional burial below 500 mbsf to a point where there is little 
left of the original glass and mineralogy. Alteration takes the form of direct 
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replacement of glass (devitrification) by clay minerals, or more often dis-
solution of glass and replacement by authigenic clay minerals and zeolites. 
Plagioclase feldspar and mafic dense minerals have also been dissolved and 
replaced. Luckily, this alteration process preserved the volcanic lithic inter-
nal texture (e.g., vitric, microlitic, and lathwork) and phenocryst attributes 
(cleavage, crystal shape, zoning) that allow for the broad classification of the 
sampled intervals (Fig. 11).

The best-preserved volcanic lithic fragments are those composed of black 
opaque-rich tachylitic glass (Fig. 11) produced during subaerial mafic magma-
tism (Fisher and Schmincke, 1984; Carey et al., 1998). Many samples classified 
as largely microcrystalline contained tachylitic fragments (e.g., point-counted 
samples above), but there were only four tachylite-rich samples (622, 348, 911, 
and 1019 mbsf). An additional concentration of palagonite-rich mafic volcani-
clastic samples was present from 631 to 679 mbsf (5 samples).

Approximately 11% of the samples (n = 19) exhibited rounded to subrounded 
grains (Fig. 11), and these were dominantly microcrystalline varieties (n = 17), 
with a few more vitric-rich varieties. They sporadically occurred throughout 
the sections down to 1000 mbsf (329, 331, 332, 348, 378, 590, 622, 631, 725, 
768, 781, 804, 826, 846, 854, 869, 883, 904, and 1000 mbsf). Notably, none was 

observed in unit III below 1000 mbsf. Other samples stood out because they 
contained carbonate bioclasts and/or debris (380, 388, and 610 mbsf); all three 
were from samples classified as “mixed.” Two vitric intervals contained largely 
blocky shards (824 and 1349 mbsf), and two “mixed” turbidites contained 
plutonic fragments (737 and 1083 mbsf).

All of the sand-bearing thin sections were reviewed and classified as to the 
proportion of purely vitric versus microcrystalline (microlitic/lathwork) volcanic 
components that they contained, comprising two end-member groups and a 
transitional group: 28 dominantly vitric, 100 dominantly microlitic/lathwork, 
and 17 with intermediate (vitric-microcrystalline) proportions. The remaining 
thin sections were from intervals too altered or too fine grained to verify com-
ponent morphologies; these were often classified as disrupted intervals, tuff, 
or fine-grained turbidites based on macroscopic attributes of the core. We 
found no correlation between bed type and volcanic sandstone componentry, 
with vitric and microcrystalline group samples coming from a broad range 
of turbidite and debrite bed types, and with a few vitric-dominated samples 
from beds classified as tuff. Each of the point-counted samples was classified 
as microcrystalline dominated prior to selection for counting, and they came 
from a wide variety of turbidite and debrite types.

Figure 10. Overview of the distribution of iden-
tified unit III channel-lobe systems and their 
correlated facies and subunits. The darker col-
ors correspond with intervals of coarser material, 
where debrites are black, and fine-grained tur-
bidites are the lightest gray. White intervals are 
tuff or hemipelagic mudstone. Width of column 
in this visualization corresponds to facies out-
lined in Johnson et al. (2017): distal lobe (D.L.), 
intermediate lobe (I.L.), proximal lobe (P.L.), 
channel-lobe transition (Trans.), and channel 
facies (Ch.), where distal lobe facies are narrow, 
and the widest portions of the column are chan-
nel facies; mbsf—meters below seafloor. Each 
lobe system is detailed further in Figures 5–9. 
Intervals marked in red are intervals where dip-
ping beds imply some structural deformation 
based on shipboard core description (Arculus 
et al., 2015a). The Site U1438 time scale based 
on Arculus et al. (2015a), Brandl et al. (2017), and 
Barth et al. (2017) is shown in the right side; 
M—Miocene.
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Integration of Depositional Unit Types and Melt Composition Data

Although vitric components are extremely altered in the matrix of unit 
III samples, melt inclusions within unaltered phenocrysts were key factors 
in interpreting the magmatic history of the arc (Fig. 12). Brandl et al. (2017) 
analyzed plagioclase- and clinopyroxene-hosted melt inclusions from the 
upper part of unit III (319–495 mbsf) and only clinopyroxene-hosted inclusions 
from samples below 500 mbsf, where feldspar alteration was more intense. 
Samples were targeted from intervals with the coarsest and least-altered 
crystal fractions. A review of the sedimentary facies classes and deposit types 
for the 47 samples from which melt inclusion data were obtained show the 

following distribution: disorganized gravel (n = 12); disorganized to graded 
pebbly sand (n = 28); and disorganized to parallel-stratified sand (n = 7). In 
terms of bed types, most were taken from gravel-rich debris flows (n = 23) 
or other gravel-bearing debris flows (n = 14). Fewer were taken from coarse-
grained turbidites (n = 4) and classic turbidites (n = 5). When compared to 
those in debris-flow units, melt inclusions in sandy turbidite facies were more 
likely to have higher (56–58 wt% SiO2) or lower (50 wt% SiO2) average silica 
contents, or a wider range of values as measured by their standard deviation 
(i.e., 3.9 and 6.6). These observations indicate that the compositions of sandy 
units are likely to integrate a wider and more diverse volcanic provenance 
region than coarser units.

A D

B E

C F

Figure 11. Photomicrographs (A–F) and core (G) images from Site 
U1438. Note that all microscope images (A–F) are under plane-po-
larized light, as they generally exhibit little birefringence when 
polars are crossed. All thin sections were impregnated with blue 
epoxy for porosity recognition (both primary and secondary) 
and stained for feldspar recognition. This resulted in light pink 
stain/etch of plagioclase feldspar and dark pink staining of Ca-
rich zeolite. Authigenic clay cements range from green to brown. 
(A) Sample U1438D-13R-4–24 (~320 m below seafloor [mbsf]): 
Sandstone composed of variably altered, subangular to rounded 
volcanic lithic fragments exhibiting microlitic to lathwork textures. 
Interparticle porosity (blue) is locally filled by red-stained Ca-ze-
olite on left. Brown to greenish coatings on grains are clay-rim 
cements. (B) Sample U1438D-16R-2–52 (~350 mbsf): Carbonate 
grain (replacement?) in upper center, and variably altered opaque-
rich volcanic grains, with microporous volcanic glass altered to 
clay and red-stained Ca-rich zeolite. (C) Sample U1438D-19R-CC-11 
(~380 mbsf): Plagioclase (?) dissolved and altered to light-red and 
dark-red-stained Ca-rich zeolites at top, lathwork volcanic lithic 
fragments with some unaltered plagioclase feldspar, and brown 
and green rim cements partly filling interparticle pore space (blue). 
Volcanic fragment on bottom is completely altered to clay minerals. 
(D) Sample U1438D-29R-5–104 (~475 mbsf): In the center, a cham-
bered foraminifer has been replaced by brown clay and partly filled 
by dark-red-stained Ca-rich zeolites. The porosity (blue) has likely 
been exaggerated by swelling clay shrinkage (desiccation) prior to 
thin-section preparation. This factor and the grain dissolution and 
pore-filling cements have made recognition of individual grains 
difficult. (E) Sample 792E-32R-3–81 (~1140 mbsf): The similarity 
of the alteration and pore-filling mineralogy (brown clay and red 
Ca-zeolite) in this sample masks original detrital volcaniclastic tex-
ture. Porosity (blue) is rare. (F) Sample 792E-54R-3–81 (~1352 mbsf): 
Pores (blue) in this highly altered volcanic sandstone are mostly 
secondary, resulting from the dissolution of plagioclase, and other 
volcanic grains, whereas interparticle porosity has been filled by 
authigenic Ca-rich zeolites (light-red and red), and clay mineral rims 
cements. The severe alteration of this sample makes identification 
of individual sand grain boundaries and types difficult but possible 
because of the textural differences among grains. (G) Core photo of 
medium-grained turbidite sequence in U1438E-34R-5 (~1164 mbsf). Note scales in centimeters on left of core image (96–146 cm). Gravity-flow elements marked on images are Bouma 
(1962) subdivisions Ta, Tb, Tc, Td, and Te (note that there is some complexity from 109 to 113 cm). Note that the sedimentary structure of this bed has been preserved despite alteration.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/4/957/5362304/957.pdf
by guest
on 19 August 2021

http://geosphere.gsapubs.org


971Johnson et al. | Rear-arc succession, International Ocean Discovery Program (IODP) Site U1438GEOSPHERE | Volume 17 | Number 4

Research Paper

As perhaps expected based on differences in the overall lithology, the 
thin sections collected to study the petrology of sandy intervals throughout 
unit III showed a different distribution with respect to bed (depositional unit) 
types when compared to the melt inclusion sample suite derived from coarser 
gravel facies. Most of the thin-section samples were taken from partial (n = 
57) to full (n = 17) classic (Bouma, 1962) turbidites, and fewer were taken from 
gravel-rich (>50%) debrites (n = 17) or graded (n = 13) to ungraded (n = 24) 
gravel-bearing debrites. Fewer still were taken from coarse-grained (Lowe, 
1982) turbidites (n = 4) or fine-grained turbidites (n = 7) or graded to ungraded 
tuff (n = 8). Some (n = 19) were from disrupted/brecciated intervals or intervals 
that could not be classified.

We looked for trends in the nature of the seven most silicic samples ana-
lyzed. Like most of the intervals sampled for petrological studies, they tended to 
come from the coarser debrite (debris flow with >50% gravel, where maximum 
grain size is gravel, and bed thickness is >100 cm) and turbidite (coarse-grained 
sandy turbidite with traction structures, where maximum grain size is gravel, 
and bed thickness is >100 cm) beds. We prepared thin sections and sampled for 
zircon analysis (U/Pb age and trace-element geochemistry) from some of these 
same beds (1438D-22R-6–17cm, 1438D-23R-1–0cm, and 1438E-18R-CC-9cm). 

Sample 1438D-26R contained no zircons, and 1438E-18R was a zircon-bearing 
sample. The thin sections generally showed alteration of vitric components, 
including highly vesicular pumice, with replacement and cementation by clay 
minerals and zeolites. Minor monocrystalline quartz crystals were also iden-
tified in these samples.

 ■ ACTUALISTIC MODEL FOR DEEP-MARINE REAR-ARC 
DEPOSITION AT SITE U1438

Interpretation of Individual Depositional Units

Studies of modern and ancient island-arc volcanoes outline several 
potential submarine deposit geometries and associated facies: (1) submarine 
volcanic apron (proximal to distal); (2) submarine fan (proximal to distal); 
(3) channel fill, potentially associated with 1 and 2; and (4) slump to debris 
flow, sheets/blankets that taper away from source (e.g., Carey and Sigurds-
son, 1984; Busby-Spera, 1985, 1988; Houghton and Landis, 1989; Ballance and 
Gregory, 1991; Draut and Clift, 2006; Kokelaar and Romagnoli, 1995; Gamberi, 
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Figure 12. Overview of the depositional episodes of unit III and geochemistry as recorded in major-element (A, B) and trace-element (C, D) compositions of melt inclusions (Brandl et 
al., 2017) and detrital zircons (Barth et al., 2017). Note the prevalence of (high-Mg) andesitic compositions (>57 wt% SiO2), low total alkali content (Na2O + K2O: volatile-free, normalized 
to 100 wt%), and low (i.e., depleted) trace-element ratios during episode 1 (arc emergence); island-arc tholeiitic compositions during episodes 2 and 3; and silicic (>57 wt% SiO2), high 
Th/U, and light rare earth element (LREE)–enriched compositions during episode 4, immediately prior to the onset of arc rifting and backarc spreading. Note that Nd/Yb is used as a 
tracer for the ratio of light to heavy rare earth elements (LREE/HREE) because La and Pr contents in zircon are very low, and Ce is redox-sensitive. For comparison, Nd/Yb data of melt 
inclusions and theoretical equilibrium melts calculated from zircon trace-element composition, “Melts (calc.)” (cf. Barth et al., 2017), are shown in D. Symbols in C are the same as in D.
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2001; Allen, 2004; Busby, 2004; Busby et al., 2006; Picard et al., 2006; Allen et 
al., 2007; Chadwick et al., 2008; Gamberi and Marani, 2008; Romagnoli et al., 
2009; Casalbore et al., 2010; Watt et al., 2012; Le Friant et al., 2013, 2015; Jut-
zeler et al., 2017). Furthermore, these geometries and facies are related to the 
bed-generating mechanisms in arc-proximal to distal deep-marine settings: 
(1) primary ash falls; (2) volcanic eruption– generated flows/beds; (3) volcano 
sector collapse–generated flows/beds; (4) seismic shock–generated flows/
beds; (5) hurricane/typhoon-generated flows/beds with frequency a function 
of climate; and (6) debris flows and slumps generated by fault movement 
and/or seismicity. Thus, the Site U1438 stratigraphy may be a function of sed-
iment supply from subaerial to submarine eruptions (pyroclastics), primary 
eruption-fed and reworked, as well as erosion of subaerial volcanic edifices 
(epiclastics), exposed owing to magma supply or tectonics.

Each lamina or thin bed could represent an eruptive event because eruptive 
products may thin dramatically tens of kilometers away from the arc volcano 
source into adjacent marine basins. In the Lesser Antilles, for example, individ-
ual pyroclastic flows that deposited meter-thick submarine debrite units at the 
base of a slope on an arc volcano have been linked to turbidity currents that 
deposited silty graded beds >30 km from their volcanic source (Trofimovs et 
al., 2008). Other mechanisms are needed to generate the thick gravel-bearing 
debrite facies documented at Site U1438. Could Site U1438 record event beds 
related to land-flank slope collapse similar to those documented off Martinique 
Island on IODP Expedition 340? The results of Expedition 340 and interpretation 
of these deposits were summarized in Le Friant et al. (2015). With regard to 
distance from the magmatic arc, Site U1438 is most analogous to Sites U1399 
and U1400, which are, respectively, located 78 and 45 km from the source vol-
cano. Site U1399 penetrated a seismically chaotic landslide deposit with cores 
that exhibit homogenized zones (sandy debrites with sediment intraclasts). 
Cores did not identify debris avalanche deposits containing blocks from the 
portion of the subaerial volcano that collapsed into the backarc basin. Such 
deposits were also not found in more proximal Site U1400, which seismic 
data indicated should contain records of two events. Sediments at this site 
exhibited even less deformation and generally fine-grained facies with no 
apparent distinction between the two events in the core record. Thus, nei-
ther site showed evidence for debris avalanche deposits traveling out tens of 
kilometers into the basin, only evidence for landslide-driven propagation of 
deformation into the basin; other sites drilled on Expedition 340 in the Lesser 
Antilles indicated that the debris avalanche deposits are proximal facies and 
localized at the base of slope of the volcanic edifices. This suggests that zones 
of deformation may be keys to identifying potential slope-collapse events at 
Site U1438. Figure F6 in Arculus et al. (2015a) identified intervals of inclined 
bedding, and we marked those on our Figure 10. We note that the Antilles 
arc segment is relatively mature (23 m.y. old) in comparison to the stage of 
development of the arc that supplied unit III debris. Perhaps the Antilles arc 
segment is best compared to unit II, because the segment exhibits submarine 
channels to the north of the study area, outside of the zones with submarine 
debris flows.

Sediment modifications owing to transport (tens of kilometers), as well 
as postburial lithification and diagenesis limit our ability to link the deposi-
tional units that comprise unit III to any of those mechanisms. However, there 
are some unique compositional traits that we do see that can be linked to 
eruption mode. For example, petrographic analysis of two unit III samples 
showed blocky vitric clasts suggesting hydroclastic processes associated 
with lava-water interaction (e.g., Fisher and Schmincke, 1984). Other inter-
vals with rounded to subrounded volcanic clasts could be linked to volcano 
emergence and coastal wave processes (e.g., Morrone et al., 2017). Black, 
opaque-rich tachylitic fragments also indicate subaerial eruptions, whereas 
orange palagonitized fragments signify reaction with water during or after 
eruption (e.g., Schiffman et al., 2000). The processes that formed these par-
ticles are different from the processes that resulted in their being deposited 
at the drill site. Some vitric-dominated beds, often highly altered, could be 
products of pyroclastic fallout. In summary, ours is a very distal, single- hole 
perspective, where we interpret most of the section to be a product of rework-
ing and mixing.

Insights from Modern Analogues

Draut and Clift (2006) combined data from modern analogues to interpret 
Jurassic outcrops of intra-oceanic arc facies in Alaska. They focused on the 
volcanic centers, pointing out the presence of large-scale slumping and mass 
wasting contributing to the volcanic apron on backscatter sonar images of 
Mariana volcanoes, as well as evidence for continued downslope reworking in 
sand waves and channels as elaborated in later works (e.g., Pope et al., 2018; 
Trofimovs et al., 2008; Watt et al., 2012).

Like Draut and Clift (2006), we looked to modern analogues of the paleo–
Kyushu- Palau Ridge arc edifice for guidance in our interpretation of the Site 
U1438 deposits, but focusing more on the rear-arc perspective. We began with 
a study by Chadwick et al. (2005), who showed that Anatahan Island, part of 
the Mariana volcanic arc, sheds volcaniclastic material onto its own volcani-
clastic apron. The submarine edifice comprises a 20-km-radius apron around 
the elongate (10 × 4 km) island, and the apron is also host to numerous smaller 
vents and extrusions. We note that there is no evidence of magmatic intrusions 
or eruptive products that would suggest that the coarse unit III volcaniclastics 
are more proximal volcanic apron deposits, like those of the underlying unit IV 
(Waldman et al., 2020). In the case of Anatahan, the aprons of adjacent volca-
nic centers feed into a submarine channel system that apparently transports 
sediment into the backarc basin (projecting into an area with less bathymetric 
detail/data). Similar channel systems can be seen to emanate from clusters 
of arc volcanoes elsewhere along the Mariana arc axis, suggesting that such 
channel systems may be common submarine elements of intra-oceanic arcs, 
usually developed in intervolcano topographic lows, and volcano-bounded 
basins. Thus, a means of funneling coarse sediment from multiple volcanic 
centers into the backarc region is developed early in arc evolution. There is 
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also evidence that these submarine channel systems persist during arc rifting 
and abandonment of remnant arcs (Gardner, 2010).

The vestiges (truncated remnants) of arc volcano flanks and similar sub-
marine canyon/channel systems, some now headless because of rifting of 
the arc axis, can be seen today along the West Mariana Ridge (Fig. 4B), a 
remnant arc formed by spreading in the Mariana Trough (Gardner, 2010) and 
a younger analogue of the Kyushu-Palau Ridge. In each example, the back-
arc region appears to have been fed sediment by channel systems tapping 
multiple volcanic centers, some more distal than others. The channels may 
locally contain gravel (see Supplemental Material, Fig. S4) and ultimately 
fade into flat plains, likely sediment-covered with local backarc basement. 
J.V. Gardner (2018, personal commun.) suggested that the resolution of the 
bathymetric data used in his study might not be high enough to define lobe 
features at the ends of the channels. Alternatively, there may not be a topo-
graphic lobe feature, as found by Carvajal et al. (2017) at the end of a channel 
on the Navy Fan off Baja California. Their autonomous underwater vehicle 
collected high-resolution bathymetry that showed the morphology of the 
channel changes, becoming wider with lower relief without the lobe feature 
predicted by previous workers. It is noteworthy that cores of sediment in 
the Navy Channel showed mainly sand, which they interpreted to have been 
deposited as turbulent flows when well sorted, and as more cohesive gravity 
flows when the mud content ranged to ~15%.

In the modern Mariana backarc, west of Anatahan Island (Chadwick et al., 
2005) and the West Mariana Ridge (Gardner, 2010), the quality of bathymet-
ric data decreases, so we cannot rule out the presence of depositional lobes 
in these settings. Several studies have amassed statistics on lobe-channel 
relationships for deep-sea fan systems from around the globe that allow for 
prediction of lobe size and thickness based on channel width (e.g., Pettinga 
et al., 2018). The channels extending westward from the West Mariana Ridge 
and from the Anatahan segment of the Mariana backarc also become wider 
(as much as 3–5 km wide) as they transition out onto the sedimented plain. 
Measured relationships plotted in Pettinga et al. (2018) suggest that the Mari-
ana-scale channels could easily produce lobes ranging up to 100 m thick like 
those we describe at Site U1438 (Fig. 4).

There is limited subsurface information from these modern analogues on 
the nature of distal deposits ~50 km from the main arc axis, like those recov-
ered at Site U1438 (cf. Kroenke et al., 1980; Hussong et al., 1981). Seismic data 
show sediment wedges that taper away from the magmatic arc, as shown for 
Site U1438, but elsewhere that has been limited recovery of drilling-disturbed 
coarser facies near the volcanic edifice. Laminated to graded, silty to sandy 
tuffaceous turbidites were recovered at the more distal DSDP Site 456 (Hussong 
et al., 1981), but no equivalents to the coarse-grained, gravel-rich debrites at 
Site U1438 were found. The latter could be linked to slope failures and debris 
avalanches on island-arc volcanoes (e.g., Coombs et al., 2007). These are 
thought to be products of catastrophic edifice (sector) and slope-apron collapse 
resulting from rapid volcano growth, producing interlayered weak rocks and 
destabilizing volcanic (magmatic, seismic) activity. Debris avalanche deposits 

were recently targeted by IODP Expedition 340 in the Lesser Antilles backarc 
region, and these cores yielded volcanogenic turbidites and a diverse array of 
sedimentary units, including debrites, but with variable recovery (Le Friant et 
al., 2013, 2015; Brunet et al., 2017). These results emphasize the importance of 
the Site U1438 section, where postdepositional diagenesis and cementation of 
Eocene to Oligocene volcaniclastic deposits have preserved the clastic textures 
despite extensive glass and mineral alteration and resulted in enhanced core 
recovery rate owing to the high degree of induration.

Higher in the section at Site U1438, there are other links to the work of Gard-
ner (2010), who documented evidence for nonchannelized sediment transport 
in the form of downslope creep. He identified and mapped expansive wrinkled 
surfaces, creep-lobes, on the flank of the Mariana Ridge within the channel-bear-
ing region (Fig. 4B). Gardner (2010) cited limited seismic evidence as indicating 
that these slightly deformed lobes can reach thicknesses of up to 300 m. A can-
didate for the distal equivalent of such a deformed lobe exists in the core 
recovered at Site U1438, where a zone of compressional deformation (largely 
reverse faulting) starts at 200 mbsf and extends down to ~300 mbsf within unit 
II. The deformed interval is also a zone of poor core recovery encountered in 
Holes B and Hole D (see fig. F19 in Arculus et al., 2015a). The gravel-rich facies 
below the deformed zone suggest that a lobe might have partly filled a channel. 
This deformed interval in the basal part of unit II is considered to have been 
deposited in the synrift stage, similar to the time frame and setting in which 
the relict bathymetric features described by Gardner (2010) were created during 
arc rifting and formation of the Mariana Trough and remnant West Mariana 
Ridge. The arc volcaniclastic sequence in the Amami Sankaku Basin, however, 
is covered by >180 m of (postrifting) hemipelagic sediments that may make it 
difficult or impossible to discern relict channel features like those seen in the 
younger Mariana system (Gardner, 2010; Chadwick et al., 2005).

Our analysis indicates that volcaniclastic debris was shed from the Kyushu- 
Palau Ridge (the initial Izu-Bonin-Mariana arc) in submarine sediment gravity 
flows perhaps triggered by high-volume volcanic eruptions, tectonic/seismic 
activity, or sector collapses like those documented in the active Kermadec arc 
(Chadwick et al., 2008). These gravity flows were transported via channels to 
form submarine lobes in the rear-arc basin.

 ■ DEPOSITIONAL MODEL—CHANNEL-FED LOBE SYSTEMS

The simplified depositional model proposed for unit III shown in Figure 4A 
is based on bathymetric imagery of active volcanoes and deactivated seg-
ments of the Mariana arc system, west of the West Mariana Ridge described 
above (Fig. 1). Applying the clastic facies criteria of Mutti and Normark (1987), 
the 12 subunits in unit III at Site U1438 exhibit characteristics of prograding 
submarine lobes fed by submarine channels (Fig. 3). Seismic data in the area 
are limited, but their pattern is consistent with lobe-channel interpretation. 
The seismic lines crossing Site U4138 (Figs. S2 and S3 [footnote 1]) show 
that, although the reflectors in the upper parts of unit III are horizontal, they 
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are not continuous for more than ~10 km. This fits with our potential depo-
sitional analogue pictured in Figure 4B, where channels emanating from the 
volcanoes that make up the West Mariana Ridge coalesce to create channels 
with a maximum width of 10 km at a distance of 50 km from the ridge axis 
(upper arrow in Fig. 4). It would then be expected that during accumulation 
of unit III, such feeder channels would have meandered back and forth across 
the downslope regions over time, limiting the horizontal extent of coherent 
layering (channel facies reflectors) to no more than 10 km, as observed in 
the seismic data. Lobe (subunit) thickness variations within the cored section 
(see below) are consistent with lobe lateral migration and overlap, building a 
thick complex of lobes or fan succession (unit III), similar to what is depicted 
in Covault (2011) after Mutti and Ricci Lucchi (1972).

The overlapping of lobes in the model (Fig. 4A) may be a result of distribu-
tary channel switching within the lobe system that resulted in finer and more 
distal lobe facies being deposited for short periods of time. Alternatively, the 
pattern could be explained by pulsed sediment input into the basin as indi-
cated by the alternate lobe geometry in Figure 4A as discussed below. These 
lobes may be linked to autocyclic switching or periods of edifice buildup 
and subsequent collapse and slope degradation, but we cannot rule out the 
influence of other climatic (eustasy, typhoon frequency?) and tectonic (uplift, 
seismicity?) processes that would affect sediment supply.

Autocyclic switching would result in alternating lobe-axis (coarser) and 
lobe-margin (finer) sedimentation. In the case of vertical aggradation of mate-
rial, the coarse-fine alternation in the unit III stratigraphic column would be a 
function of allocyclic changes (pulses) in supply of coarse sediment not associ-
ated with channel avulsion (e.g., Jobe et al., 2020). The allocyclic pulses might 
result from the tempo of magmatic processes in the case of this magmatic arc 
example. Modeling studies (Burgess et al., 2019) indicate that differentiating 
between autocyclic and allocyclic controls on submarine fan successions is 
difficult with limited outcrop data, which in the case of Site U1438 is a single 
vertical stratigraphic column (slightly offset series of cored holes; Fig. 3).

Applying this model to unit III, it broadly consists four packages (labeled 
episodes 1–4 in Fig. 10) of stacked lobe systems (comprising a lobe complex), 
and coarse sediment accumulation can be identified within unit III, separated 
by thick intervals of thin, fine-grained turbidites (Fig. 3). An episode could be 
equivalent to an eruptive period, a term proposed by Fisher and Schmincke 
(1984) to describe broader-scale magmatism lasting up to millions of years 
(allocyclicity). Each of the episodes has a different character, likely reflecting 
a combination of autocyclic or allocyclic controls associated with volcano and 
channel development and evolution, such as spatial migration of volcanic 
centers and distributary channel switching.

Episode 1 represents the initial construction of the Kyushu-Palau Ridge arc 
edifices to the east and progressive increase in supply of coarse material to 
Site U1438 (Fig. 2). Episode 2 has the lowest debrite content, with most lobes 
terminating in a channel-lobe transitional facies without a capping channel-fa-
cies deposit. Episodes 1, 2, and 4 comprise composite sequences of prograding 
lobe facies without distal lobe facies.

The age-depth model created from shipboard micropaleontology and paleo-
magnetic datums and reinforced by U-Pb zircon geochronology suggests that 
deposition of sediment packages was indeed episodic (Fig. 10). Episodes 1 
and 2 were each deposited over periods of ~2 m.y., whereas episodes 3 and 4 
were deposited over periods of ~1.6 m.y. Intervening finer-grained units range 
from 300 k.y. between episodes 1 and 2 to ~1 m.y. between episodes 2 and 3 
and between episodes 3 and 4. This 1–2 m.y. periodicity is an order of mag-
nitude greater than the 100–300 k.y. estimated from tephra records of the 
Kamchatka- Kuril and Aleutian subaerial arcs (Prueher and Rea, 2001), but it 
is consistent with ages of arc volcanoes (e.g., Harford et al., 2002; Watts et al., 
2012; Wilson et al., 1995). The reason for this life span is uncertain but may 
record the time frame over which a single magmatic feeder system remains 
stable in an otherwise active geodynamic setting. The increasing proportion 
of coarse material toward the top of the section is consistent with a larger or 
more proximal volcanic source during episode 4. This fits with the observation 
by Bloomer et al. (1989), who noted that the spacing (50–70 km) and degree 
of emergence of arc volcanoes increase through time as the arc matures, but 
this pattern is by no means universal. A second explanation would be that 
the uppermost unit was fed by rear-arc volcanoes, which are often associated 
with initial arc rifting prior to backarc spreading (Fig. 2). The phase preceding 
backarc opening could be characterized by inflow of hot and fertile mantle 
into the wedge and increased magmatic productivity, as indicated by high 
depositional rates in conjunction with geochemical changes in zircon and 
melt compositions (Barth et al., 2017; Brandl et al., 2017; Hamada et al., 2020).

Overall, we consider the succession to record the evolution of the arc 
superimposed on a stepwise record of 3–4 individual episodes (1, 2+3?, 4). 
Periodicity within the succession ranges from an eruptive scale of 100–1000 yr, 
including eruption-related and non-eruption-related sector collapse, to a longer 
scale up to millions of years, probably related to life of individual edifices and 
switching of source volcanoes feeding into channel systems.

 ■ DEPOSITIONAL CYCLES AND OCEANIC ARC MAGMATIC 
EVOLUTION

Ishizuka et al. (2011) demonstrated from dredge and shallow drill core sam-
ples that the latest stage of volcanism in the Kyushu-Palau Ridge remnant arc 
was characterized by lavas more enriched in alkali and light rare earth elements 
(LREEs) than the Izu-Bonin arc front. They also showed that Kyushu-Palau Ridge 
bathymetry preserves rear-arc chains, similar to the mode of occurrence of 
relatively enriched lavas in the modern morphologically and geochemically 
asymmetric arc. Ishizuka et al. (2011) concluded that the Kyushu-Palau Ridge 
became asymmetrical and developed distinctive, enriched rear-arc volcanoes 
at some point after ca. 35 Ma.

Site U1438 unit III melt inclusion and zircon data sets (Barth et al., 2017; 
Brandl et al., 2017; Hamada et al., 2020) are linked to the four depositional 
episodes defined here (Figs. 12 and 13), recording the relationship of these 
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depositional episodes to the evolution of petrologic asymmetry in the arc. 
Detrital zircons range in measured age from 43 to 27 Ma but were recovered 
predominantly from the upper part of unit III (<800 mbsf), and these detrital 
zircons have crystallization ages younger than 35 Ma. Most intervals have a 
range of zircon ages ~2–4 m.y. in excess of the calculated maximum depositional 
age of the host interval; this observation indicates that at least the younger 
parts of unit III (episodes 3 and 4) are products of substantial stratigraphic 
mixing, containing both primary and reworked volcanic materials. This mixing 
recorded by U/Pb ages is of the same order as the time interval of each deposi-
tional episode, placing limits on the precision of correlation between episodes 

and construction of any single volcanic edifice. Nevertheless, trends in melt 
inclusion and zircon compositional data allow us to infer in a general way the 
link between sedimentation and arc evolution along the Kyushu- Palau Ridge.

Episodes 1 (bottom) and 4 (top) are clearly geochemically distinct, with 
the first reflecting high-Mg andesitic volcanism following arc inception and 
the latter being silicic, probably reflecting progressive crustal thickening 
and development of silicic and enriched rear-arc volcanism (Figs. 12 and 13). 
Episodes 2 and 3 are somewhat intermediate, but it is hard to say if they are 
distinct from the other episodes with statistical significance (cf. Hamada et al., 
2020). Episode 4 corresponds to the initial phase of arc rifting that resulted in 
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high clastic sediment supply, and pumice and dacitic-rhyolitic melt inclusions 
(Figs. 12 and 13).

The evolving petrologic character of the volcanic arc is clearly recorded 
in episodes 3 and 4 (Figs. 12 and 13), as indicated by: (1) the more com-
mon occurrence of dacite and rhyolite melt inclusions shown by Brandl et al. 
(2017) to have LREE-enriched compositions after 37 Ma, (2) the more common 
occurrence of detrital zircons, and (3) the relatively enriched, high Th/U, and 
LREE-enriched melts (as reflected in Nd/Yb) inferred from zircon composi-
tions (Figs. 12C and 12D). Melt inclusions from upper unit III collected from 
samples with depositional ages younger than 37 Ma comprise a medium 
potassic, LREE-enriched suite similar to Kyushu-Palau Ridge dredge samples 
and the modern rear arc (Brandl et al., 2017). Dacitic to rhyolitic melt inclu-
sions recovered from the uppermost part of unit III record more fractionated 
melt compositions in the arc (Fig. 12A). The common occurrence of detrital 
zircons in volcanic sandstones over the same time interval (<35 Ma; Barth et 
al., 2017) also indicates that relatively cool and silicic melts were being pro-
duced in the arc; the zircon enrichment in Nd/Yb and Th/U implies growth 
from silicic melts with Nd/Yb >1, that is, zircon-saturated silicic melts with 
rear-arc compositional affinity.

The occurrence of such dacitic to rhyolitic melts, recorded in melt inclusions 
and inferred from zircon compositions, may also be linked to the occurrence 
of gravel in the cores. The co-occurrence of fractionated melts and coarser 
debrites implies that some silicic eruptions were explosive. Volcanism during 
episodes 3 and 4 (<35 Ma) is characterized by the disappearance of low-K 
calc-alkaline melt compositions and the appearance of high-K and/or silicic 
melts, especially during episode 4 (cf. Hamada et al., 2020). More silicic mag-
matism in episode 4 corresponds to more explosive magmatism and the 
development of calderas, and/or the development of arc asymmetry and rear-
arc chains.

In summary, the lobe system of episode 1 represents the sedimentary 
record of initial arc edifice building (Fig. 2) and is associated in time with a 
geochemical shift from dominantly high-Mg and calc-alkaline volcanism to 
coeval tholeiitic and calc-alkaline arc volcanism around 37 Ma (cf. Brandl et 
al., 2017; Hamada et al., 2020). This age is consistent with the age of the end 
of the relatively magnesian (more magnesian relative to younger Izu-Bonin 
arc front) basalt to andesitic magmatism on the Bonin Ridge, which had been 
active between 45 and 37 Ma (Ishizuka et al., 2020). The change from episode 2 
to 3, ca. 35 Ma (Fig. 2), is associated with an increase in quartz and zircon 
recovered in mineral separates (Brandl et al., 2017; Barth et al., 2017), and so 
we infer the onset of relatively abundant silicic volcanism at or immediately 
after ca. 35 Ma. This link between coarsening sediment episodes and onset 
of abundant silicic volcanism is consistent with the model of Ishizuka et al. 
(2011), wherein rear-arc volcanism in the Kyushu-Palau Ridge after ca. 35 Ma 
was more strongly influenced by high-Th and LREE-enriched (deep subduc-
tion) components (Fig. 2). More vigorous rear-arc volcanism after 35 Ma likely 
brought sediment sources closer to the drill site and provided a silicic source 
for the high-Th and LREE-enriched silicic melts inferred from the zircon data 

(Barth et al., 2017) and the dacitic to rhyolitic melt inclusions reported by Brandl 
et al. (2017) after 31 Ma.

The rear-arc compositional signals in our data are not surprising, given 
the parallels with modern Izu-Bonin-Mariana uplift and incipient rifting and 
the situation we envision for episodes 3 into 4 (Fig. 2). The modern Izu-Bo-
nin-Mariana arc is magmatically asymmetric, with a low-K and LREE-depleted 
volcanic front, and relatively enriched medium-K series in the rear-arc volcanic 
chains, where arc volcanism creates melts with higher alkali content, especially 
K (Nichols et al., 2012). Upper unit III melt inclusions and model melts from 
zircon compositions both suggest rear-arc sources (Figs. 12 and 13). The sea-
floor morphology of the Kyushu-Palau Ridge east of Site U1438 (Fig. 1) also 
suggests the development of rear-arc chains.

Also, in our data set, we see a trend toward higher alkali (Na2O + K2O) 
contents with younger age (Fig. 12). Hamada et al. (2020) showed a disappear-
ance of low-K melts past 35 Ma, appearance of medium-K melts at 39–38 Ma, 
and overall geochemical evolution of melts with time from 40 Ma to 30 Ma 
indicated by increases in SiO2 and K2O and decreases in MgO. Furthermore, 
Th/U and Th/Nb (not shown) increase with decreasing age, indicating a higher 
impact of fluids and/or melts derived from sediments, which is typical for 
greater slab depth and thus increasing distance from the trench, as expected 
with rear-arc magmatic sources (cf. Brandl et al., 2017). Decreasing Ba/Th also 
suggests rear-arc sources in that Ba is used as a tracer for fluids derived from 
shallow subduction.

 ■ CORRELATION WITH IZU-BONIN-MARIANA FOREARC AND 
REAR-ARC DEPOSITIONAL RECORDS

Rifting and seafloor spreading in the Shikoku and Parece Vela backarc 
basins separated the Kyushu-Palau Ridge, an inactive remnant arc, from the 
active Izu-Bonin arc (Ishizuka et al., 2011). Seafloor spreading in the Shikoku 
Basin was oblique, so a prerift palinspastic restoration of the magmatic arc 
segment that sourced the Site U1438 Eocene to Oligocene succession would 
place that segment near sites drilled during ODP Leg 126 in the Izu-Bonin 
forearc (e.g., Deschamps and Lallemand, 2002). The stratigraphic records at 
these forearc sites (787, 792, 793) show high rates of volcanic sediment accu-
mulation during rifting and initial seafloor spreading from 29 to 27 Ma (Taylor 
et al., 1990), in a time frame that corresponds to unit II at Site U1438. Only 
Site 793 penetrated a 31–29 Ma stratigraphic record (equivalent to episode 4 
at Site U1438) above forearc basement. It consists of ~300 m of very thick (up 
to 5–10 m), volcanic pebbly sandstone and pebble conglomerate with large 
floating intraclasts and volcanic cobbles interpreted by shipboard scientists as 
products of submarine gravity flows; these include debris flows and turbidity 
currents with rounded arc-derived clasts produced by coastal and nearshore 
erosion, reworked pyroclasts, and shallow-marine limestone and biogenic 
debris (red algae, benthic foraminifers) delivered via submarine channels(?) 
to the forearc, potentially aided by global falling sea level (Taylor et al., 1990). 
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Subsequent sea-level studies, as summarized in Spasojevic and Gurnis (2012), 
continued to show a major inflection point around 30 Ma, but there is also the 
potential for regional tectonic uplift prior to rifting. Sketched examples of these 
debrite and turbidite beds (Taylor et al., 1990) are similar to those encountered 
at Site U1438 (Johnson et al., 2017). These deposits should differ from those 
at Site U1438 by not bearing clasts with geochemical signatures of rear-arc 
magmatism. We note that the actively rifting and extending Izu-Bonin segment 
of the Izu-Bonin-Mariana arc shows submarine channels extending in some 
places from the arc, across the forearc, and into the trench (see area north of 
Site 793 in Fig. 1). Site 787 was located in one of these erosive channels to 
expedite penetration of older forearc sedimentary sections.

Other recent forearc drilling on IODP Expedition 352, ~500 km to the south 
of Site 793, recovered thin (few tens of meters or less) time-equivalent sections 
to the 33–29 Ma section at Site U1438. The range of lithologies at Sites U1439, 
U1440, and U1442 includes chalk, tuff, volcanic sandstone, and conglomerate 
(Robertson et al., 2018). Their connection to Site U1438 is more speculative 
than Site 793 because of the added distance.

Site U1438 is not unique in recording the rear-arc record of magmatic arc 
initiation and development. ODP Site 1201 is located in a similar rear-arc posi-
tion as Site U1438 further south along the Kyushu-Palau Ridge (Salisbury et 
al., 2002). We note that the stratigraphy at this site parallels that of Site U1438: 
Facies in cores 1201D-43R to 1201D-45R are similar to those described by 
Waldman et al. (2021) in unit IV at Site U1438, transitioning up into 400+ m of 
Eocene to Oligocene gravity-flow deposits (cores 1201D-42R to 1201D-1R) sim-
ilar to those of unit III at Site U1438. Detailed comparison of the stratigraphic 
sections at Sites U1438 and 1201 is hampered by a lack of detailed sedimen-
tary facies analysis similar to that conducted by Johnson et al. (2017), limited 
success with zircon geochronology and chemistry (limited to one sample 
206Pb*/238U age of 35.0 ± 1.1 Ma; Barth et al., 2017), and geochemical analyses 
focused mostly on the basement rocks at this site, with a few discrete clast 
analyses (bulk and trace element) from the unit III–equivalent gravity-flow 
deposits (Savov et al., 2006).

There is ample room for continued work on these sections. For example, we 
provide a framework in which to evaluate future studies of the bulk geochem-
istry of volcaniclastic sandstones in the Site U1438 succession (Laxton, 2016) 
and their comparison to time-equivalent forearc (Gill et al., 1994; Robertson et 
al., 2018) and backarc (Salisbury et al., 2002; Savov et al., 2006) data sets, as 
well as more detailed comparative facies analysis of Site 1201 and 793 cores 
with Site U1438 time equivalents.

 ■ IMPLICATIONS FOR INTERPRETATION OF OTHER ANCIENT 
INTRA-OCEANIC SUCCESSIONS

The discrimination of intra-oceanic backarc versus forearc basin succes-
sions in the rock record is usually demonstrated through the geochemistry of 
the igneous basement rocks, e.g., backarc basin or forearc basin basalt, upon 

which the arc-generated deposits accumulated (e.g., Critelli et al., 2002). With 
increasing proximity to the arc-axis volcanos, there are intrusive or effusive 
volcanic rocks associated with volcanic apron facies (e.g., Allen et al., 2007). 
As outlined in Marsaglia (1995), young, unconsolidated facies equivalents of 
Site U1438 deposits thwarted core recovery during previous DSDP and ODP 
rotary drilling. Diagenetic modification was key to enhanced lithification and 
core recovery at Site U1438 (Johnson et al., 2017; Waldman et al., 2021).

Interpretations of intra-oceanic arc-related successions accreted to con-
tinental margins or caught up in collisional orogens are often contentious 
(e.g., Pavlis et al., 2019; Draut and Clift, 2013). Geodynamic models suggest 
that one also needs to take into account the nuances of subduction/accretion 
and likelihood of preservation of forearc/arc/backarc successions in collision 
zones, with a higher probability of thicker arc-axis zones being scraped off and 
thinner ocean basins being subducted (e.g., Boutelier et al., 2003). The data 
that we present here might prove useful in interpreting sedimentary succes-
sions deposited ~50 km distant from the magmatic arc, where outcrops (or 
core) permit facies analysis, and delineation of episodes (lobe complexes) and 
componentry allows for advanced glass and mineral geochemical analyses. 
We know that similar facies were recovered ~700 km to the south of our study 
area at Site 1201. Other potential successions that might lend themselves to 
interpretation include Cretaceous terranes incorporated into the Himalayan 
orogen (Robertson and Collins, 2002; Robertson and Degnan, 1994) and Juras-
sic to Cretaceous oceanic-arc terranes on Baja California (Busby-Spera, 1988; 
Busby et al., 2006; Critelli et al., 2002).

 ■ CONCLUSIONS

The excellent percentage and quality of core recovered at IODP Site U1438 
allowed for our detailed sedimentological and combined geochemical study 
of intra-oceanic arc evolution from the early stages of development ca. 
40 Ma until arc rifting ca. 29 Ma. Previously defined subunits were grouped 
here into four thicker packages (episodes) of coarse sediment gravity flows 
(debrites to turbidites), each deposited over time frames of ~1.6–2 m.y. and 
separated by ~1 m.y. intervals of thin-bedded, fine-grained turbidites. An 
interpretive organization of the unit III stratigraphic section was made using 
lobe models developed for submarine fans and observations of bathymetry 
and implied submarine sediment routing around modern arc volcanoes and 
backarc regions.

Postburial diagenesis progressively modified volcanic components within 
the succession, contributing to lithification, which in turn promoted higher core 
recovery and preservation of sedimentary textures and structures. Luckily, the 
alteration was not complete, especially in the coarser sediments, preserving 
some mineralogy and melt inclusions that could be used for geochemical and 
isotopic analyses that we then related to the depositional episodes. Sediments 
in episode 1 at the base of unit III form a coarsening-upward record of initial 
arc development and high-Mg andesite volcanism with a magmatic change 
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at around 37 Ma to dominantly island-arc tholeiitic volcanism that continued 
into episode 2. The onset of relatively abundant silicic volcanism at ca. 35 Ma 
corresponds with the change from episode 2 to 3. Enhanced rear-arc volcanism 
during episode 4 produced coarser volcanic debris channel facies and silicic 
volcanism ranging in composition from andesitic to rhyolitic with enhanced 
zircon content. The coarse conglomerate and debrite facies of episode 4 are 
similar to those encountered in the Izu-Bonin forearc, suggesting that there 
was widespread uplift and erosion of the arc as extension and silicic magma-
tism commenced, analogous to the current phase of Izu-Bonin arc extension 
and rifting (e.g., Sumisu Rift).

This study covered over 10 m.y. of intra-oceanic arc history, building up 
from grain and bed scales. Although based on a single drill site perspective, 
the transported nature of the sedimentary succession yielded depositional 
and magmatic insights on a regional scale that can be tested by future IODP 
drilling and applied to ancient intra-oceanic successions accreted and incor-
porated into continental orogens.
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