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ABSTRACf

Multi- and single-channel seismic reflection, swath-mapping sonar, and ocean

drilling data are used to document the evolution of forearc basin and backarc rift tectonic,

structure, and sedimentary processes in the Izu-Bonin Arc. Forearc submarine canyons

extending from the trench-slope break to the active volcanic arc are formed by headward

erosion and downcutting. Deeply incised into the gentle gradients upslope of the outer arc

high (OAH), they lose bathymetric expression on the steep inner trench-slope. Large-scale

slumps create crescent-shaped scarps along the canyon walls providing a mechanism for

canyon branching. The structural evolution of the forearc has profoundly influenced

canyon evolution and forearc sedimentation processes, creating barriers to downslope

sediment transport and controlling the initiation, location, spacing, and growth of major

canyon systems. In the Oligocene, the forearc basin was filled by unconfined mass flows

behind the OAH. Canyon formation began in the early Miocene after the basin was filled to

the spill points of the OAH. Sumisu (SR), Hachijo (HR) and Aoga Shima (ASR) Rifts are

located west of, and bounded along strike by, structural and volcanic highs of the Izu

Bonin Arc volcanos. The rifts are bounded longitudinally by curvilinear boundary fault

zones (both convex and concave dip slopes) that create asymmetric rift flank uplifts that

alternate along strike. Oblique transfer zones divide the rift along strike and accommodate

differential strain by interdigitating, rift-parallel faults and sometimes by cross-rift

volcanism, rather than by strike- or oblique-slip faults. Analysis of the rift fault (possibly

orthorhombic) pattern suggests an extension direction of N80oE±1O°, orthogonal to the

active volcanic arc (NlOOW). Estimates of extension (2-5km), rift age (-2 Ma) and

accelerating subsidence, indicate that the rifts are in the early syn-rift stage of backarc basin

formation. A two-stage evolution of rift structures is proposed. Initially, a half graben
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forms with a synthetically faulted, structural rollover dipping toward a zig-zagging large

offset border fault zone. The second "full graben" stage is dominated by rift-parallel

hanging wall antithetic faulting, basin widening by footwall collapse, and a concentration

of subsidence in an inner rift. No obvious correlations are observed between the rift

structures and preexisting cross-arc trends. Structurally controlled backarc magmatism

occurs within the rift and proto-remnant arc during both stages. A linear zone of weakness

caused by the greater temperatures and crustal thickness along the arc volcanic line controls

the initial locus of rifting. Rifts preferentially form between the arc edifices; intrusions may

be accommodating extensional strain adjacent to the arc volcanos. Large volcanic intrusions

within the most extended inner rift are the precursors to the formation of seafloor

spreading. Where drilled, the arc margin has been uplifted l.I±O.5km concurrently with

-L'lkm of rift basin subsidence. Fault plane reflections observed along some of the rift

bounding faults indicates that these structures are detached at extremely shallow «3km)

crustal levels.
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et al., 1990a; see Figure 1 for location of Sumisu Rift).
Bold lines on single-channel seismic profiles, Line 3 and 6
(middle and bottom), show the portion of the seismic profile
that crosses the en echelon ridge in the Hachijo Rift map
(dashed lines; top right). Large en echelon eruptive centers
are a characteristic feature of both the Izu-Bonin backarc rifts
and other backarc rifts (e.g., Okinawa Trough, Sibuet et
al., 1987; Manus Basin, Taylor et aI., 1986), and are often
located in the regions of maximum extension (within the inner
rift close to the arc margin rift-bounding fault zone). They
trend north-south suggesting east-west extension. These
rifts are still in the rifting (i.e. crustal stretching) stage of
backarc extension, prior to organized seafloor spreading. The
en echelon volcanic ridges are the precursors to, not the
product of, seafloor spreading. Labels a, b, and c on the
Hachijo Rift bathymetric map locate a, b, and c on the
seismic profiles. Location and structural interpretation for
the Hachijo Rift en echelon ridge map is shown in Figure 4.6 , 136

4.10 Sidescan sonar data from northern Aoga Shima Rift. Note the
apparent lack of highly reflective regions typical of extrusive
volcanism despite extensive evidence of recent rift-related
backarc volcanism (see text). Arc-derived pyroclastic sediments
are deposited at such extremely high rates that they mask the
sidescan sonar imagery surficial expression of rift-related
volcanism. Location of sidescan sonar survey is shown in
inset. Note: this sidescan sonar data was not recorded
digitally and therefore could not be reprocessed 145

4.11 Simplified schematic illustrating two-stage early backarc rift
evolution (see text for explanation) 154
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CHAPTER 1

INTRODUCTION

Although the basic tenets of intra-oceanic island arc evolution were first proposed

about 20 years ago (Karig, 1971; Packham and Falvey, 1971), many aspects of their

tectonic and structural evolution remain poorly known. Recent investigations have

substantially increased our understanding of the evolution of island arc systems. State-of

the-art swath-mapping and multichannel seismic investigations are providing an

unprecedented level of detailed three-dimensional structural and stratigraphic information

from large regions of island arcs. Ocean drilling, submersible programs, and conventional

sampling are documenting the timing and nature of island arc tectonics, structure,

volcanism, and sedimentation. In this dissertation, I present the integration of seismic,

swath mapping, and ocean drilling data from the intraoceanic Izu-Bonin island arc. This

integration yields valuable new insights regarding the evolution of forearc submarine

canyon systems, the structural control of forearc sedimentation processes, and the

structural and stratigraphic evolution of arc rifting.

The origin of the Izu-Bonin (I-B) island arc began in the early Eocene with initiation

of Pacific plate subduction beneath the west Philippine Sea plate (Figure 1.1; Karig, 1975).

By the end of the early Oligocene, a 200km-wide intraoceanic volcanic arc massif had

formed (Taylor and Shipboard Scientific Party, 1990). In the mid-Oligocene, extension

occurred across the entire width of this arc massif (Taylor, 1991a). The I-B forearc basin is

a product of the rifting of this Eocene and early Oligocene arc massif (Leg 126 shipboard

scientific party, 1989a; Taylor, B., Fujioka, K., et al., 1990). Rifting of the I-B and

Mariana island arcs, followed by late Oligocene to early Miocene seafloor spreading in the

Shikoku (25-15 Ma; Chamot-Rooke, 1989) and Parece Vela basins (30-17 Ma; Mrozowski
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Figure 1.1. Generalized tectonic map of the western Pacific.
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& Hayes, 1979), formed backarc basins that separated the remnant arc (Palau-Kyushu

Ridge) from the Izu-Bonin-Mariana Arc.

A second stage of Mariana arc rifting, and latest Miocene (6 Ma) to Recent backarc

spreading in the Mariana Trough have separated the Mariana arc from its second remnant

arc, the west Mariana Ridge (Hussong and Uyeda, 1982). However, the I-B arc is still in

the second stage of back arc rift formation; the rifts are forming along most of its length

adjacent to the active volcanic arc (Fig. 1; Karig & Moore, 1975; Honza and Tarnaki, 1985;

Tamaki, 1985), in contrast the widespread mid-Oligocene rifting (Taylor, 1991a)

Three separate studies of specific regions of the I-B island arc are presented in

Chapters 2, 3, and 4. These chapters are written as complete, individual papers and each

chapter has its own abstract, introduction, and conclusions. The dissertation abstract is a

synthesis of the three abstracts.

Chapter 2 is a study of Aoga Shima Canyon, a forearc submarine canyon in the Izu

Bonin forearc. This paper was presented at the 1989 Fall Meeting of the American

Geophysical Union in San Francisco, California (Klaus and Taylor, 1989), the 1990

Western Pacific Geophysics Meeting in Kanazawa, Japan (Klaus and Taylor, 1990), and

will be published in Marine Geophysical Researches (Klaus and Taylor, 1991). In this

study, I integrate and present interpretations of SeaMARC IT sidescan sonar, single-channel

and multichannel seismic, and ocean drilling data from the Izu-Bonin forearc. I propose

models for the evolution of the Izu-Bonin forearc, for the history and structural control of

forearc sedimentation processes and submarine canyon formation, as well as for the

variation in these processes along the strike of the Izu-Bonin forearc.

Chapters 3 and 4 focus on investigating the extensional mechanisms associated with

stretching arc lithosphere and specifically address the formation of backarc rifts. Chapter 3

was presented at the 1988 and 1989 Fall Meetings of the American Geophysical Union in
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San Francisco, California (Klaus et al., 1988; Leg 126 Scientific Party et aI., 1988), the

1990 Circum Pacific Conference in Honolulu, Hawaii (Klaus et al., 1990a), the 1990

Western Pacific Geophysics Meeting in Kanazawa, Japan (Klaus et al., 1990b), and will

form the basis of publications in Proceedings of the Ocean Drilling Program, Leg 126

Scientific Results (Klaus et al., 1991) and the Journal of Geophysical Research (Taylor et

al., 1991). Chapter 3 presents an investigation of the structural and stratigraphic evolution

of Sumisu Rift, using multi- and single-channel seismic reflection, SeaMARC II sidescan

sonar imagery and bathymetric, Sea Beam bathymetric, and ocean drilling data.

In Chapter 4, a synthesis and interpretation of multi- and single-channel seismic

data from Hachijo and Aoga Shima Rifts is presented that further documents the structural

and stratigraphic evolution of Izu-Bonin backarc rifts, and allows a comparison of along

strike variations in backarc rift extensional style. This chapter will be submitted for

publication in the near future.
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CHAP1ER2

SUBMARINE CANYON DEVELOPMENT IN 1HE IZU-BONIN FOREARC: A
SEAMARC II AND sarsxuc SURVEY OF AOGA SHIMA CANYON

ABSTRACf

SeaMARC II sidescan (imagery and bathymetry) and seismic data reveal the

morphology, sedimentary processes, and structural controls on submarine canyon

development in the central Izu-Bonin forearc, south of Japan. Canyons extend up to 150

km across the forearc from the trench-slope break to the active volcanic arc. The canyons

are most deeply incised (1200-1700 m) into the gentle gradients (1-2°) upslope of the outer

arc high (OAR) and lose bathymetric expression on the steep (6-18°) inner trench-slope.

The drainage patterns indicate that canyons are formed by both headward erosion and

downcutting. Headward erosion proceeds on two scales. Initially, pervasive small-scale

mass wasting creates curvilinear channels and pinnate drainage patterns. Large-scale

slumping, evidenced by abundant crescent-shaped scarps along the walls and tributaries of

Aoga Shima Canyon, occurs only after a channel is present, and provides a mechanism for

canyon branching. The largest slump has removed>16 km3 of sediment from an -85 km2

of seafloor bounded by scarps more than 200 m high and may be in the initial stages of

forming a new canyon branch. The northern branch of Aoga Shima Canyon has eroded

upslope to the flanks of the arc volcanos allowing direct tapping of this volcaniclastic

sediment source. Headward erosion of the southern branch is not as advanced but the

canyon may capture sediments supplied by unconfined (non-channelized) mass flows.

Oligocene forearc sedimentary processes were dominated by unconfined mass

flows that created sub-parallel and continuous sedimentary sequences. Pervasive channel

cut-and-fill is limited to the Neogene forearc sedimentary sequences which are characterized

by migrating and unconformable seismic sequences. Extensive canyon formation
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permitting sediment bypassing of the forearc by canyon-confined mass flows began in the

early Miocene after the basin was filled to the spill points of the OAH. Structural lows in

the OAH determined the initial locus of canyon formation, and outcropping basement rocks

have prevented canyon incision on the lower slope. A major jog in the canyon axis, linear

tributaries, and a prominent sidescan lineament all trend NW-NNW, reflecting OAR

basement influence on canyon morphology. This erosional fabric may reflect joint/fracture

patterns in the sedimentary strata that follow the basement trends. Once the canyons have

eroded down to more erosion-resistant levels, channel downcutting slows relative to lateral

erosion of the canyon walls. This accounts for the change from a narrow canyon axis in the

thickly sedimented forearc basin to a wider, more rugged canyon morphology near the

OAH. About 9500 km3 of sediment has been eroded from the central, 200 km long,

segment of the Izu-Bonin forearc by the formation of Aoga Shima, Myojin Sho and

Sumisu lima canyons. The volume of sediment presently residing in the adjacent trench,

accretionary wedge, and lower slope terrace basin accounts for <25% of that eroded from

the canyons alone. This implies that a large volume (>3500 km3 per 100 km of trench,

ignoring sediments input via forearc bypassing) has been subducted beneath the toe of the

trench slope and the small accretionary prism. Unless this sediment has been underplated

beneath the forearc, it has recycled arc material into the mantle, possibly influencing the

composition of arc volcanism.
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IN1RODUCTION

Submarine canyons significantly influence the patterns and processes of forearc and

trench sedimentation. Swath mapping, seismic, and sedimentological studies have begun to

identify the patterns of submarine canyon development, the nature of forearc sedimentary

processes, and the influence of structure and tectonics on both forearc sedimentation and

canyon evolution. Headward erosion is accomplished via multiple slope failures, including

canyon head and wall slumping (Farre et aI., 1983; Taylor and Smoot, 1984). Sediment

transport across the forearc to the trench is characterized by both canyon-confined and

unconfined sediment gravity flows (McMillen et al., 1982; Moore, G. F., et al., 1982;

Moore, J. C., et aI., 1982; von Huene and Arthur, 1982; Underwood, in press). Structural

control of sedimentary processes and submarine canyon development is commonly

observed in forearc basins where basement topography and/or vertical tectonic movements

(1) result in forearc sediment trapping (Scholl and Marlow, 1974; McMillen et al., 1982;

Moore, G. F., et aI., 1982; Underwood and Bachman, 1982; Honza and Tamaki, 1985),

(2) control initial canyon location (Underwood et al., 1980; Taylor and Smoot, 1984), and

(3) influence the pattern of slumping (Hampton 'and Bouma, 1978; von Huene and Arthur,

1982; Stow et al., 1984).

Previous studies in the intra-oceanic Izu-Bonin forearc have identified submarine

canyons which extend up to 150 km from the trench-slope break to the active volcanic arc

(Figure 2.1). These studies include single-channel seismic data (Honza and Tamaki, 1985)

and swath-mapping bathymetry of Aoga Shima, Myojin Sho, and Sumisu lima canyons

(Taylor and Smoot, 1984). Not all of the canyons extend west to the active volcanic arc.

There is little bathymetric expression of the canyons on the steep inner trench slopes (6

18°), but they are deeply incised in the gentle gradients (1-2°) of the forearc basin.
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Figure 2.1. Bathymetry of the Tzu-Bonin arc-trench system (Taylor et aI., 1990) with
the major forearc submarine canyons identified. Depths are labelled in kilometers.
Box locates Figure 2.2.
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Taylor and Smoot (1984) proposed that the major Izu-Bonin forearc submarine

canyons were first initiated at lows in the outer arc high (OAR) basement morphology and

cut headward by mass wasting. SeaMARC II sidescan sonar and single-channel seismic

data were collected over Aoga Shima Canyon (Figure 2.2) on the R/V Kana Keoki in May,

1983 (cruise KK83011604) and June, 1984 (cruise KK84042802) to test these

hypotheses. Additional, multichannel seismic data were collected in June and August, 1987

(RN Fred Moore, cruises FM3505/07). This paper reports the results of these

investigations and documents the morphology, sedimentary processes, structural

framework, and tectonic controls responsible for the growth and development of submarine

canyons in the Izu-Bonin forearc, focusing on Aoga Shima Canyon. I compare this canyon

to others along strike and also discuss the amount and fate of sediments eroded from the

forearc.

BATHYMETRY, ACOUSTIC IMAGERY, AND SEISMIC DATA

The SeaMARC II sidescan sonar system produces co-registered acoustic imagery

(10 km-wide swaths) and bathymetry (swath width equals 3.4 times water depth, up to 10

km; see Blackinton et aI., 1983; Blackinton, 1986). Navigation utilized the Global

Positioning System (GPS), transit satellite, and, on the 1984 and 1987 cruises, Loran-C.

Additional adjustments to navigation were based on matching sidescan features on

overlapping swaths. After the SeaMARC II data were corrected for ship speed variations

and gain changes, the data from individual swaths were combined to produce a seafloor

bathymetric map (Figure 2.3) and an acoustic imagery mosaic (Figure 2.4). These data

were used to make a geomorphological interpretation (Figure 2.5). Based on the sidescan

sonar and seismic-reflection data (Figure 2.6) four forearc geological provinces were

identified as outlined below.
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Figure 2.2. Bathymetry of the central Izu-Bonin arc-trench system (500 m contour
interval, modified from Taylor and Smoot (1984) showing the ship tracks (solid
lines) of the SeaMARC II survey of Aoga Shima Canyon. Stepped box locates
Figs. 2.3, 2.4, and 2.5. Letters A-P identify seismic profiles shown in Fig. 2.6.
Dotted lines locate the MCS profiles 8, 10, and 12 shown in Fig. 2.9. The entire
MCS profile 12, located by the dotted line and the alternating long and short
dashed line, is shown in Fig. 2.11. The thin dashed line locates the single channel
seismic profile shown in Fig. 2.10. The thick dashed line locates the MCS line
shown in Fig. 2.12. The line of active island arc volcanoes is defined by Hachijo
Jima, Aoga Shima, Myojin Sho and Sumisu Jima.
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Figure 2.3. SeaMARC II bathymetry (100 m contour interval; labelled in meters x 102)
of Aoga Shima Canyon. The location of SeaMARC II ship tracks is shown in
Figure 2.2. Dashed contours in the southern half of the central third of the map
reflect poor swath bathymetry data quality. Dashed contours near the head of the
canyon are taken from Japanese Hydrographic Map #6422 (Survey of the
Hydrographic Department, Japan, 1986).



·.1 .•.•

140'20'-.

, I 140'40'

27

141'20' 141'40'

32' _
N 140'20' . :ooAn'

--,
J-·--~IOC---~20

Kilometers

141'20

,.

......
VI



16

Figure 2.4. SeaMARC II sidescan acoustic imagery of Aoga Shima Canyon. Swath
widths are -10 Ian. The blank: area down the middle of a swath is the ship track.
Strong acoustic returns (e.g. rough seafloor or outcropping basement) are dark
and weak acoustic returns (e.g. sediments) are light. Intensity variations that
parallel ship tracks are mostly artifacts of the beam pattern.
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Figure 2.5. Geomorphological interpretation of SeaMARC II data in the Aoga Shima
Canyon study area. Slope sub-parallel, curvilinear tributaries as well as sidewall
slumps characterize the forearc basin province. In the headward province,
tributaries adjacent to the submarine arc volcanos directly tap this source of
sediment, which is transported as canyon confined mass flows. A structural
lineament, NNW-oriented tributaries, and the major jog in the canyon axis reflect
the influence of the outer arc high (OAH) on canyon formation and sedimentary
processes. Outcropping OAH basement along the upper trench slope prevents
major canyon incision. Triangles locate submarine volcanic centers, box locates
Fig. 2.8, and lines 10, 12, and 8 locate seismic profiles shown in Fig. 2.9.
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Figure 2.6. Single channel seismic profiles across Aoga Shima Canyon (see Fig. 2.2 for
location). Geological provinces (headward-HP, forearc basin-FABP and outer arc
high-OAHP; see text) are labelled and separated by solid lines. The north and
south branches of Aoga Shima Canyon (profiles B-F) coalesce into a single
canyon below profile F. Note the large slump scar on Profile D. The change from
"a narrow, u- or v-shaped morphology in the upper reaches of the canyon to a
broad, u-shaped, and flat-floored canyon lower down probably results from
increased induration of the lower strata. In profiles E-K, canyon erosion has
occurred down to nearly the same stratigraphic horizon. Canyon cut-and-fill
structures are prevalent above this horizon (see Fig. 2.9). Profiles E-J were
collected aboard the RN Kana Keoki cruise KK83011604 using either an 80 or
120 in.3 airgun and filtered 20-50 & 70-200 Hz. Profiles A-D and K-P were
collected on RN Kana Keoki cruise KK84042802 using a 40 in.3 airgun and
filtered 28-55 & 65-180 Hz. Profiles are displayed at a constant horizontal scale
and have a seafloor vertical exaggeration of -lOx.
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Headward province (HP): west of 1400 15'

Aoga Shima Canyon extends westward to the flanks of the active volcanic arc

(Figures 2.2 and 2.3). Many of its tributaries extend up the flanks of the submarine

calderas to the east of the active island arc volcano of Aoga Shima (see Figures 2.2-2.4).

The heads of these tributaries are in water depths of <1000 m and are at the base of the

slopes of volcanic centers (Figure 2.2).

In the headward province, the canyon axis is incised over 500 m into the

sedimentary strata (Figures 2.3, 2.6) and is broad and U-shaped with gently sloping

canyon walls (Figure 2.6, profile A). Axial gradients are 2.5-3.6° (Figure 2.7). Sidescan

reflectivity is generally low except for the locally steep sides of the canyon walls and its

tributaries (Figure 2.4). Some of the tributaries to the main channel in this area have a

pinnate drainage form. Crescent-shaped scarps are rare (Figure 2.5). The head of the

southern branch is located near 1400 10' E in 1600 m water depth (Figure 2.3).

Forearc basin province: (FABP) -1400 15' to -141° 05'

The two branches of Aoga Shima Canyon coalesce into a single canyon axis at 1400

40' E (Figure 2.3). From 140° 40' to 141° 05' E the canyon is relatively straight and strikes

095°. The FABP is characterized by a deeply incised canyon axis, crescent-shaped scarps

along the canyon walls and tributaries, and pervasive channel cut-and-fill.

In this province, the canyon axis is incised up to 1200 m into the thickly sedimented

forearc basin. The canyon walls are steep and form both v- and u-shaped valleys, with flat

floors on profiles I-K (Figure 2.6). Profiles Band C (Figure 2.6) show some recent,

layered sediment fill forming the floor of the southern branch. The axial gradient in the

FABP decreases from 1.5-1.90 in the west to 1.2-1.5° in the east, with the south branch

being slightly steeper (Figure 2.7). The many small side tributaries occurring in this region

join the main channel at various angles, most commonly near orthogonal. Some tributaries
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Figure 2.7. Axial (thalweg) gradient of Aoga Shima Canyon. The vertical lines indicate
the boundaries of the headward (HP), forearc basin (FABP), outer arc high
(OAHP), and trench-slope (TSP) provinces. The circles represent the southern
branch of Aoga Shima Canyon. The average thalweg slope for each province is
labelled. The numbers with arrows identify the slope for particular regions within
a province and those within parentheses identify the regional slopes. The
relatively steep slopes in the HP give way to smoother, more gentle gradients of
the FABP with the south branch in the FABP being slightly steeper than the
north. Slopes in the OAHP are similar to those in the FABP but are locally
steeper, and extremely steep slopes characterize the TSP.
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form hanging valleys (Figure 2.3) and most have crescent-shaped headwall scarps (Figures

2.4 and 2.5). There are several curvilinear tributaries, 10-50 km long, subparallel to the

canyon that either do not have headwall scarps or extend upslope beyond the scarps (Figure

2.5).

Crescent-shaped scarps are the most distinctive and abundant features of the FABP

(Figures 2.3 & 2.4). These scarps have relief as great as 200 m, although they are

commonly much smaller (Figure 2.3). The sidescan imagery of these features has strong

returns from around the perimeter where the greatest bathymetric relief occurs (Figure 2.4).

The scarps are almost exclusively located associated with the canyon and its tributaries

(Figures 2.3-2.5). The headward reaches of nearly all of the smaller tributaries in the

FABP are characterized by these crescent-shaped sidescan and bathymetric features which I

interpret to be erosional slump scars (see also Malahoff et al, 1980, Farre et al, 1983).

Scarps near the head of the southern branch at 32° 21' N, 140° 18' E (Figure 2.4) face

down and toward the canyon axis and have relief <100 m.

The largest slump scar occurs near 32° 15' N, 140° 28' E (Figure 2.8), adjacent to

the southern branch (Figures 2.3-2.6). The seafloor within this crescent-shaped feature is

-7.5 km wide by -12.0 km long, covers -85 km-', and is bounded by a steep, -220 m high

scarp (Figure 2.8). The sidescan reflectivity is similar to the surrounding seafloor that has

not been incised by canyon activity. However, smaller ($;100 m) secondary scarps,

subparallel to and within the main (crown) scarp, are present. Bathymetric data show that

small channels extend up from the canyon axis. There are several other large slump scarps

in the area shown in Figure 2.8: on the north side of the southern branch and on either side

of the northern branch near (Figure 2.8). Each slump area, -3.5-5.0 km wide, is actually

characterized by multiple slump scars.
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Figure 2.8. SeaMARC II bathymetry, sidescan imagery, interpretation and
corresponding seismic profile D (top to bottom) across a series of canyon wall
FABP slump scars. The north-south line on the bathymetry and interpretation
locates the seismic profile. The southern slum~ scar has relief >200 m, surrounds
>85 km2 of seafloor, has removed >16 km of sediment, and represents the
earliest stages in the initiation of a new branch/tributary of Aoga Shima Canyon.
In the interpretation, the hatchures lines indicate slump scarps and the plain
dashed lines identify canyon parallel scarps.
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Whether there are faults associated with these scarps is uncertain. In the unmigrated

single-channel seismic data (profile D, Figure 2.6 & Figure 2.8), hyperbolic returns

emanate from a notch at the base of the largest scarp; these returns combined with a long

seismic bubble pulse and channel cut-and-fill in the underlying sediments, prevent

unequivocal identification of a fault trace or offset reflectors (indicative of a fault)

associated with the largest surficial scarp.

Channel cut-and-fill structures are a pervasive feature of the seismic data from the

FABP. Multichannel seismic data, correlated to Leg 126 Ocean Drilling Program results

(Figure 2.9; Leg 126 Scientific Drilling Party,1989; Leg 126 shipboard scientific party,

1989, Taylor et al., 1990) show that the cut-and-fill structures, which are abundant in the

Neogene sequences, are absent in the Oligocene sequences of the forearc basin. The basin

filling Oligocene sequences are pervasively cut by normal faults, but are otherwise sub

parallel and continuous. The change to channel cut-and-fill occurs in the early Miocene.

Outer arc hi&h province (OARP); -141° 05' to-141° 35'

The canyon axis makes a major jog near 141° 05' E where the canyon turns to the

south and for 15 Ian trends -N200W (Figures 2.3r2.5). At 141° 10' E the canyon makes

another bend and trends nearly due east again. There are major differences in canyon

morphology in the outer arc high province compared to the FABP. The OARP is

characterized by more complex and rugged bathymetry, a wider canyon, pinnaform

tributaries, regions of high sidescan reflectivity, prominent linear trends and oriented

drainages, and few crescent-shaped scarps.

East of seismic profile K a distinct change in canyon morphology occurs (seismic

profiles L-P; Figure 2.6). The narrow, steep-walled canyon axis, observed in the FABP

changes downslope to a broad canyon flanked by walls that are less steep and more
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Figure 2.9. Migrated, 48-fold multichannel seismic profiles (RN Fred Moore 3505,
Lines 10,12, & 8; see Fig. 2.2 for location) illustrating the evolution of forearc
sedimentary processes. The Oligocene section is dominated by unconfined
turbidity and debris flows resulting in sub-parallel and continuous seismic
sequences, offset by contemporaneous normal faults. A distinct change in forearc
basin sedimentary processes occurs in the Miocene, due to sedimentary fill
breaching the outer arc basement high and subsequent canyon formation,
Neogene seismic sequences are characterized by erosional surfaces, migrating
sediment packages, and unconformable reflectors indicative of pervasive channel
cut-and-fill, suggesting sediment transport via channelized flows. These
interpretations are supported by data from ODP Site 792, located on line 10, and
from Site 787 located within the canyon axis between lines 12 and 8 (Shipboard
scientific party, 1990a & b; Taylor et aI., 1990). The seafloor vertical
exaggeration is -6.7.
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irregular. The axial gradient averages 1.20
, but is characterized by locally steep slopes (2.2

2.90
) separated by relatively flat slopes (Figure 2.7).

The most highly reflective regions in the entire survey area occur in the main

canyon axis and the lower portions of the canyon walls of the OAHP (Figure 2.4). These

reflective regions correlate to the lower (Oligocene) sedimentary sequences overlying the

OAH basement (eg., Figure 2.10).

Several straight tributaries north of the canyon exhibit similar trends to the jog in the

canyon axis (Figures 2.3-2.5). A prominent sidescan lineament trends N38°W and crosses

the canyon near 141022' (Figures 2.4 and 2.5). The lineament bounds the western side of

a small, smooth, low-reflectivity terrace just above the trench-slope break. Several

curvilinear, narrow pinnate tributary channels, south of the main canyon channel, terminate

at this lineament (141030' E, 320 00' N).

Trench-slope province (TSP);east of -141 035'

The trench-slope province extends seaward of the trench-slope break that, at 320 00'

N, occurs at 5200 m water depth (Figure 2.3). The trench-slope is characterized by steep

gradients and dark, mottled sidescan reflectivity (outcropping basement). The gradients of

the trench slope are the steepest in the study area averaging _6 0
, with local slopes as great

as 180 (Figure 2.7). Although our sidescan survey stopped just south of the canyon axis in

the TSP (Figures 2.3 and 2.4), swath bathymetry indicates that canyon incision is <200 m

(Taylor and Smoot, 1984).

A lower-slope terrace has been formed by sediment ponding behind several

seamounts (Figures 2.2, 2.10), that our dredging showed are composed of chloritized

mafic and serpentinized ultramafic rocks. The seamounts rise 700-1400 m above the

adjacent sedimentary basins and saddles between the seamounts are elevated 100-200 m

above the basin floor. Multichannel seismic profiles indicate that ponded sediment



32

Figure 2.10. Single-channel seismic profile (Honza and Tamaki, 1985) across the Izu
Bonin arc-trench system and the major jog in Aoga Shima Canyon (inset)
illustrating the influence of the outer arc basement high (OAB) on submarine
canyon development (see Fig. 2.2 for location). A high standing block of OAB
basement results in the diversion of the canyon axis to the south. Outcropping
igneous basement along the lower trench slope limits canyon erosion and
corresponds to strong sidescan returns (Fig. 2.4). Note the small sediment basin
ponded behind the serpentinite seamounts along the lower slope terrace. Also note
the small accretionary wedge.
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thicknesses are up to 900 m, but are typically 150-450 m thick. Seaward of the lower slope

terrace, the slope drops steeply into the trench (15°, Figure 2.7; Figure 2.10). In this area,

the trench is filled with 300-700 m of sediment (Horine, 1989, Horine et al., 1990).

FOREARC EVOLUTION

A key to understanding the evolution of the Izu-Bonin forearc canyons is to

understand what caused the early Miocene change from basin filling by unconfined mass

flows to channel cutting and filling permitting sediment bypassing of the forearc by

confined mass flows (Figures 2.9-2.11). Our interpretation of drilling results (Leg 126

Scientific Drilling Party, 1989; Leg 126 shipboard scientific party, 1989) in conjunction

with seismic surveys (Honza and Tamaki, 1985; Taylor et al., 1990) suggests the

following scenario. The Izu-Bonin forearc basin is a product of mid-Oligocene rifting of an

Eocene and early Oligocene tholeiitic and boninitic arc massif. The amount of stretching

and forearc basin subsidence relative to the OAH (fault-bounded rift margin) apparently

varied along strike, being a maximum in the south (Bonin Trough, Figure 2.1) and

decreasing to the north. Syn-rift volcanism and erosion fed Oligocene turbidites and debris

flows into the basin.

South of 29.5°N, up to 4 km of sediments accumulated behind the shallow water

Bonin Ridge. The southern basin remains unfilled, and no forearc basin canyons have

formed there. North of 33°N, the narrow forearc basin was quickly filled, and was uplifted

in the Neogene. Several curvilinear canyons have formed there (prior to the northward

flexing of the forearc down into the Sagami Trough; Figure 2.1) sub-parallel to the

relatively steep forearc slopes (3.0 - 4.7°). Between these two extremes, the central forearc

basin was filled by the Oligocene volcaniclastic sediments to about the top of the OAH.

Although forearc rifting ceased by 28 Ma, the are/backarc continued to stretch, culminating
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Figure 2.11. Migrated, 48-fold multichannel seismic profile (RN Fred Moore 3505,
Line 12 -see Fig. 2.2 for location) along the strike of the forearc basin and
crossing the major central Tzu-Bonin forearc submarine canyons. Thick and thin
dashed lines identify the basement-Oligocene and Oligocene-Neogene contacts,
respectively. The depth converted Oligocene-Neogene horizon (bottom) indicates
that, within the forearc basin, canyon location is not controlled by basement
influenced morphology. Vertical exaggeration is 16.5 at the seafloor.
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in Shikoku Basin backarc spreading 25-15 Ma (Chamot-Rooke, 1989). Forearc drilling

documented a dearth of volcaniclastic input and low sedimentation rates (-10 rn/my) during

the early Miocene (23-17 Ma). This period of minimal arc volcanism and forearc

sedimentation coincides with the onset of channel cut-and-fill structures observed on

seismic records (Figures 2.9-2.11). I infer that major canyon incision in the central forearc

basin also began at this time. Subsequently, volcanic activity has increased to the Recent

and forearc loading by the Neogene arc volcanos has produced upper slope moats in the

headward province that are filled with thick volcaniclastic deposits (Figure 2.10).

BASEMENT INFLUENCES ON CANYON EVOLUTION

The forearc basin was not incised by canyons until after it was filled with

sediments to the level of the low points in the OAH. At the end of the Oligocene phase of

basin filling, the upper central forearc slopes were less that 2° across strike (Figure 2.10)

and water depths varied by less than 200 m in 200 km along the basin axis (Figure 2.11).

Once forearc sediments were able to spill through low points in the OAH, the existing

distributary systems probably became focused on these spill points. A modem analog of

such a focused system is seen in SeaMARC II images of the Lima Basin, offshore Peru

(Hussong et al., 1988; Reed and Hussong, 1989). I concur with Taylor and Smoot (1984)

that the bathymetric and seismic data (Honza and Tamaki,1985; Taylor et al., 1990)

indicate that the major central forearc canyons cross the OAH at these low points. For

example, Figure 2.12 shows Myojin Sho canyon crossing the OAH at a low in the along

strike basement relief.

Tori Shima Valley provides another example of OAH basement control on

submarine morphology. This valley trends SE along the edge of a large offset normal fault

that forms the western side of the OAR between 30°-31° N (Japan National Oil Company,
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Figure 2.12. Migrated, 24-fold multichannel seismic line (RN Conrad 2005 -see Fig.
2.2 for location) along the strike of the outer arc high and crossing Myojin Sho
Canyon. The canyon is located above a low in the along-strike basement relief.
Low points in the outer arc high control the spacing of major submarine canyon
systems.
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proprietary seismic data) and then crosses the OAR at a structural low (Figure 2.1).

Similarly, the major jog in Aoga Shima Canyon (141° 05'-10' E; Figures 2.3-2.5) is

bordered to the east by a basement high (Figure 2.10). Frontal arc basement highs, east of

the active volcanic arc, have also influenced the location of forearc canyons. Aoga Shima

Canyon and Sofu Gan Valley bifurcate upslope around the frontal arc basement highs, and

Myojin Sho Canyon skirts around a similar basement high (Figure 2.1; Figure 2.9, Line

10).

The erosional patterns of the overlying sedimentary section mimic the NW-NNW

basement trends in the OAHP near 32°N. These patterns include the sidescan lineament that

crosses Aoga Shima Canyon near 141° 22' E, several straight tributaries to the north of the

canyon, and the jog in the canyon axis, all of which exhibit similar trends (Figures 2.3

2.5). No major faults associated with these features are apparent in the seismic profiles

crossing them. I suggest that this erosional fabric reflects joint/fracture patterns in the

sedimentary strata overlying basement that, in turn, reflect basement fabric.

Coincident seismic data indicate that the highly reflective, mottled regions just

below the trench-slope break on the acoustic image (Figure 2.4), in the TSP, are outcrops

of OAB basement (e.g., Figure 2.10). Presumably, the resistance to erosion of these

igneous basement rocks has prevented the development of significant (> 200 m) canyon

formation on the steep (6° to 18°) lower trench slope. In the OAHP, high reflectivity

regions within the canyon axis and along the lower canyon walls probably are outcrops of

erosion-resistant, highly consolidated Oligocene sedimentary rocks (the Oligocene

volcaniclastic rocks have been lithified by zeolite and smectite cements produced by pore

water reactions with the volcanic glass, Egeberg et al., 1990). Once the canyons have

eroded down to more erosion-resistant levels, channel downcutting slows relative to lateral
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erosion of the canyon walls. This change in erosion rate results in the wider and more

rugged canyon morphology observed in the OAHP.

CANYON GROWTH AND MASS WASTING PROCESSES

Curvilinear tributaries, subparallel to slope and to each other, are common features

in all Aoga Shima Canyon provinces above the trench-slope break (Figures 2.3-2.5). In the

OAHP south of the canyon axis, where the slopes are 2-4°, the tributaries are typically

joined at acute angles (65° ± 20°) by second-order tributaries on both sides, forming a

pinnate drainage pattern. In the FABP and the OAHP north of the canyon axis, where the

slopes are 1-2°, this pattern is not developed. Instead, in the FABP, slump scars formed

along the axes of the larger tributaries as well as in the heads of short tributaries sub

orthogonal to the main canyon (Figure 2.5). Furthermore, many of the curvilinear

tributaries extend upslope above the slump scarps. In the HP, where the slopes are 2-4°,

the canyon multiply bifurcates into a dendritic pattern of channels running down the lower

slopes of the volcanos. Hanging sidewall gullies join the south side of the canyon at acute

angles (Figures 2.3-2.5).

A combination of headward erosion and downcutting is required to explain the

observed drainage patterns. The pinnate pattern of the channels in the OAHP is inconsistent

with the channels being cut from above. I infer that these channels were formed primarily

by headward erosion. In contrast, the dendritic channels in the HP probably formed by the

downcutting of volcaniclastic flows that sourced from the arc volcanos and flowed

downslope within topographic lows. The slope sub-parallel, curvilinear channels in the

FABP may have formed by a combination of headward mass wasting and downcutting by

volcaniclastic flows and turbidity currents. The major jog in Aoga Shima Canyon, and the

bifurcation of the canyon around a frontal arc high, are difficult to reconcile with canyon
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growth by headward erosion alone since this process tends to form channels along the

steepest local slope (e.g., pinnate channels in the OAHP). On the other hand, numerous

curvilinear channels that are limited to the OAHP and FABP are inconsistent with

downcutting by sediment flows originating in the HP.

Several aspects of the Izu-Bonin forearc make ideal conditions for generating slope

instabilities, thereby triggering headward erosion by mass wasting. Since 17 Ma, the arc

volcanos have supplied increasingly large quantities of rapidly deposited sediments (up to

100 rn/my., Leg 126 Shipboard Scientific Party, 1989a). Subduction related earthquake

activity may trigger submarine slides, a process that has been inferred to be responsible for

generating mass flows on many active margins (e.g, Hampton and Bouma, 1978; Carlson,

et al., 1982). Vertical tectonic movements, such as the uplift in the Neogene of the northern

forearc (Figure 2.11), also may generate submarine slides (Barnard, 1978; Hampton and

Bouma, 1978; von Huene and Arthur, 1982; Stow et al., 1984).

In Aoga Shima Canyon, headward erosion proceeds on two scales: pervasive mass

wasting and discrete slumping. A myriad of small slope failures produces the pinnate and

curvilinear channels and gullies of the FABP and OAHP, whereas the slump scars

characteristic of the FABP are products of large slope failures. The majority of the crescent

shaped scars are associated with slumping of the canyon walls (Figures 2.3-2.5). Axial

downcutting by canyon-confined mass flows (evidenced by hanging valleys) undercuts and

promotes instability of the canyon walls (e.g., Malahoff, 1980; Stubblefield et al., 1982;

Morris and Busby-Spera, 1988). Sidewall slumping transports material directly into the

canyon axis. Slump blocks and debris flows, although commonly found downslope of

slump scars (e.g. Jacobi and Hayes, 1982; Prior et al., 1984), are not present in these

cases. I infer, therefore, that sediments and sediment blocks are eroded and transported

down the canyon axis. Slump scars also form cliffs with semi-circular headwalls along the
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axes of some tributaries (Figure 2.5). Several of these scars also occur within the

Quaternary fill (e.g., profile B, Figure 2.6) of the southern branch of Aoga Shima Canyon,

but are not observed in the north branch or main canyon axis (Figure 2.5)

Slumping of canyon walls provides a mechanism for canyon branching. The area

enclosed by the large slump scar (crown scarp) seen in Figure 2.8 has already developed an

internal drainage system. Some secondary scarps on the floor of the slump represent

subsequent, smaller slumps, but some could bound varying detachment levels of the initial

slump(s). Continued headward erosion of canyon wall slumps may capture slope-parallel

tributaries.

SEDIMENTARY PROCESSES

Given the lack of river systems, the sediment supply to Aoga Shima Canyon and

the Izu-Bonin forearc is different from those of most continental margins. The major

sediment source for the forearc basin is the active arc volcanos, although early in the

evolution of the forearc basin some sediments were also input by erosion of the OAH. In

addition to direct input into the head of the northern branch and vertical settling (airfall

pyroclastic debris and pelagic sediments), sediments are supplied to Aoga Shima Canyon

by capturing of unconfined mass flows, erosion of canyon floor and walls by mass flows,

and mass wasting of forearc slopes.

Voluminous sediment input by arc volcanos has been the dominant source of the up

to 4 km thick deposits that have accumulated in the forearc basin of the Izu-Bonin Arc since

the early Oligocene (Leg 126 Scientific Drilling Party, 1989). Direct input of arc

volcaniclastic sediments into the northern branch of Aoga Shima Canyon, which extends

up to the flanks of the arc volcanos, results in forearc sediment bypassing.
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Unconfined mass flows are known to be a major sedimentary transport process and

mode of forearc bypassing in certain forearcs (e.g., Aleutians, Underwood, 1990).

Multichannel seismic-reflection profiles and ODP Leg 126 drilling data suggest that

unconfined (non-channelized) mass flows were very important during the Oligocene

history of this forearc (Figure 2.9). Presently, the occurrence of well-developed canyon

drainage systems in the forearc suggests that the majority of the unconfined mass flows are

captured by the canyons and become confined to them. This same pattern has been inferred

where mid-slope canyons that do not reach up to the shelf on continental margins capture

unconfined flows (Underwood and Bachman, 1982).

The prevalence of slump scars in the FABP along the walls of Aoga Shima Canyon

attests to the importance of mass wasting in the overall sediment budget. The sediments

derived from this mass wasting are input directly into the canyon axis. Several aspects of

the data suggest that persistent active downslope sediment transport occurs within the

canyon. First, downslope of the slump scars that feed directly into the canyon axis there is

an absence of bedforms/sedimentary deposits usually observed downslope of slumps.

Second, although drilling within the canyon recovered -40 m of unconsolidated canyon fill

before penetrating consolidated, pre-canyon formation rocks (Site 787; Shipboard scientific

party, 1990a), and MCS data (Line 10, Figure 2.9) indicate no more than 70 m of channel

fill in the southern branch, there is a lack of significant long-term sediment accumulation

within the canyon. Lastly, an erosional thalweg is a striking feature in all 3.5 kHz profiles

across the canyon axis, indicating recent erosion of whatever sediments are temporarily

deposited within the canyon. Collectively, these observations suggest that sediment erosion

and transport are presently the dominant intra-canyon processes.

A quantitative determination of total sediment volume eroded from the central Izu

Bonin forearc canyons (Aoga Shima, Myojin Sho, and Sumisu lima; Figure 2.1) was
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performed using the GMT gridding and mapping system (Wessel and Smith, 1988; Smith

and Wessel, 1990). All available bathymetric data, including the digitized contours of the

SeaMARC II data from Aoga Shima Canyon, were median filtered and then gridded at a

0.01° interval (-1.1 km; 88,101 grid nodes) for the region between 30.5° to 33.0° Nand

139.5° to 143.0° E. A "pre-erosional" bathymetry was created for the same region by

deleting gridded data where canyon erosion has modified the forearc morphology. These

"pre-erosional" data were then gridded at the same grid interval, and contours were forced

to be linear interpolations between the pre-erosional promontories between the canyons.

Next, the original data set was subtracted from this "pre-erosional" surface. A contour map

of the result, the thickness of sediment eroded at each of the grid nodes, is shown in Figure

2.13. The calculated volume of sediment eroded from the forearc canyons between 31° 00'

32° 45' N is 9500 km3.

Several assumptions are made in using this method. First, this procedure assumes

that sediments formerly filled the canyon areas between the inter-canyon promontories.

This assumption undoubtedly overestimates the calculated volume. Second, it is assumed

that the most trenchward (easterly) portions of the promontories between the canyon

systems mark the least eroded remnants of the pre-canyon formation topography.

Outcropping reflectors on seismic profiles reveal that these promontories have undergone

some erosion; therefore, the true pre-erosional surface was farther to the east. Using these

areas to constrain the "pre-erosional" surface will underestimate the calculated volume.

Flexural moats around the arc volcanos in the HP formed the major upper forearc

sedimentary depocenters (Figure 2.10). Much of the sediment presently supplied to the

forearc is captured by, and confined to, the well-developed canyon system. This sediment

bypasses the outer forearc and is transported to the trench slope break. The sidescan sonar

imagery data from below the trench slope break indicate that there is little sediment
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Figure 2.13. Isopach map (100 m contours) of forearc sediment eroded to fOITIl Aoga
Shima, Myojin Sho, and Sumisu lima canyons. Calculations at 0.01 0 (-1.1 Ian)
grid nodes over this entire region indicate that the total amount of sediment eroded
from these canyons is 9500 km3 (see text for methods and implications for
sediment subduction).
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deposited on these steep (6 to 18°) slopes. Instead, sediment is transported down the trench

slope until it reaches the lower slope terrace (Figures 2.2, 2.10). Sediments ponded

around and behind the serpentinite seamounts are as thick as -900 m, but are commonly

much thinner (-150-450 m). These sediments are probably derived both locally from the

serpentinite seamounts and via Aoga Shima Canyon. Three MCS profiles across the lower

slope basin exhibit an average terrace basin cross-sectional area of -2.5 km2 (Horine,

1989; Horine et. al., 1990). Bathymetry (Figure 2.2) indicates a maximum basin length of

-130 km, implying a sediment volume of -325 km-'. This basin, therefore, can only

account for a very small proportion (-3%) of sediments that have been exhumed from the

canyon, even ignoring any sediment input by other sources.

Presently, the 100-200 m saddles between the seamounts are probably not complete

barriers to sediment transport. Theoretical and empirical results indicate that bypassing over

saddles of this size either by flow stripping or by upslope movement of turbidity currents is

common (e.g., Moore, J. C., et al., 1982; Underwood and Norville, 1986; Dolan et al.,

1989; Muck and Underwood, 1990; Underwood, 1990). Turbidity flows, cascading down

the steep trench slope, can easily be transported across the terrace basin, over the saddles,

and down the lower slope to the trench axis. Although sediment ponding in basins on the

outer trench slope suggests that upslope transport and deposition into these small basins

occurs, these sediments eventually return to the trench due to continued convergence.

I propose that nearly all sediment supplied to and funnelled through Aoga Shima

Canyon reaches the trench axis. However, there is only a small accumulation of sediment

in the trench. Analysis of eight-depth corrected MCS profiles across the trench and

accretionary prism from Horine (1989), in the area supplied by the central Izu-Bonin

canyons, indicates that trench sediment fill ranges from -430 m to as much as -1,400 m

near the bottom of Aoga Shima canyon. The width of relatively undisturbed trench fill
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ranges from 1.4 to 7.9 krn over this -200 km long section of trench. These numbers yield a

maximum sediment volume estimate of -1,170 km3. Calculations using averages of

sediment thickness and trench width suggest that a more realistic volume of trench sediment

fill is closer to -715 km3. These values are only 8-12% of the total volume of sediment

eroded to form the central Izu-Bonin forearc canyons.

The total amount of sediment residing in the trench and the lower slope terrace basin

is -1,500 km3. This suggests that of the 9500 km3 eroded to form the central forearc

canyons, -8000 km3 of sediment are available to be accreted or subducted. Our

interpretation of MCS data indicates that the accreted sediment volume is only -700 km3.

Even allowing for the effects of compaction, this implies that more sediment has been

supplied to the trench by canyon erosion alone than is presently within the trench, the lower

slope basins, and the accretionary wedge. Thus, a large volume of sediment (-7000 km3)

eroded from these canyons must have been subducted beneath the lower slope.

This analysis documents sediment input by canyon erosion/formation only and does

not account for the presumably large quantities of sediment bypassing the forearc via the

canyon systems. If I combine the canyon eroded volume with the known convergence rate

of 57-60 km/rny (Seno, 1989), and assume a -300 m high pile of sediment being

subducted at anyone time, then the total amount of sediment eroded from the central Izu

Bonin forearc canyons can be subducted in less than 3 my. Since the trench is not devoid

of sediments and extensive canyon formation began in the Miocene, forearc bypassing of

sediment input by arc volcanos must also contribute significant amounts of trench

sediment. The majority of these sediments have been subducted beyond the small

accretionary prism. This sediment is either underplated beneath the forearc or, if carried

deeper, it will recycle arc materials into the mantle and possibly influence the composition

of arc volcanism.



50

CONCLUSIONS

The data presented herein document the morphology, sedimentary processes, and

structural controls on submarine canyon development in the Izu-Bonin forearc. The

canyons extend up to 150 km across the forearc from the trench-slope break to the active

volcanic arc. In contrast to canyons along passive margins, these canyons are most deeply

incised into the gentle gradients (above the outer arc high) and lose bathymetric expression

on the steep gradients (inner trench-slope).

The forearc basin formed by mid-Oligocene rifting of an Eocene and Early

Oligocene tholeiitic and boninitic arc massif; stretching and basin subsidence increased to

the south. Syn-rift volcanism and erosion fed the basin with unconfined volcaniclastic

turbidity currents and debris flows. By the early Miocene, these mass flows filled the

central forearc basin to the spill points in the OAH permitting nucleation of canyons.

Seismic sequences characterized by channel cut-and-fill document persistent canyon

formation throughout the Neogene. Canyon formation initiated a change in forearc basin

sedimentary processes from basin filling by unconfined mass flows to forearc bypassing

by canyon-confined mass flows.

Forearc basement morphology has profoundly influenced canyon evolution and

forearc sedimentary processes. During the Oligocene, the OAH basement high acted as a

barrier to downslope sediment transport. Sediment breaching of OAH structural lows both

resulted in the beginning of canyon formation and determined the location and spacing of

major canyon systems. Some forearc canyons and valleys follow large offset normal faults

forming the western side (rifted margin) of the OAH. The NW-NNW OAH basement

trends, near 32°N, have influenced the erosional pattern in the overlying sediments,
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possible through basement control of the overlying joint/fracture pattern. Outcrops of OAH

basement have also prevented significant canyon incision on the trench-slope. Major

forearc submarine canyons have eroded upslope bifurcating and skirting around frontal arc

basement highs.

A combination of headward erosion and downcutting is required to form the

observed distributary pattern. Initially, headward erosion was characterized by pervasive

small-scale mass wasting events, that created curvilinear channels. Discrete, large-scale

slumps, that are limited to and abundant along the walls and tributaries of Aoga Shima

Canyon, form only after an erosional channel develops and provide a mechanism for

canyon branching.

The total volume of sediment eroded from the central Izu-Bonin forearc by the

formation of Aoga Shima, Myojin Sho and Sumisu lima canyons totals -9500 km3. The

volume of sediment residing in the adjacent trench, accretionary wedge, and lower slope

terrace basin can account for -25% of this volume. This implies that -7000 km3 of

sediment eroded to form these forearc canyons have been subducted. How much of this

sediment is underplated beneath the forearc is unknown. Any sediments carried deeper will

recycle arc materials into the mantle and may influence the composition of arc and forearc

igneous rocks.
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CHAPTER 3

STRUCfURAL AND STRATIGRAPHIC EVOLUTION OF SUMISU RIFT, IZU
BONIN ARC

ABSTRACf

The -120 Ian long, 30-50 Ian wide, Sumisu Rift is bounded to the north and south

by structural and volcanic highs west of Sumisu and Torishima calderas and longitudinally

by curvilinear boundary fault zones with both convex and concave dip slopes. The zig-zag

pattern of normal faults (average strikes N25°W and N5°W) indicates fault formation in

orthorhombic symmetry in response to N75°E extension, orthogonal to the volcanic arc.

Three oblique transfer zones divide the rift along strike into four segments with different

fault trends and uplift/subsidence patterns. Differential strain across the transfer zones is

accommodated by interdigitating, rift-parallel faults and sometimes by cross-rift volcanism,

rather than by strike- or oblique-slip faults. From estimates of extension (2-5 Ian), the age

of the rift (-2 Ma) and the accelerating subsidence, I infer that Sumisu Rift is in the early

syn-rift stage of backarc basin formation, Initially a half graben formed with a synthetically

faulted, structural rollover facing a large-offset border fault zone which alternated sides

along strike. The second "full graben" stage is dominated by hanging wall antithetic

faulting, basin widening by footwall collapse, and a concentration of subsidence in an inner

rift. The hanging wall collapses, but not as a result of border fault propagation from

adjacent rift segments. Backarc volcanism, usually erupted along faults, occurs in the rift

and along the proto-remnant arc during both stages. Where drilled, the arc margin has been

uplifted 1.I±O.5 Ian concurrently with -1.1 km of rift basin subsidence. Along strike

variations in rift geometry result in variable depth-to-detachment calculations of 5-10 km

(southern segment) and 10-15 km (northern segments). In the north, high-angle (60-75°)
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boundary faults substantially cut through the crust whereas, in the south, the faults are

lower angle (25-50°) and may bedetached at mid- to upper-crustal levels. A linear zone of

weakness caused by the greater temperatures and crustal thickness along the arc volcanic

line controls the initial locus of rifting. Rifts preferentially form between the arc edifices;

intrusions may be accommodating extensional strain adjacent to the arc volcanos. No

obvious correlations are observed between the rift structures and preexisting cross-arc

trends. Episodic eruptions of the arc volcanos are the dominant sediment source; sediment

is primarily fed into the northern and southern ends of the rift basin. Sediments are

distributed throughout the region by eruptive events and redeposited in the rift basin by

unconfined mass flows. Extremely high sedimentation rates, up to 6 m/k.y. in the inner

rift, have kept pace with syn-rift faulting, create a smooth basin floor and result in sediment

thicknesses that mimic the variable basin subsidence.



54

INTRODUCTION AND PREVIOUS WORK

Although active rifting of intra-oceanic island arcs was first proposed about 20

years ago (Karig, 1971; Packham and Falvey, 1971), the extensional mechanisms

associated with stretching arc lithosphere remain poorly known. Investigations using

swath-mapping sonar, seismic, sedimentologic, petrologic, and heat flow techniques have

begun to reveal the surficial pattern ofextensional strain, the nature and structural control of

rift volcanism, sedimentation, and hydrothermal circulation, as well as the influence of the

line of active arc volcanos on rifting processes (Sibuet et aI., 1987; Taylor, et aI., 1990a;

Wright, et aI., 1990).

One of the better-studied active arc rift systems occurs south of Honshu, Japan

(Figure 3.1). Bathymetric depressions west of the Izu-Bonin (I-B) island arc were first

observed by Mogi (1968) and Hotta (1970). Investigations using reconnaissance seismic

and bathymetric data (Karig and Moore, 1975; Honza and Tamaki, 1985) were sufficient to

identify the presence and gross morphology of these fault-bounded basins and allowed the

hypothesis that they were extensional in origin.

Sumisu Rift (Figures 3.1 and 3,2), in thel-B island arc, has been the focus of

recent investigations by the Hawaii Institute of Geophysics and the Geological Survey of

Japan. Densely spaced single-channel seismic data have been collected to define shallow

rift structures (Murakami, 1988; Brown and Taylor, 1988). SeaMARC II sidescan sonar

imagery and bathymetry (Brown and Taylor, 1988) and Sea Beam bathymetry (Taylor et

aI., 1990a) investigations mapped the surficial distribution of faults, volcanos and

sediments. Additional sedimentologic (Nishimura and Murakami, 1988), volcanic (Fryer et

aI., 1990; Hochstaedter et al., 1990), and heat flow (Yamazaki, 1988; Taylor et aI., 1990a)

studies have begun to document the sediment and volcanic rock types, processes, and

distribution, as well as the nature of hydrothermal circulation.
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Figure 3.1. (Right) Generalized tectonic map of the western Pacific. The box outlines
the area of the Izu-Bonin arc-trench system shown to left. (Left) Bathymetric map
of the Izu-Bonin arc-trench system (Taylor et al., 1990b). Arc rifts (AR-Aoga
Shima Rift, SR- Sumisu Rift, TR-Torishima Rift, SGR-Sofu Gan Rift, NR
Nishinoshima Rift) are stippled and the nearby island arc volcanos are labelled
(H-Hachijo lima, A-Aoga Shima, M-Myojinsho, S-Sumisu Jima, T-Torishima,
SG- Sofu Gan). Box locates Sumisu Rift study area shown in Figure 3.2. The
contour interval is 500 m, labelled in kilometers.
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Figure 3.2. Bathymetric map of Sumisu Rift showing the location of multichannel
seismic profiles (Fig. 3.3; R!V Fred Moore 3505/07). The bathymetry is based on
SeaMARC II data (Taylor et aI., 1988) augmented by ship track data and
bathymetric charts 6526 & 6527 of the Hydrographic Department of the Japanese
Maritime Safety Agency. Tick marks along the ships tracks are at ten minute
intervals and labelled every hour. The contour interval is 100 m, except for the
2250 m contour which is dotted. Dashed contours are either interpolated or not
based on SeaMARC II data. The island arc volcanoes Sumisu Jima and Torishima
are labelled S and T. NSB =North Sumisu Basin, SSB =South Sumisu Basin.
Open circles locate Sites 788, 790 and 791 on line 4.
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Extension of the I-B arc has resulted in the formation of asymmetric rift basins located

adjacent to the active volcanic arc that are generally 20-60 km wide by 20-120 krn long.

The rifts are bounded by high-angle, normal fault zones and are separated along strike by

structural highs and chains of submarine volcanos (Honza and Tarnaki, 1985; Taylor et al.,

1985; Brown and Taylor, 1988; Murakami, 1988). Individual rift basins are segmented

along strike by cross trending transfer zones that link: opposing boundary fault zones

(Taylor et al., 1990a; Taylor & Shipboard Scientific Party, 1990).

Structural control of volcanism is commonly observed in these backarc rift basins

where extrusive volcanics (1) are concentrated along cross-trending accommodation rones,

(2) are elongate parallel to rift faulting, (3) form clusters of aligned vents along rift faults,

and (4) extend outward onto the rift margins (Brown and Taylor, 1988, Taylor et al.,

1990a). Within the rift basins, the presence of backarc basin basalts indicates that a magma

source with little influence by arc components is present even at the earliest stages of arc

rifting (Fryer et al., 1990; Hochstaedter et aI., 1990). Active backarc rift basin

hydrothermal circulation, evidenced by high and variable heat flow, may occur along rift

faults and/or through permeable rift basin sediments (Yamazaki, 1988; Taylor et al.,

1990a).

Sediment input to the I-B rift basins is dominated by volcaniclastic sediments

erupted from the adjacent volcanic arc that are distributed throughout the basin by airfall

from eruptive events and submarine mass flows (Nishimura and Murakami, 1988; Brown

and Taylor, 1988). Sediment deposition is profoundly influenced by variable subsidence of

rift blocks, as well as by volcanic ridges that influence sediment transport pathways

(Brown and Taylor, 1988; Nishimura and Murakami, 1988).

Prior to the collection of deep-penetrating multi-channel seismic data (Taylor et al.,

1990b; this study) and ODP Leg 126 drilling of Sumisu Rift (Taylor, Fujioka, et al.,
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1990), major questions about the rifting process remained unanswered such as (1) the

nature and structure of the pre-rift section beneath the rift basin (e.g. extensional

mechanism of rifting), (2) the age of initiation of rift formation, (3) the facies and processes

of syn-rift sedimentary fill, and (4) the rate of syn-rift sedimentation and basin subsidence.

In June-August 1987 as part of the ODP Legs 125/6 site survey, we conducted a

multichannel seismic (MCS) survey of the Sumisu Rift (Fig 3.2). Data acquisition and

processing parameters are described in Taylor et al., (1990b). We sought to constrain the

extensional mechanisms of rifting arc lithosphere by determining the deep crustal structure

of this backarc rift. In this paper I present the results of the MCS survey and the detailed

tectonic interpretation permitted by integrating these data (Figure 3.3) with Leg 126 ocean

drilling data, as well as previously collected seismic and swath mapping data (Figure 3.4).

Unfortunately, overprinting of pre-rift sequences and structures by synrift volcanism and

faulting prevented us from clearly imaging the deep structure of Sumisu Rift. Nevertheless,

I was able to integrate the comprehensive data to better document the near-surface

structural, volcanic, and sedimentation processes associated with rifting of the Izu-Bonin

intra-oceanic island arc.

TECfONIC SEITING

Subduction of the Pacific plate beneath the west Philippine Plate (Figure 3.1) began

in the early Eocene (Karig, 1975) and by the end of the early Oligocene a 200-kIn wide

intraoceanic volcanic arc massif had formed (Taylor and Shipboard Scientific Party, 1990)

composed of tholeiitic and boninitic volcanic rocks (Natland and Tarney, 1981). The I-B

forearc basin is a product of mid-Oligocene rifting of this Eocene and early Oligocene arc

massif (Leg 126 shipboard scientific party, 1989a; Taylor, Fujioka, et al., 1990). Rifting

of the I-B and Mariana island arcs, followed by late Oligocene to early Miocene seafloor
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Figure 3.3. (a) Cross-rift, migrated, multichannel seismic profiles. The location of
profiles is shown in Figure 3.2.
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Figure 3.3. (b) Line drawings of cross-rift, migrated, multichannel seismic profiles
shown in Figure 3.3a. The location of profiles is shown in Figure 3.2.
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Figure 3.4. Location map showing data used for structural (Fig. 3.5) and stratigraphic
interpretations including multichannel (R/V Fred Moore, FM3505 & FM3507
solid lines) and single-channel seismic profiles (R!V Kana Keoki cruise
KK840428 Leg 02- dash-dot; RN Hakurei Maru cruises in 1979, 1980, 1984,
and 1985- dotted line), SeaMARC II sidescan sonar imagery and bathymetry
(Taylor et al., 1988a & b- solid outline), and Sea Beam bathymetry (Taylor et al.,
1990a- dashed outline).
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spreading in the Shikoku (25-15 Ma; Chamot-Rooke, 1989) and Parece Vela basins (30-17

Ma; Mrozowski & Hayes, 1979), formed backarc basins that separated the remnant arc

(Palau-Kyushu Ridge) from the Izu-Bonin-Mariana Arc.

A second stage of Mariana arc rifting and latest Miocene (6 Ma) to Recent backarc

spreading in the Mariana Trough has separated the Mariana arc from its second remnant

arc, the west Mariana Ridge (Hussong and Uyeda, 1982). In contrast, the I-B arc is still in

the second stage of backarc rift formation; the rifts are forming along most of its length

adjacent to the active volcanic arc (Figure 3.1; Karig & Moore, 1975; Honza and Tamaki,

1985; Tamaki, 1985). These backarc rift basins are semicontinuous along strike,

segmented by structural highs and chains of submarine volcanos, and have not yet

developed into the backarc spreading stage (Taylor et al., 1985; 1990a & b).

SUMISU RIFT ARCHITEcruRE

Sumisu Rift is located west of the frontal arc Sumisu, South Sumisu, and

Torishima, submarine calderas (Figures 3.1, 3.2). It extends 120 Ian from approximately

30.5° to 31.5°N and is 30-50 km wide. It is the longest of the Izu-Bonin rifts; some

structural depressions are nearly equidimensional and only 20-30 Ian across (Figure 3.1).

Sumisu Rift is bounded to the north and south by structural and volcanic highs west of

Sumisu and Torishima calderas and longitudinally by large-offset normal fault zones (rift

bounding fault zones - RBFZ's) that are 2-10 Ian wide (Figures 3.3, 3.5). Two to three

faults accommodate the majority of the -1 Ian of surficial throw, and>1 km of additional

throw beneath the sedimented rift basin floor, across the RBFZ's. The MCS data show that

these faults dip steeply (60°_75°), except in the southwest where dips are 25-50°. Previous

interpretations based on bathymetry and unmigrated single channel seismic data

significantly underestimated the fault dips (20-50°, Taylor et aI., 1990a).
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Figure 3.5. Structural map of the Sumisu Rift. Location of data used to constrain
interpretations is shown in Figure 3.4. Extrusive volcanic rocks are shown as
black (from Taylor et al., 1990a). The active arc calderas are Sumisu, South
Sumisu, and Torishima; Kotori is a pyroclastic cone. CR and SM stand for
Central Ridge and Shadow Mountain respectively. Polar histograms (cumulative
fault length versus azimuth) and average fault strike are shown for various
regions outlined by dots. Bold arrows point to the three transfer zones.
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Sumisu Rift has two sediment depocenters that are separated at a sill depth of 2080

m by an en echelon ridge of extrusive volcanics (Figures 3.2, 3.5). The North (Kita)

Sumisu Basin (NSB) and South (Minami) Sumisu Basin (SSB) exhibit relatively smooth

sedimented basin floors that are 2100-2150 m and 2200-2275 m deep, with gently sloping

rises up to 2000 m depth in the north and south, respectively.

The RBFZ's and other rift-parallel faults delineate four structural provinces across

strike from east to west (Figures 3.3, 3.5): (1) the arc margin, (2) the inner rift, the locus

of maximum subsidence and sediment thickness, (3) the outer rift, and (4) the proto

remnant arc. Oblique transfer zones also divide Sumisu Rift along strike into four segments

with differing fault trends and uplift/subsidence patterns (Figure 3.6). The shallowest rift

segment is in the north, adjacent Sumisu caldera, where faults have an average trend of

336° (Figure 3.5). An east-trending transfer zone at 31°16-20'N separates this area from the

north-central segment, where fault strikes average 355° (regions B and D, Figure 3.5). In

the south-central segment, south of the NE-trending central transfer zone marked by

volcanics, fault strikes average 340°. This is the widest segment of Sumisu Rift and differs

from the two northern segments in having a second half graben in the outer rift that has

subsided to nearly the same level as the inner rift. The three northern rift segments have

larger-throw RBFZ's on the east than on the west. In contrast, the southern segment, south

of an east-trending transfer zone at 30040'-43'N and adjacent to Torishima caldera and

Kotori submarine volcano, has a large-offset RBFZ on the west and a gentle roll-over out

of the basin on the east (Figures 3.3, 3.5). The faults in this segment strike 333° on average

(region A, Figure 3.5). The footwalls of the RBFZ's, particularly those of the southern

two rift segments, are uplifted and rotated away from the rift axis. The larger footwall

uplifts alternate position along strike, being on the east in the north and south-central
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Figure 3.6. Perspective block diagram of Sumisu Rift, viewed from an elevation of 65°,
looking 345°, and with a vertical exaggeration of 6.
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segments and on the west in the north-central and south segments (Figures 3.2, 3.3, 3.5,

3.6).

ArcMarltin

The active frontal arc volcanos, Sumisu lima and Torishima, lie on the southern rim

of much larger submarine calderas (Figure 3.2). South Sumisu caldera, 20 Ian south of

Sumisu lima, has a horseshoe-shaped rim 300-400 mbsl. Kotori submarine volcano, west

of Torishima, lies at the southern end of Sumisu Rift on the basement high separating

Sumisu and Torishima rifts (Figure 3.2). The arc margin is bounded on the west by large

offset RBFZ's north of 30041'N and by a monocline, cut by small-offset normal faults,

further south (Figures 3.2, 3.3, 3.5, 3.6). To the east, the arc margin gently slopes into the

forearc basin. The arc margin forms the depositional divide between the rift and forearc

basins.

South of 30041'N, the arc margin forms the faulted, ramping side of a half graben

and is characterized by three principal seismic units (profile 13, Figure 3.3). The middle

unit has high-amplitude, conformable and relatively continuous reflectors up to 1 km (0.9

sec.) thick. To the west this unit is pervasively faulted down into the rift basin. This unit

unconformably overlies a sequence characterized by more chaotic (faulted), larger

amplitude reflectors and is erosionally truncated and draped by -200-250 m (0.35 seconds)

of more transparent and discontinuous reflections. The uppermost seismic unit is

continuous, with only minor normal fault offsets, with the uppermost rift basin sequence.

It laps onto the arc margin rift flank uplift to the north.

North of 30° 41'N, the uplifted footwall of the RBFZ's forms an arc margin

typically 1 km above the sedimented rift basin floor. Three types of rift flank uplifts are

observed: (1) large rotated fault blocks bounded by west-dipping faults (profiles 5 & 14;
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Figure 3.3), (2) broad, little-tilted uplifts cut by closer-spaced normal faults dipping both to

the east and west (profiles 3 & 4; Figure 3.3), and (3) relatively flat uplifts (profile 6;

Figure 3.3).

The first type occurs in two regions of the arc margin, 30° 4l-46'N (seismic profile

14; Figure 3.3) and 3l ooo-05'N (seismic profile 5; Figure 3). These rift flank uplifts have

2-3 fault blocks that dip east at up to 16°, between 60-70° west-dipping normal faults

spaced about 3 km apart.

Between these two regions of tilted-blocks, the arc margin is cut by active, closely

spaced, normal faults that dip 65°-75° to both the east and west and result in only minor

block tilting (profiles 3, 4; Figure 3.3; profile 4, Figure 3.7). In this region, the faults

exhibit an anastomosing and relay pattern (Figure 5; see also Figure 7 of Taylor et aI.,

1990a). Although this region is cut by numerous small-offset (20-150 m) faults, 2-3 large

offset (300-400 m) faults account for the majority of the total throw down into the rift

basin.

The north-central rift segment is bounded by a narrow RBFZ composed of two

400-500 m offset fault zones (Figures 3.3, 3.5). The arc margin appears quite flat on

profile 6 (Figure 3.3), in part because of the volcaniclastic apron from South Sumisu

caldera just to the north.

The centers of the footwall uplifts exhibit continuous, parallel, high-amplitude

seismic reflections similar to those on the ramping arc margin south of 3004l'N (e.g

profiles 3, 4, Figure 3.3). The reflection sequences within the steeper-tilted blocks are less

well imaged (profiles 5, 14). All reflections become increasingly disrupted in the RBFZ by

the pervasive faulting and possibly by volcanic intrusions similar to those observed during

submersible investigations along the eastern rift wall (Taylor et al., 1990a). Well-stratified

upper forearc sequences lap onto the eastern side of the footwall uplifts (Figure 3.3).
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Figure 3.7. Seismic profile 4 showing the location of ODP Leg 126 drill sites in the rift
and on the arc margin.
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ODP Leg 126 Site 788 (Taylor, Fujioka, et aI., 1990) drilled 374 m into the arc

margin at the intersection of seismic profiles 4 and 9 and recovered dominantly Pliocene

pumiceous gravels and conglomerates (Figures 3.7 & 3.8). An unconformity (30 mbsf)

dates the rift flank uplift and presumably the onset of rifting as >275 Ka and <2.35 Ma.

The distinctive stratified pre-rift volcaniclastics are observed on MCS records to >1200

mbsf. Benthic foraminifera from -270 mbsf indicate water depths of 2-3 km at -4 Ma,

which constrains the amount of rift flank uplift at this 1113 mbsl Site to 0.6-1.6 km

(Kaiho, in press).

Except for the region where the central transfer zone and NE volcanic trend intersect

the arc margin (31°05 'N to 31°12'N; Figure 3.5), there is a striking lack of evidence of

extrusive volcanism along the volcanic front between the major arc calderas.

Proto-remnant arc

The rift basin is bounded to the west by the proto-remnant arc (PRA) which rises

300-1500 m above the sedimented basin floor. It includes a large rotated block in the south

and a multiply-faulted high in the north. The margin is deepest (1700-2000 mbsl) between

30040-48'N, adjacent to the wide south-central rift segment. The PRA margin is

characterized by a reflective sequence of presumed pre-rift volcaniclastic sediments beneath

a thin Quaternary cover (Figure 3.3).

The normal-faulted rift flank uplift south of 30042'N exhibits rotated and tilted fault

blocks (Figure 3.9) similar in form to those observed in the Bay of Biscay (de Charpal et

al, 1978, Montadert et aI., 1979). The MCS data image fault-plane reflections bounding

some of these well stratified blocks. The faults have low near-surface dips (25-50°) and

some flatten with depth to -25°. They extend down into a region of horizontal reflections at
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Figure 3.8. Stratigraphy of ODP Leg 126 Sites 788, 790 and 791 including lithologic
columns and sedimentation rate diagrams (Taylor, Fujioka et aI., 1990). The
sedimentation rate diagrams are modified using data from Firth and Isiminger
Kelso (in press) and Nishimura et al. (in press).
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Figure 3.9. Multichannel seismic profile 13 (top) and SeaMARC II sidescan sonar
imagery (bottom) across the southwestern rift-bounding fault zone. The dashed
line on the sidescan data locates the seismic profile. The sidescan data displays
strong acoustic returns (e.g. fault scarps or extrusive volcanics) as dark and weak
acoustic returns (e.g. sediments) as light. In addition to routine processing
(through migration) the seismic profile has been corrected for the effects of dip
using pre-stack dip-moveout (DMO) and is displayed at a seafloor vertical
exaggeration of 2.6. The boundary fault dips shoal from 25-500 near the surface
to -250 at 4 seconds. Fault plane reflections are observed from several of the
shallow-dip faults, as pointed to by the arrow.
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-4.5 seconds (-2 km bsf, Figure 3.9). Small-offset west-dipping normal faults occur to the

west of the RBFZ.

North of 30048'N, the PRA margin is flat to gently west dipping (Figures 3.3,

3.6). The deeper stratified sections are cut by numerous, variably but often west-dipping,

small-offset normal faults, whereas the surface-breaking faults dominantly dip east

(Figures 3.3, 3.10).

Volcanism on the PRA margin is concentrated along extensions of the transfer

zones and in the north (Figure 3.5). Individual flows and vents are rift elongate and often

are aligned either along or parallel to faults. Regions interpreted as extrusive volcanism

based on sidescan sonar imagery have incoherent reflections on MCS sections (e.g. Figure

3.9).

Rift basin

The locus of maximum sediment thickness (> 1 km) and basin subsidence occurs

along an inner rift adjacent to the arc margin (Figures 3.3, 3.6). Typical basin floor depths

along the inner rift range from 1600 mbsl in the northern segment to 2100 mbsl in the NSB

and 2250 mbsl in the SSB (Figure 3.2). In the two northern rift segments, a multiply

faulted but less subsided (1300-1900 mbsl) and thinly sedimented outer rift lies between

the inner rift and the RBFZ to the west (profiles 5, 6, Figure 3.3). In the south-central rift

segment, the outer rift has subsided below 2200 mbs!. Below the sediment plain there is a

half graben separated from the inner rift by a structural high (profiles 3, 4, Figure 3.3).

ODP Sites 790 and 791 were drilled on the western margin of the inner-rift half

graben in the SSB (Figures 3.7, 3.8). Both sites bottomed in vesicular basalt interpreted as

a syn-rift deep submarine eruption (Gill et al., 1990; Taylor, Fujioka et al., 1990), which

was underlain at Site 791 by tuffs interpreted as a sequence of island arc pyroclastic flows.
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Figure 3.10. A section of seismic profile 5 (VE=2.6) illustrating fault superposition on
the proto-remnant arc margin. The majority of the later faults dip east
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Definite pre-rift sequences were not penetrated. The vesicular basalts, at Site 791,

correspond to a high-amplitude reflector that is difficult to trace for even a kilometer away

from the drill site. The thick, well-stratified pre-rift sequences imaged on the arc margin are

obscured beneath the rift basin.

Although the lithostratigraphies are similar at both basin sites, differential

subsidence has resulted in a thickening of basin fill toward the eastern margin of the half

graben; Site 791 recovered an expanded section from that at Site 790 (Figure 3.7).

Nannofossil-rich clays and claystones (Unit II) overlie the volcanics. The oldest sediments

are -1.1 Ma (Taylor, Fujioka, et al., 1990). Correlation of Unit II throughout the rift basin

is difficult due to the lack of strong continuous reflectors, complex faulting, and local

deposition in small fault-block-bounded depocenters.

Unit II is overlain by thick pumiceous and vitric gravels, sands and silts (Unit I).

The seismic character of Unit I is highly variable throughout the SSB, ranging from

transparent or discontinuous to high-amplitude, parallel reflections. There is a gradual

regional transition in seismic facies in Unit I from discontinuous, low amplitude reflections

in the southern SSB towards the north where higher amplitude, continuous reflections are

observed (Figure 3.11).

Sedimentation rates (not corrected for compaction) increase from 90 and 300

mm/k.y, between 0.5-1 Ma, to 150 and 800 mm/k.y. from 0.1-0.4 Ma, to 1.5 and 4

m/k.y. in the last 0.1 Ma (Unit I) at Sites 790 and 791 respectively (Figure 3.7; Firth and

Isiminger-Kelso, 1991; Nishimura et aI., 1991). Benthic foraminifera indicate that the

sediments were deposited in similar water depths to the present (Kaiho, 1991) suggesting

that the basin sedimentation rates are approximately matching the rate of rift basin

subsidence.
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Figure 3.11. Two segments of multichannel seismic profile 8 (VE=2.1) from the South
Sumisu Basin (SSB). We suggest that the primary sediment input into the SSB is
from the south, i.e. Torishima caldera. The southern part of SSB is characterized
by more discontinuous reflections (bottom) than the northern part (top). Both the
upper, low-amplitude and the lower, high-amplitude reflections become more
continuous towards the north as the distance from the inferred sedimentary source
increases. The thin dotted line locates the reflector isopached in Fig. 3.13.
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Syn-depositional faulting and subsidence has created reflector sequences that

exhibit progressive tilting with depth and often onlap earlier synrift reflectors or pre-rift

blocks. Figure 3.12 shows an example where the variably-tilted and faulted deeper

horizons are cut by currently active east-dipping faults, thereby reversing the direction of

tilting of the western two thirds of the section. The two to three east-dipping faults that

bound the western side of the inner rift in the SSB are extremely fast slipping, since they

offset the rapidly sedimented basin floor. Cumulative throws across these faults of 55-70 m

of a seismically transparent ash layer (Brown and Taylor, 1988; Murakami, 1988, lines 84

58 & 59) dated at 1 k.y. in Sites 790 and 791 (Taylor, Fujioka er al., 1990, Nishimura et

al., 1991) suggests subsidence rates up to 55-70 m/k.y. (assuming original continuity of

this ash layer). However, calculations based on deeper ash layers suggests that subsidence

rates are closer to 1.5-3.0 m/k.y. (Okamura et aI., 1991).

The pattern of sediment accumulation, basin subsidence and the distribution of rift

basin volcanic intrusions for the last 67 k.y. in SSB is shown in Figure 3.13. This isopach

map was constructed by correlating our MCS data with recovered core material from ODP

Sites 790 and 791 using shipboard physical properties velocities to convert depths (mbsf)

into two-way travel times. Next, a distinctive reflector that corresponds to 67 Ka was

mapped throughout the SSB. Correlation of deeper reflectors throughout the basin is

problematic due to pervasive faulting. Although the distinct, high-amplitude, well-layered

pre-rift sequences observed on the rift margins presumably underlie the rift basin, syn-rift

faulting and volcanism prevents its identification. Thus depth to basement (or pre-rift) maps

and comparison of rift depocenters over time is not possible.

The maximum post-67 ka sediment thickness, and basin subsidence, is located

within the inner rift where the isopach is more than 0.5 seconds of two-way traveltime

(-400 m). This implies that sedimentation rates within the inner rift are as high as 6 m/k.y.
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Figure 3.12. Section of seismic profile 3 (VE=2.6) in the rift basin illustrating the
reversal of stratigraphic tilting by the late stage, inner-rift-bounding faults. The
thin dotted line locates the reflector isopached in Fig. 3.13.
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Figure 3.13. South Sumisu Basin isopach map of a reflector (see Figs. 3.11, 3.12)
corresponding to 67 Ka. Contours are labelled in tenths of seconds of two way
travel time. The contour interval is 0.05 seconds; volcanic extrusions are black.
The stipple pattern identifies regions with sediment thicknesses greater than 0.35
seconds - primarily within the inner rift.
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Another rift elongate fault controlled depocenter is observed in the outer rift and is outlined

by the 0.2 s isopach (Figure 3.13).

Syn-rift sediments are disrupted by volcanic intrusions that occur along rift faults

and rift parallel trends (Figures 3.5, 3.13). Shadow Mountain, a 50-75 m high, 3 km long

fissure ridge (near 30° 51'N, 139° 53' E) was emplaced along the fault that bounds the

western side of the inner rift. A linear series of small intrusions that penetrate the seafloor,

near 1390 40 E between 30° 50'N and 30° 57'N, parallel the local rift fault trends (Figures

3.5, 3.13). The syn-rift volcanics are dominantly basalts of back-arc basin composition and

show little influenced by arc components (Fryer et al., 1990; Gill et aI., 1990; Hochstaedter

et aI., 1990).

DISCUSSION

Pre-rift structures

Unlike continents, where cratons or thrust-thickened crust can provide complex

structural anisotropy, island arcs have a more two-dimensional rheology. As in other arcs,

elevated heat flow and thicker crust are associated with the Izu-Bonin volcanic line (Horta,

1970; Honza and Tamaki, 1985). Thicker crust and higher heat flow have been shown to

weaken the lithosphere (Vink et aI., 1984; Steckler and ten Brink, 1986; Kuznir and Park,

1987). I therefore infer that the line of arc volcanos creates a linear zone of lithospheric

weakness that controls the location of rifting. This implies that rifting can occur on either

side of the active arc, as is observed globally (Taylor and Karner, 1983). In the I-B arc, the

majority of the rifts are backarc, but at 29°N one of the rifts is on the forearc side of the

volcanic front (Figure 3.1).

The arguments above would suggest that arc rifting should initiate adjacent to the

volcanos. In fact, just the opposite is observed (Figure 3.1). There is a punctiform style of



94

rift initiation (Bonatti, 1985) in which the rifts preferentially develop between the arc

volcanos. For example, structural highs and submarine volcanos adjacent to Sumisu lima,

Torishima and Sofu Gan bound the ends of the Sumisu and Torishima rifts. Likewise the

rift basins further to the north narrow adjacent to Myojin Sho and Aoga Shima (Figure

3.1). Although there is a punctiform style of rift initiation, I infer that locally there is a

similar amount of extension in the rift basins and adjacent to the arc volcanos. I suggest that

this may result from arc magmatism accommodating some of the extension, with intrusions

'rather than faulting taking up the strain adjacent to the arc volcanos. Volcanism along some

of the transfer zones (Figures 3.5, 3.6) may playa similar role. The large submarine

volcano at 28.3°N may have suppressed rift basin development between the Sofu Gan and

Nishinoshima rifts (Figure 3.1)

As outlined previously, the I-B arc was stretched in the Oligocene, prior to 25-15

Ma backarc spreading in the Shikoku Basin. There are major relict NNE- and NNW

trending half graben in the forearc and the backarc, many of which are still recognizable in

the bathymetry (Figure 3.1). NE- to E-trending chains of seamounts are prominent to the

west of the arc; some may have been erupted along Shikoku Basin fracture zones. Whether

any of these cross-arc features have influenced the development of present rift structures,

such as the similarly-trending transfer zones, is equivocal. In the case of Sumisu Rift

however, there are no obvious correlations of syn- and pre-rift structures.

Fault pattern

Normal faulting in the Sumisu Rift exhibits a zig-zag pattern in plan view

(Murakami, 1988; Brown and Taylor, 1988; Taylor et al., 1990a), with dominant

N25°±lOoW and N5°±lOoW strikes (Figure 3.5). Transfer zones occur where the rift

segments change trend (-31°1TN and 31°N) or change asymmetry (-30040'N). The
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differential stretching and uplift/subsidence across the transfer zones is accommodated by

relay zones of interdigitating, rift-parallel normal faults, and sometimes by cross-rift

volcanism, rather than by rift-oblique strike-slip faults (Taylor et aI., 1990a). The zig-zag

fault pattern is evidenced at all scales, along individual faults as well as between rift

segments (Figure 3.5). Faults with both trends dip both east and west, forming a geometry

with orthorhombic symmetry. This fault style is consistent with recent theoretical (Reches,

1983; Krantz 1988) and empirical (Oertel, 1965; Reches and Dieterich, 1983) models of

fault formation in three-dimensional strain fields. These models predict that the maximum

strain direction is perpendicular to the bisector of the acute angle between the two fault

trends. In the Sumisu case, this analysis suggests an extension direction N75±lOoE, nearly

orthogonal to the trend of the volcanic arc.

Note that although the RBFZ's are curvilinear, they have convex as well as concave

dip slopes (Figures 3.5, 3.6). Rosendahl (1987), while acknowledging evidence for an

orthorhombic fault geometry in the east African rifts, has argued. that the fundamental unit

of rift architecture is a curving half graben, several of which may be linked. along strike by

oblique transfer zones. Convex zig-zag border fault systems are well documented for the

African rifts however (e.g. between the Moba and Marungu basins of the Tanganyika Rift,

Ebinger, 1989) and I do not see strong evidence for Rosendahl's preferred. pattern in the

Izu-Bonin rifts.

Structural evolution

Our minimum estimates of extension across Sumisu Rift using measurements of

fault offsets on MCS sections range from 2-5 krn, with the higher values for the southern

rift segment where fault dips are shallower. Cumulative throws across the RBFZ's range

from 2-2.5 km. Together with the youth of the system (-2 m.y.) and the accelerating
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subsidence rates (both documented by Leg 126 drilling), these data indicate that Sumisu

Rift is still in the early syn-rift stage of its development. Nevertheless, an evolution in

structural style is already apparent from the seismic stratigraphy (Figures 3.3, 3.7, 3.9,

3.10, 3.12).

Figure 3.14 shows our schematic interpretation of the structural development of

Sumisu Rift (parts 1a and 1b), including some of the along-strike variations (parts 2 and

3). The first stage is a half graben with a structural rollover facing a large-offset border

fault zone. The hanging wall faults are typically synthetic to the RBFZ (Figure 3.14-1a and

2) though not always (note the sag and the antithetic faults in Figure 3.14-3). The zig-zag

fault pattern and the alternating rift asymmetry (Figures 3.5, 3.6) would already exist at this

stage. The second "full graben" stage is heralded by the initiation of dominantly antithetic

faulting in the hanging wall as well as by a concentration of subsidence in an inner rift

along the arc side (Figure 3.14-1b). The hanging wall collapse is not the result of the

propagation of border faults from the adjacent rift segments. Backarc magmatism occurs in

the rift and on the proto-remnant arc margin during both stages. Jostling (see-saw motion)

of rift basin fault blocks, the development of an outer-rift graben, and basin widening by

footwall collapse, may accompany the second stage (Figure 3.14-2). The rift flanks are

flexurally uplifted as the hanging walls subside (Weissel and Karner, 1989). The benthic

foraminifera data indicate 1.aO.5 km of flank uplift at Site 788 during the 1.1 km of basin

subsidence (volcanic and sedimentary filling at near-constant water depths) at Site 791

(Kaiho, 1991).

The heave and the dips of the border faults as well as the rollover geometry of the

rift basin are substantially different in Figures 3.14-1 and 3.14-3, which approximately

correspond to seismic profiles 6 and 13 (Figure 3.3). Area balance depth-to-detachment

calculations (Gibbs, 1984) indicate 10-15 km versus 5-10 km detachment depths,



97

Figure 3.14. Schematic interpretation of the structural evolution of Sumisu Rift (la and
1b) with two along-strike variations (2 and 3). See text for discussion.



1a
I

Half graben stage

~\v

98

Proto-remnant arc

/
Full graben stage

Arc margin

Outer rift Inner rift ~f II \\1\----,

~~
2

3

o
I
~~I 2f "" VE=3

Kilometers [ 1 km •



99

respectfully. Two-ship refraction profiles suggest that the Moho is 15-20 Ian bsl beneath

the volcanic front at 32°N (Hotta, 1970). The geometry of the northern rift segments is

consistent with high-angle faults cutting through most or all of the crust, whereas in the

southern rift segment the faults may be detached at mid- to upper-crustal levels.

Sedimentation processes

The eruptive pattern of the adjacent arc volcanos is the dominant control on

sediment input to the rift. Episodic eruptions are the source of a series of coarse pumiceous

deposits that are inferred to have been deposited geologically instantaneously by airfall and

submarine mass flows (Nishimura et al., 1991). A dramatic increase in explosive arc

volcanism since -102 k.y. has resulted in the extremely high observed basin sedimentation

rates (Figure 3.8) of up to 6 m/k.y. in the inner rift. Prior to and between these catastrophic

events, nannofossil clays and fine-grained volcanic ash, input by pelagic rain and air falls

from more distant volcanos, produce much slower sedimentation rates. Pre-rift sediments

drilled on the arc margin (Site 788, Taylor, Fujioka et aI., 1990; Figure 3.8) document a

similar episodic sedimentation pattern and emphasize the strong control of the arc volcanos

on arc margin and rift basin sedimentation.

Most sediments are input by the arc volcanos into the north and south ends of

Sumisu Rift. Sumisu and South Sumisu calderas feed sediment into the northern end of

NSB. A valley extends down the flank of Sumisu lima directly into the basin (Figure 3.2).

A slump deposit occurs on the basin floor at the bottom of this valley (Figure 3.15). The

deposit covers >20 km2, rises over 100 m above the basin floor, and exhibits the disrupted

internal reflections typical of slumps. A southward transition from the disrupted reflections

in the vicinity of the slump to more continuous and higher amplitude reflections provides

additional evidence for sediment input from the north and southward transport.
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Figure 3.15. Single-channel seismic profiles (Geological Survey of Japan, RN
Hakurei-maru, GH84-04) from the North Sumisu Basin (NSB). The north-south
line 303 (top) and the east-west line 46 (bottom) intersect (arrow) over a large
slump deposit at the foot of the arc margin. The locations of the seismic profiles
are shown in the inset bathymetric map (center, same region as Fig. 3.3) with 500
m contours labelled in m x 100. Profile 303 also shows that the Central Ridge
acts as a partial barrier to sediment transport from the NSB to the SSE.
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Torishima caldera and Kotori volcano feed sediment directly into SSB and have

been the primary source of its sediment. The northward transition from discontinuous, low

amplitude reflections to continuous, higher amplitude reflections (Figure 3.11) is

interpreted to represent increasing transport distance from the arc volcanic source. A similar

transition in the 3.5 kHz seismic reflection character, as well as the presence of hummocky

seafloor topography produced by slumps in the southern portion of SSB (Brown and

Taylor, 1988; Nishimura and Murakami, 1988), supports this interpretation.

The presence of an unconformity between the thin (30 m) Quaternary section and

the Pliocene pumice at Site 788 (Figure 8) indicates that extensive erosion of the arc margin

has occurred. However, any evidence for lateral sediment input by large scale slumping

along the boundary faults is presently overwhelmed by the immense volcanic input at the

ends of the rift. Only small sediment aprons occur at the foot of the steep boundary fault

scarps. One small, thin (-25 m) sediment fan occurs downslope of a fault-controlled

embayment in the arc margin near 310 51'N and extends about 2 km onto the sedimented

rift basin floor (Figure 3.16).

Rift basin depocenters are largely fault controlled, both at the large scale of

differential rift segment subsidence and at the scale of small tilt blocks (Figure 3.13).

Concentration of subsidence in the inner rift, due to antithetic faulting during the "full

graben" stage of rift evolution, has resulted in a rift elongate depocenter at the foot of the

arc margin. Outer rift subsidence in the south central rift segment has localized a parallel

depocenter further west. Volcanism and differential subsidence across the central transfer

zone has acted as a partial barrier to sediment transport between the NSB and the SSB

(Brown and Taylor,1988). Furthermore, the structural highs and volcanos adjacent to

Sumisu lima, Torishima and Sofu Gan, that bound the ends of the Sumisu and Torishima

rifts, prevent sediment transport between the rift basins.
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Figure 3.16. Seabeam bathymetric map (25 m contour interval, labelled in m x 100) and
normal faults along the eastern rift-bounding fault zone. A small sediment fan
extends 2 km onto the rift basin floor. The map location is shown on the inset
bathymetric map (same region as Fig. 3.3) with 500 m contours labelled in m x
100.
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The continuity of the upper syn-rift reflector sequences throughout the inner and

outer rift in the SSB is evidence for basin wide sediment transport. The extremely high

sedimentation rates have kept pace with subsidence rates and rift basin faulting, filling in

the differentially subsiding rift basin floor and maintaining a sediment plain, except for a

few volcanic protrusions. There is no evidence for channel cut-and-fill in either the NSB or

the SSB, suggesting that sediments are distributed throughout the basin by unconfined

mass flows.

CONCLUSIONS

The data presented herein document the structural and stratigraphic evolution of

Sumisu Rift and allow a detailed analysis of the pattern of strain in response to extension of

an intra-oceanic island arc. The -120 Ian long, 30-50 km wide, rift basin is bounded by

normal fault zones dipping 25-75°. The rift is asymmetric and the largest offset border

faults (2-2.5 Ian throw) alternate sides along the length of the rift.

Normal faults divide the region into four structural provinces across strike, from

east to west (1) the arc margin, (2) the inner rift, the locus of maximum subsidence, (3) the

outer rift, and (4) the proto-remnant arc. Oblique transfer zones segment the rift along

strike into four segments that exhibit different fault trends and uplift/subsidence patterns.

Differential strain across the transfer zones is accommodated by interdigitating, rift-parallel

faults and sometimes by cross-rift volcanism, rather than by strike-slip faults. No obvious

correlations are observed between the transfer zones and preexisting cross-arc trends to

either side of the rift.

The zig-zag pattern of normal faults (average strikes N25°W and N5°W) result

from fault formation in orthorhombic symmetry in response to N75°E extension,
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approximately orthogonal to the volcanic arc. The curvilinear boundary fault zones exhibit

both convex and concave dip slopes.

From estimates of extension (2-5 km), the age of the rift (-2 Ma) and the

accelerating subsidence, I infer that Sumisu Rift is in the early syn-rift stage of backarc

basin formation. Initially a half graben formed with a synthetically faulted, structural

rollover facing a large-offset border fault zone, The second "full graben" stage is dominated

by hanging wall antithetic faulting, basin widening by footwall collapse, and a

concentration of subsidence in the inner rift. The hanging wall collapses, but not as a result

of border fault propagation from adjacent rift segments. Backarc volcanism, usually

erupted along faults, occurs in the rift and along the proto-remnant arc margin during both

stages. The arc margin has been uplifted 1.I±O.5 km concurrently with -1.1 km of rift

basin subsidence. Along strike variations in rift geometry result in variable depth-to

detachment calculations of 5-10 km (southern segment) and 10-15 km (northern segments).

In the north, high-angle (60-75°) faults substantially cut through the crust whereas, in the

south, the faults are lower angle (20-50°) and may be detached at mid- to upper-crustal

levels.

A linear zone of weakness caused by the increased temperatures and crustal

thickness along the arc volcanic line controls the initial locus of rifting. Rifts preferentially

form between the arc edifices; intrusions may be accommodating extensional strain adjacent

to the arc volcanos.

Episodic eruptions of the arc volcanos are the dominant sediment source; sediment

is primarily fed into the northern and southern ends of the rift basin. Sediments are

distributed throughout the region by eruptive events and redeposited in the rift basin by

unconfined mass flows. Extremely high sedimentation rates (up to 6 m/k.y, in the inner

rift) have kept pace with syn-rift faulting, create a smooth basin floor and result in sediment
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thicknesses that mimic the variable basin subsidence. Structural highs and volcanos

adjacent to the frontal arc volcanos bound the ends of the rift and prevent sediment

transport between adjacent rift basins.
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CHAPTER 4

STRUcruRAL EVOLUTION OF HACHITO AND AOGA SHIMA RIFTS:
BACKARC RIFTING IN THE lZU-BONIN ISLAND ARC

ABSTRACf

Multi- and single-channel seismic profiles are used to investigate the structural

evolution of backarc rifting in the intra-oceanic Izu-Bonin arc. Hachijo (HR) and Aoga

Shima (ASR) rifts, located west of the lzu-Bonin frontal are, are bounded along strike by

structural and volcanic highs west of Kurose Hole, North Aoga Shima Caldera, and

Myojin Sho arc volcanos. Zig-zag and curvilinear faults subdivide the rifts longitudinally

into an arc margin (AM), inner rift, outer rift, and proto-remnant arc margin (PRA).

Hachijo Rift is 65 km long and 20-40 km wide. Aoga Shima rift is 70 km long and up to

45 km wide. Large-offset, border fault zones, with both convex and concave dip slopes

and uplifted rift flanks, occur along the east (AM) side of Hachijo Rift and along the west

(PRA) side of Aoga Shima Rift. No cross-rift structures are observed at the transfer zone

between these two regions; differential strain may be accommodated by interdigitating rift

parallel faults rather than by strike- or oblique-slip faults. In Aoga Shima Rift, a 12 km

long flank uplift, facing the flank uplift of the PRA, extends northeast from beneath North

Bayonnaise Caldera. Forearc sedimentary sequences onlap this uplift creating an

unconformity that constrains rift onset to -1-2 Ma. Estimates of extension (-3 km) and

inferred age suggest that these rifts are in the early syn-rift stage of backarc formation. I

propose a two-stage evolution of early backarc structural evolution: initially, half graben

form with synthetically faulted, structural rollovers (ramping side of the half graben)

dipping towards zig-zagging large-offset border fault zones. The half graben asymmetry

alternates sides along strike. The present "full graben" stage is dominated by rift-parallel



109

hanging wall collapse by antithetic faulting that concentrates subsidence in an inner rift.

Structurally controlled backarc magmatism occurs within the rift and PRA during both

stages. Significant complications to this simple model occur in Aoga Shima rift where the

east-dipping half graben dips away from the flank uplift along the proto-remnant arc. A

linear zone of weakness caused by the greater temperatures and crustal thickness along the

arc volcanic line controls the initial locus of rifting. Rifts are better developed between the

arc edifices; intrusions may be accommodating extensional strain adjacent to the arc

volcanos. Preexisting structures have little influence on rift evolution; the rifts cut across

large structural and volcanic highs west of North Aoga Shima Caldera and Aoga Shima.

Large, rift-elongate volcanic ridges, usually extruded within the most extended inner rift

between arc volcanos, may be the precursors of seafloor spreading. As extension

continues, the fissure ridges may become spreading cells and propagate toward the ends of

the rifts (adjacent to the arc volcanos), eventually coalescing with those in adjacent rift

basins to form a continuous spreading center. Analysis of the rift fault patterns suggests an

extension direction of N800E±100 that is orthogonal to the trend of the active volcanic arc

(NlO°W). The zig-zag pattern of border faults may indicate orthorhombic fault formation in

response to this extension. Elongation of arc volcanic constructs may also be developed

along one set of the possible orthorhombic orientations. Border fault formation may modify

the regional stress field locally within the rift basin resulting in the formation of rift-parallel

faults and emplacement of rift-parallel volcanic ridges. The border faults dip 45-55° near the

surface and the majority of the basin subsidence is accommodated by only a few of these

faults. Distinct reflections from some of the border faults flatten to near horizontal at only

2.8 krn below seafloor, indicating that these rifting structures are detached at extremely

shallow crustal levels.
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INTRODUCTION

Although active rifting of intra-oceanic island arcs was first proposed 20 years ago

(Karig, 1971; Packham and Falvey, 1971), the extensional mechanisms associated with

stretching arc lithosphere remain poorly known. Recent investigations of island arc

systems, using comprehensive structural and stratigraphic control provided by multichannel

seismic and swath-mapping techniques, are substantially increasing our understanding of

the structural evolution of arc rifting (e.g., Sibuet et al., 1987; Brown and Taylor, 1988;

Taylor et aI., 1990a and b; Wright, et al., 1990; Klaus et al., 1991; Taylor et al., 1991;

Caress, 1991; Chapter 3). Integrating these studies with sedimentologic, petrologic, and

heat flow studies has begun to reveal the geometry of extensional strain, the nature and

structural control of rift volcanism, sedimentation, and hydrothermal circulation, as well as

the influence of the line of active arc volcanos on rifting processes (e.g., Sibuet et aI.,

1987; Taylor, et al., 1990a,1991a; Wright, et al., 1990; Klaus et al., 1991b; Chapter 3).

Extensive investigations of continental rifting have documented the evolution of

rifting structures there. These studies have led to new models illustrating the development

of rift basin faulting and segmentation that have significant implications for the mechanisms

of crustal extension (e.g., Wernicke and Burchfiel, 1982; Lister et aI., 1986; Rosendahl,

1987; Martinez and Cochran, 1988; Ebinger, 1989). Half graben, segmented along strike

by cross-cutting accommodation zones, are the fundamental unit of continental rift

architecture (Rosendahl, 1987). Only recently have studies of the Izu-Bonin Arc rifts

revealed a remarkably similar pattern of rift structures in an intraoceanic setting (Taylor et

al., 1990a; Klaus et al., 1991; Taylor et al, 1991; Chapter 3).

The Izu-Bonin Arc (Figure 4.1), one of three actively rifting intraoceanic arcs in the

world, provides an ideal opportunity to study the extensional mechanisms associated with

extending arc lithosphere. Rift basins are forming along most of its length adjacent to



111

Figure 4.1. (Right) Generalized tectonic map of the western Pacific. The box outlines
the area of the Izu-Bonin arc-trench system shown to left (Left) Bathymetric map
of the Izu-Bonin arc-trench system (Taylor et al., 1990b). Arc rifts (HR-Hachijo
Rift, AR-Aoga Shima Rift, SR-Sumisu Rift, TR-Torishima Rift, SGR-Sofu Gan
Rift, NR-Nishinoshima Rift) are stippled and the nearby island arc volcanos are
labelled (H-Hachijo lima, A-Aoga Shima, M-Myojinsho, S-Sumisu lima, T
Torishima, SG- Sofu Gan). Shinkurose Bank (SB) is a large Eocene/Oligocene
frontal arc volcanic complex that was uplifted in the mid-Miocene (Klaus and
Taylor, 1991, Taylor, 1991). The box locates the Hachijo and Aoga Shima Rift
study area shown in Figure 2. The contour interval is 500m, labelled in
kilometers.
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the active volcanic arc (Figure 4.1; Karig and Moore,1975; Honza and Tamaki, 1985;

Tamaki, 1985). The 10 to 60 km-wide, 20 to 120 km-long rift basins, are bounded by a

zig-zag pattern of border faults and rift flank uplifts that alternate sides along rift strike

(e.g., Honza and Tamaki, 1985; Brown and Taylor, 1988, Murakami, 1988; Taylor, et al.,

1990a). The rifts are separated along strike by structural and volcanic highs adjacent to the

arc volcanos, and individual rift half graben are segmented by cross-trending transfer zones

that accommodate differential extension (Taylor et al., 1990a; Taylor and Shipboard

Scientific Party, 1990).

We conducted a multichannel seismic (MCS) survey of the Aoga Shima Rift (Figures

4.2 and 4.3) in June 1987 to (1) identify the nature and evolution of structures formed in

response to extending arc lithosphere, and (2) allow an along strike comparison to other Izu

Bonin Arc rifts (Brown and Taylor, 1988; Taylor et al., 1990a, 1991b; Klaus et al., 1991b;

Chapter 3). In this Chapter, I present the results of the MCS survey and the detailed tectonic

interpretation permitted by integrating these data (Figure 4.4) with previously collected seismic

data from Aoga Shima and Hachijo Rifts (Figure 4.5). First, I will introduce the tectonic

setting of the Izu-Bonin rifts and then describe the observed rift structures. Finally, I will

present my interpretations of these data regarding the three-dimensional geometry of rift

faulting, rift evolution, and regional stress patterns.

TECfONIC SETTING

Subduction of the Pacific plate beneath the West Philippine Plate (Figure 4.1) began in

the early Eocene (Karig, 1975) and by the end of the early Oligocene a 200-km wide

intraoceanic volcanic arc massif had formed (Taylor and Shipboard Scientific Party, 1990)

composed of tholeiitic and boninitic volcanic rocks (Natland and Tamey, 1981). In the mid-
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Figure 4.2. Bathymetric map of Hachijo (HR) and Aoga Shima (AR) Rifts compiled
from various sources (see text). The arc volcanic centers of Hachijo Jima (ill),
Aoga Shima (AS), North Aoga Shima Caldera (NASC), North Bayonnaise
Caldera (NBC), and Myojin Sho (MS) are labelled. Northwest Aoga Block
(NWAB) may be the pre-rift westward continuation of the arc basement beneath
Hachijo Jima-Aoga Shima and/or the southwest extension of Shinkurose Bank.
The contour interval is 100m; labels are in hundreds of meters.
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Figure 4.3. Location of multichannel (MCS 1-3; bold, dashed lines; Fig. 4; RN Fred
Moore 3505) and single channel (2-28; thin, solid lines; Fig. 5; RN Hakurei
Maru cruise in 1984) seismic profiles used for structural interpretations of
Hachijo and Aoga Shima Rifts (Fig. 6). Tick marks along the MCS ships tracks
are at half-hour intervals.
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Figure 4.4. (a) Cross-rift, migrated, multichannel seismic profiles. MCS profile 3 has
undergone addtional reprocessing including pre-stack dip-moveout and multiple
supression (see text for details). Location of seismic profiles is shown in Figure
3.
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Figure 4.4. (b) Line drawings of multichannel seismic profiles. Location of seismic
profiles is shown in Figure 3. The arc margin angular unconformity (profiles 2
and 3) is formed by onlap of the upper forearc (syn-rift) sedimentary sequences
onto the arc margin rift flank uplift (pre-rift). Preliminary correlation of the
seismic data to Ocean Drilling Program Site 792 in the forearc to the east of Aoga
Shima Rift (Taylor, Fujioka, et al., 1990b) date this unconformity, and hence rift
onset, to -1-2 Ma (B. Taylor, personal communication). Identifcation of pre- and
syn-rift relations on the proto-remnant arc uplift is unclear.
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Figure 4.5. (a) Geological Survey of Japan single-channel seismic profiles of Hachijo
and Aoga Shima Rifts. Profiles are aligned along 139°30' and displayed at a
seafloor vertical exaggeration of 12x. Location of seismic profiles is shown in
Figure 3.
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Figure 4.5. (b) Line drawings of single-channel seismic profiles. The arc volcanic
centers of Hachijo lima (HJ), Acga Shima (AS), North Aoga Shima Caldera
(NASC), and North Bayonnaise Caldera (NBC) are labelled, as is Northwest
Aoga Block (NWAB). EER locates the en echelon volcanic ridge shown in Figure
4.9. Profiles are aligned along 139°30' and displayed at a seafloor vertical
exxaggeration of l2x. Location of seismic profiles is shown in Figure 3.
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Oligocene, extension occurred across the entire width of this arc massif (Taylor, 1991a). The 1

B forearc basin is a product of the rifting of this Eocene and early Oligocene arc massif (Leg

126 shipboard scientific party, 1989a; Taylor, Fujioka, et al., 1990). Rifting of the I-B and

Mariana island arcs, followed by late Oligocene to early Miocene seafloor spreading in the

Shikoku (25-15 Ma; Chamot-Rooke, 1989) andParece Vela basins (30-17 Ma; Mrozowski &

Hayes, 1979), formed backarc basins that separated the remnant arc (Palau-Kyushu Ridge)

from the Izu-Bonin-Mariana Arc.

A second stage of Mariana arc rifting in the Miocene and latest Miocene (6 Ma) to

Recent backarc spreading in the Mariana Trough has separated the Mariana arc from its second

remnant arc, the west Mariana Ridge (Hussong and Uyeda, 1982). However, the I-B arc is

still in the second stage of backarc rift formation. In contrast to the Oligocene extension that

occurred across the entire arc massif (Taylor, 1991a), present extension is forming rift basins

adjacent to the active volcanic arc (Figure 1; Karig & Moore, 1975; Honza and Tamaki, 1985;

Tamaki, 1985). These second stage backarc rift basins are semicontinuous along strike,

segmented by structural highs and chains of submarine volcanos, and have not yet developed

into the backarc spreading stage (Taylor et al., 1985; 1990a & b).

BATHYMETRYANDSEfflMICDATA

The bathymetric map extending from Hachijo Jima to Myojin Sho (Figures 4.2 and

4.3) was compiled from existing bathymetric maps, swath-mapping bathymetric data, and

additional conventional ship track data. Bathymetric maps from the Geological Survey of

Japan (1987,1990) and Survey of the Hydrographic Department (l986a and b) provided

bathymetry for the arc volcanos (Aoga Shima-AS, North Aoga Shima Ca1dera-NASC,

North Bayonnaise Caldera-NBC, and Myojin Sho-MS), the region between 33°00'N to

31°50'N and 139°25'E to 140010'E, and north of 33°N, respectively. SeaMARC II
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sidescan sonar (Klaus and Taylor, 1991; Chapter 2) and preliminary JAMSTEC (Japanese

Marine Science and Technology) Sea Beam data provide bathymetric coverage of Aoga

Shima Canyon and the region between 32°55'N to 32°40'N and 139°25'E to 139°40'E,

respectively. The swath-mapping data were given highest priority when merging these

data. Available ship track data were used in areas lacking swath-mapping or existing

bathymetric maps. In addition, the ship track data permitted refinements in the existing

bathymetric maps.

Data acquisition and processing parameters for the 1987, 96-channel seismic survey

of Aoga Shima Rift (Figure 4.3) are described in detail in Taylor et al. (l990b). The data

were processed through migration at the University of Tulsa and at the University of

Hawaii. MCS profile 3 (Figure 4.4) has been the focus of significant reprocessing efforts,

including pre-stack dip moveout (DMO) and multiple suppression. In contrast to

conventional processing schemes that assume horizontal layers (clearly a problem in rift

basins with titled fault blocks), pre-stack dip moveout and repicking of normal moveout

velocities improves imaging of dipping events by compensating for reflector dip. Pre-stack

multiple suppression was performed after DMO.by first applying a normal moveout

correction at multiple velocity. Next, the multiple was suppressed using the Karhunen

Loeve (K-L) transform that derives information from the cross-correlation of adjacent

traces to separate out components that lie in a single preferred direction, such as multiple

energy. The normal moveout at multiple velocity was removed, and velocity analyses were

re-run at -50 CMP intervals. The data were then NMO-corrected, muted (inside and

stretch), stacked, deconvolved, filtered, migrated, muted to water bottom, and plotted

(Profile 3, Figure 4.4).

Multiple suppression and DMO were most successful where significant coherent

events already existed. Multiple suppression achieved removal of the first 0.5 to 1.0 second
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of water-bottom multiple energy. DMO, combined with closely spaced velocity analyses

and extensive migration tests, significantly enhanced the character and continuity of fault

plane reflections, permitting more accurate and complete structural interpretations.

RIFf ARCHITECfURE

Hachijo and Aoga Shima rifts are located west of the frontal arc volcanic centers

Hachijo Jima (HJ) , North Aoga Shima Caldera (NASC), Aoga Shima (AS), North

Bayonnaise Caldera (NBC), and Myojin Sho (MS; Figures 4.1 and 4.2). Hachijo Rift

extends 65 km from approximately 32°40'N to 33°15'N and is 20 to 40 km wide. It is

bounded to the north by a structural/volcanic high west of Kurose Hole, an arc caldera just

north of HJ. To the south, Hachijo Rift is separated from Aoga Shima Rift by a

structural/volcanic high west of NASC (Figure 4.2). Aoga Shima rift extends 70 km from

approximately 32°00'N to 32°35'N and ranges in width up to 45 km wide.

The rifts are bounded along one side by large-offset nonnal fault zones, termed

border fault zones (BFZ's), and uplifted rift flanks, creating asymmetric rift profiles. A

large, asymmetric rift flank uplift occurs on the east side of Hachijo Rift (profiles 2-10;

Figure 5) and primarily on the west side of Aoga Shima Rift (profiles 2 and 3, Figure 4;

profiles 20-27, Figure 5). The majority of the basin subsidence is accommodated along

only a few of the BFZ faults (Figures 4.4, 4.5, 4.6). These faults dip 45-55° near the

surface and are listric in the few places where they are well-imaged at depth (Figures 4.4,

4.7).

The western margin of the Hachijo Rift, opposite the rift flank uplift, is the

antithetically faulted, ramping side of an east-dipping half graben (profiles 2-10; Figure

4.5). An east-dipping half graben is also observed in Aoga Shima Rift that is cut by faults

antithetic to those along the western BFZ and no rift flank uplift is observed between
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Figure 4.6. Structural map of the Hachijo and Aoga Shima Rifts. Location of data used
to constrain interpretations is shown in Figure 3. Polar histogram (cumulative
fault length versus fault azimuth) for all rift normal faults is shown. Mean fault
strike is 0°. Box locates are shown in Figure 4.9
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Figure 4.7. Multichannel seismic profile 3 (top) and interpretation (bottom) across the
western border fault zone of Aoga Shima Rift. Fault plane reflections are
observed from the major the rift bounding fault This fault flattens with depth and
becomes nearly horizontal at 2.8km below the seafloor (0320-0340 UTe, 3.8 to
4.0 seconds two-way traveltime). The border faults exhibit surficial dips of 45
50°. In addition to routine processing (through migration), pre-stack dip-moveout
(DMO, which corrects for affect of dip) and multiple suppression have been
applied to this seismic profile. The profile is displayed at a seafloor vertical
exaggeration of 2.6.
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32°15'N and 32°20'N (Figure 4.4; profiles 22 and 23, Figure 4.5). However, a west

facing rift flank uplift extends northeast of NBC (profile 3, Figure 4.5; Figure 4.8),

overlapping and opposing the flank uplift on the west side of Aoga Shima Rift (Figure 4.2;

profile 3, Figure 4.5).

The relatively narrow southern half of Hachijo Rift hac: been pervasively intruded

by rift-elongate, en echelon ridges that segment the basin floor into several small, north

trending subbasins 900 m to 1200 m deep (Figures 4.2, 4.5, 4.6, 4.9). These ridges are

interpreted to be volcanic on the basis of their incoherent seismic character and structural

and morphologic similarity to ridges that have been dredged in Aoga Shima and Hachijo

Rifts. To the north, the basin floor widens considerably (>35 km) and is extremely

smooth. Aoga Shima Rift is segmented along strike into two depocenters by a

structural/volcanic high west of NBC. The North and South Aoga Shima basins exhibit

relatively smooth sedimented basin floors that are 1500-1615 m deep. Aoga Shima Rift

narrows and shallows toward the north, west of Aoga Shima.

The BFZ's, and other rift-parallel faults, delineate three structural provinces across

strike from east to west (Figures 4.4, 4.5, 4.6): (1) the arc margin, (2) the rift basin, and

(3) the proto-remnant arc. The rift basin is further subdivided into an eastern inner rift

adjacent to the arc margin that is the locus of maximum extension and subsidence, and a

less-subsided outer rift to the west.

Arc margin

The active arc volcanos, Hachijo lima, North Aoga Shima Caldera, Aoga Shima,

North Bayonnaise Caldera, and Myojin Sho are large, dominantly submarine volcanic

constructs ranging in size from 15 km to more than 30 km in diameter (Figure 4.2).

Observed in pairs along strike (ill and Kurose Hole [north of HJ], NASC and AS, NBC
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Figure 4.8. Multichannel seismic profile across the eastern border fault zone (BFZ) of
Aoga Shrna Rift (MCS 3; top) and single-channel seismic profile (27; bottom)
across the arc volcano North Bayonnaise Caldera (NBC). This border fault zone
(top) extends northeast (inset) from NBC (bottom), illustrating the close
relationship between arc volcanism and the formation of border faults. Note
225m-high dome in the interior of NBC. Location of seismic profiles is shown in
the inset.
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Figure 4.9. Bathymetric maps of en echelon volcanic ridges within Hachijo Rift (top
right) and Sumisu Rift (top left; Taylor et aI., 1990a; see Figure 1 for location of
Sumisu Rift). Bold lines on single-channel seismic profiles, Line 3 and 6 (middle
and bottom), show the portion of the seismic profile that crosses the en echelon
ridge in the Hachijo Rift map (dashed lines; top right). Large en echelon eruptive
centers are a characteristic feature of both the Izu-Bonin backarc rifts and other
backarc rifts (e.g., Okinawa Trough, Sibuet et aI., 1987; Manus Basin, Taylor et
al., 1986), and are often located in the regions of maximum extension (within the
inner rift close to the arc margin rift-bounding fault zone). They trend north-south
suggesting east-west extension. These rifts are still in the rifting (i.e. crustal
stretching) stage of backarc extension, prior to organized seafloor spreading. The
en echelon volcanic ridges are the precursors to, not the product of, seafloor
spreading. Labels a, b, and c on the Hachijo Rift bathymetric map locate a, b, and
c on the seismic profiles. Location and structural interpretation for the Hachijo
Rift en echelon ridge map is shown in Figure 4.6.
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and MJ), they are often adjacent to the terminus of rift basins or segments. The arc margin

is bounded to the west by zig-zagging, large-offset border faults north of 32°40'N (Figures

4.2 and 4.6), zig-zag large-offset border faults partially masked by Aoga Shima between

32°20'N and 32°40'N, a slightly faulted, relatively flat margin from 32°15'N to 32°20'N

(Figures 4.2 and 4.6; profile 2, Figure 4.4), a linear northeast-trending BFZ just north of

NBC (Figures 4.2, 4.6, and 4.8), and a flat margin between NBC and MS.

North of 32°40'N, the uplifted footwall of Hajicho Rift forms an arc margin

typically 700m above the rift basin floor (Figure 4.2). The west-dipping faults of the BFZ

that bound this part of the arc margin create large rotated footwall blocks that tilt toward the

forearc (profiles 4-8, Figure 4.5), except adjacent to the arc volcanos (profiles 2,3,9, and

10, Figure 4.5). The zig-zag BFZ bounding this part of the arc margin extends the entire

length of the Hachijo Rift and exhibits trends of N5°W, N40oW, and NI2°E, from NASC

to HJ (Figure 4.6). A similar uplifted, rotated footwall block forms the arc margin of Aoga

Shima Rift from 32°09'N to 32°15'N (Profile 3, Figure 4.4a and b). It trends N300E and

extends 12 km from NBC where it plunges beneath the seafloor (Figure 4.8). West of

Aoga Shima, the BFZ is also zig-zag in plan view (N35°W and N5°W), and any flank uplift

is masked/suppressed by the arc volcano.

The lowermost sedimentary sequences to the east of the arc margin dip down to the

west (profiles 2 and 3, Figure 4.4), probably due to loading by nearby arc volcanos

(Taylor et al., 1990b). These high-amplitude, well-layered, and relatively continuous

seismic reflections are interpreted to be pre-rift volcaniclastic sedimentary rocks (Figure

4.4b); acoustic or arc basement is not observed. Beneath the arc margin, the pre-rift

sequences are uplifted and rotated by the arc margin footwall uplift and dip toward the east

(profile 3, Figure 4.4; profiles 4-7, Figure 4.5). A marked angular unconformity is formed

by onlap of the upper forearc (syn-rift) sedimentary sequences onto the arc margin uplift.
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Preliminary correlations of the seismic data to Ocean Drilling Program Site 792 in the

forearc to the east of Aoga Shima Rift (Taylor, Fujioka, et aI., 1990b) date this

unconformity to -1-2 Ma (B. Taylor, personal communication).

In Aoga Shima Rift, north of the arc margin footwall uplift and south of AS, the arc

margin is extremely flat with several small-offset faults (Profile 2, Figure 4.4). The well

layered, high-amplitude seismic sequences of the forearc to the east of the arc margin show

a westerly dip similar to that observed adjacent to the large arc margin footwall uplifts. As

they approach the arc margin they become subhorizontal, and their seismic continuity and

character become more disrupted by rift-related faulting and volcanism (Figure 4.4). An

unconformity deep beneath the arc margin (between 1630-1700 UTC and 3.0-3.5 seconds

on profile 2, Figure 4.4) may be an extension of the northeasterly-plunging flank uplift

extending from NBC.

The arc volcanos are major active volcanic constructs that significantly influence the

along strike morphology of the arc margin. The elongate (N45°W) island of Hachijo lima is

only the subaerial portion of a larger (30 km diameter; Figure 4.2) volcanic center that

erupted five times between 1487 and 1707 (Simkin et al., 1981). NASC, near 32°40'N, is

an entirely submarine caldera 15 km in diameter that rises above 300 mbsl (Figure 4.2).

The island of Aoga Shima is the subaerial portion of a 25 km diameter volcanic center

consisting of two principal edifices (east and west) and at least two calderas. One caldera,

just north of the western volcanic construct that contains Aoga Shima, is 1000 mbsI. The

other caldera rises to <200 mbsl and the floor is >800 mbsl within the eastern construct

(Higashi Aoga Shima). The eastern and western volcanic edifices are elongate in form and

trend N300W and N30oE, respectively. Aoga Shima erupted three times during the period

of 1652-1780 (Simkin et al.,1981)
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NBC is 15 Ian in diameter with a circular caldera rim 400-600 mbsl. A resurgent

dome rises 300 m above the caldera floor (Figure 4.8). MS, more than 25 km in diameter,

rises to just above sea level at Bayonnaise Rocks. A dome within the caldera rises>700 m

above the caldera floor which is >1100 mbsl. A volcanic/structural high west of MS

separates Aoga Shima Rift from Myojin Sho Rift to the south. Extremely active, Myojin

Sho erupted 15 times during the period of 1896 to 1980 (Simkin et al.,198l).

Shinkurose Bank, and other Eocene/Oligocene frontal arc volcanic highs, are east

of, and sub-parallel to, the active volcanic front (Figure 4.1; Taylor, 1991). The forearc

and frontal arc highs north of about 32°N were uplifted in the Miocene (Klaus and Taylor,

1991; Chapter 2).

Proto-remnant arc

The rift is bounded to the west by the proto-remnant arc (PRA) which rises to 700

m above the sedimented basin floor. It includes from north to south: (1) a deep, flat margin

west of Hachijo lima; (2) the ramping side of a half graben west of southern Hachijo Rift;

(3) a large, elevated, triangular block between 32°25'N to 32°40'N; (4) a large, tilted,

curvilinear (convex east) flank uplift from 32°N to 32°21'N; and (5) a deep, flat region

between 31°54'N and 32°DD'N. In general, the PRA margin is characterized by a reflective

sequence of presumed pre-rift volcaniclastic sediments, similar those observed within and

east of the arc margin.

The PRA is deepest and flatest at the north and south ends of the study area (Figure

4.2). In the north, the deep PRA occurs west of the wide rift basin between 33°DO'N and

33°12'N. This region is north of our seismic coverage (Figure 4.3), and therefore, its

structure is unknown. The flat southern PRA margin west of MS (31°54'N-32°00'N) is

also outside our seismic coverage.
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The PRA margin west of the southern Hachijo Rift (32°40'N-33°00'N) is the

ramping side of the half graben that dips east toward the arc margin BFZ (Profiles 2-7,

Figure 4.5). It is cut by numerous east-dipping faults, antithetic to the arc margin BFZ, that

step down into the inner rift. The seismic profiles may stop just east of the western border

faults (Figures 4.2 and 4.4a). The sedimentary sequences dipping toward the east are

similar in character to the high-amplitude, well-layered pre- and syn-rift sequences of the

arc margin (Figure 4.4). Volcanism is common along these faults, resulting in rift elongate

individual vents as well as linear patterns of vents (profiles 3, and 8-10, Figure 4.5; Figure

4.6).

A large triangular block (delineated by the 800 m contour), which I will call

Northwest Aoga Block, forms the southwestern PRA of Hachijo Rift (west of NASC and

AS) and rises to above 500 mbsl (Figure 4.3). Rift normal faults cut through this block

(profiles 11-16, Figure 4.5), which may be the pre-rift westward continuation of the arc

basement beneath Hachijo Jima-Aoga Shima (Figure 4.2). South of this block, a relatively

horizontal, rift flank is observed. It is less-faulted and small volcanic edifices are aligned

along the faults (Figure 4.6; profiles 17-19, Figure 4.5).

A convex-east, curvilinear, normal-faulted rift flank uplift bounds the western

margin of Aoga Shima Rift extending nearly 40 km, from 32°N to 32°21'N, and rising

more than 700 m above the basin floor (Profiles 2 and 3, Figure 4.4; Profiles 20-27,

Figure 4.5; Figures 4.2 and 4.6). The normal faults cutting this rift flank dip 45°-55° at the

seafloor (Figure 4.4 and 4.6). The MCS data image fault-plane reflections along the major

border fault that accommodates the majority of the throw down into the basin (Figure 4.7).

This fault flattens with depth (dip =50° at the seafloor, 40° at 1 km below seafloor, 30° at

2.5 km) and may kink below 2.5 km, becoming near horizontal at just 2.8 km below the

seafloor (3.8 seconds two-way traveltime; Figure 4.7).
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In contrast to the arc margin uplift of the Hachijo Rift, sedimentary sequences do

not form an unconformity along the back-tilted side of the western rift flank uplift, but

instead thin considerably up the slope (e.g. profile 3, Figure 4.4). A large volcanic

seamount coincides with the southern end of this PRA rift flank uplift (profile 28, Figure

4.5).

West of the PRA (toward the Shikoku Basin) a series of northeast-trending volcanic

cross chains and basins are observed. In addition, several large tilted fault blocks, formed

during the Oligocene arc rifting, are observed (Taylor, 1991).

Rift basin

The locus of maximum sediment thickness (-1 km) and basin subsidence occurs

within the inner rift that is adjacent to the arc margin (Figures 4.4 and 4.5). Basin floor

depths range from 1000 m to 1300 m in Hachijo Rift and 1500 m to 1615 min Aoga Shima

Rift (Figure 4.2). A less subsided and more thinly-sedimented outer rift occurs between the

inner rift and the BFZ of the PRA to the west. Throughout the entire study area, the outer

rift is pervasively faulted by east dipping faults along which the inner rift has subsided. In

the southern part of Hachijo Rift, the outer rift (700-1000 m deep) is the ramping side of

the half graben that merges with the PRA. In Aoga Shima rift, it is the less subsided (1100

m and 1500 m deep) structural rollover above the major rift bounding faults (Figures 4.4

and 4.7). Rift volcanism, in the form of rift-elongate ridges, large en echelon ridges, and

individual rift-aligned small edifices, occur throughout the Hachijo and Aoga Shima Rifts,

where they are often observed along normal faults (Figures 4.4, 4.5, and 4.6).

Within the inner rift of southern Hachijo Rift, en echelon ridges (Figures 4.4, 4.5,

4.6, and 4.9) create several isolated depocenters and obscure inner rift sedimentary

sequences and structures. A large (25 km-Iong), rift-elongate, en echelon ridge, located in
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the most subsided part of the inner Hachijo Rift (near 32°50N), is composed of two right

stepping ridges that overlap 5 km (Figure 4.9). The western, -N3°W-trending ridge

segment is 15 km long, up to 2.5 km wide, and rises to 500 rnbsl. The eastern, ~N4°E

trending ridge segment is 15 km long, up to 3.5 km wide, and 400 rnbsl. This en echelon

ridge is remarkably similar to (though somewhat larger than) the Central Ridge (Figure 4.9)

located within the inner rift of Sumisu Rift to the south of the study area (Figure 4.1).

Dredges from Central Ridge recovered backarc basin basaltic, rhyolitic, and dacitic rocks

(Taylor et al., 199Gb). I therefore interpret the en echelon ridge in Hachijo Rift to be a syn

rift volcanic construct. A much smaller, less-developed en echelon ridge is located less than

3 km to the west of the large en echelon ridge in Hachijo Rift (Figure 4.2).

In Aoga Shima rift, the inner rift exhibits pervasive normal faulting and several

inferred small volcanos that rise above the sedimented basin floor (Figures 4.4, 4.5, and

4.6). Sediment horizons within fault blocks display increasing dips with depth, suggesting

syn-depositional faulting (e.g, near 0730 on profile 1, Figure 4.4) and, locally, small rift

blocks are highly rotated. The seismically distinct lower pre-rift volcaniclastic sedimentary

sequences, well imaged throughout the arc margin (profile 3; Figure 4.4), as well as the

pre- and syn-rift sequences of the outer rift (ramping side) of the Hachijo rift (Figure 4.9),

become obscured beneath the inner rift due to extensive inner rift intrusions and closely

spaced normal faulting. However, discontinuous dominantly horizontal reflections are

observed ~3 km beneath the rift basin floor (e.g., just below 4 seconds on profile 3, Figure

4.4b).

A rift-elongate ridge is located in the center of the inner rift near 32° 17'N, 139°44'E

(Figure 4.2; profile 2, Figure 4.4; profiles 21 and 21, Figure 4.5; Figure 4.6). It is 13 km

long, 2 km wide, and rises more than 200 m above the basin floor. Recent investigations

indicate that it is composed of a basaltic base capped by dacitic pumice (personal
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communication, T. Yamazaki). It is remarkably similar in form to Shadow Mountain in the

Sumisu Rift (see Figure 8 of Taylor et al., 1991). Several other extrusive volcanic

constructs occur within the inner rift, including the large volcano that separates the north

and south depocenters of Aoga Shima Rift (Figures 4.2 and 4.6; profile 26, Figure 4.5)

and several other small constructs «2 km; Figures 4.2 and 4.6).

The outer rift of Aoga Shima Rift is the less-subsided (1100-1500 mbsl), hanging

wall, structural rollover above the principal listric fault of the BFZ (Figure 4.7; profile 3,

Figure 4.4; profiles 20-25, Figure 4.5). It is cut by numerous, closely-spaced, dominantly

east-dipping faults.

A small SeaMARC II sidescan sonar survey of the northern Aoga Shima rift

(northwest of Aoga Shima; Figure 4.10) shows that no highly reflective sidescan regions

(typical of extrusive volcanism) are presently exposed on the seafloor. Despite extensive

seismic, bathymetric, and dredge evidence for recent volcanism throughout Hachijo and

Aoga Shima Rifts (e.g., Figures 4.4,4.5, 4.6, and 4.9), rift-related, extrusive volcanism

is quickly covered by rapidly deposited arc-derived volcaniclastic (pumiceous) sediments.

Extremely high sedimentation rates (up to 6 km/m.y.) have been documented in the Sumisu

Rift basin to the south (Taylor, Fujioka, et al., 1990; Chapter 3).

DISCUSSION

Pre-rift structures

The arc volcanos are a principal factor controlling the location and evolution of the

rift basins. The elevated heat flow and thicker crust associated with the Izu-Bonin volcanic

line (Horta, 1970; Honza and Tamaki, 1985) are factors that are known to weaken the

lithosphere (Vink et al., 1984; Steckler and ten Brink, 1986; Kuznir and Park, 1987). The

line of arc volcanos creates a linear zone of lithospheric weakness that controls the location
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Figure 4.10. Sidescan sonar data from northern Aoga Shima Rift. Note the apparent
lack of highly reflective regions typical of extrusive volcanism despite extensive
evidence of rift-related backarc volcanism (see text). Arc-derived pyroclastic
sediments are deposited at such extremely high rates that they mask the surficial
expression of extrusive volcanism on the sidescan sonar image. Location of
sidescan sonar survey is shown in inset. Note: this sidescan sonar data was not
recorded digitally and therefore could not be reprocessed.
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of rifting; rifting can occur on either side of the active arc, as is observed globally (Taylor

and Karner, 1983). The majority of the I-B rifts are backarc, but at 29°N a rift occurs on

the forearc side of the volcanic front (Figure 4.1).

The rifts are wider and more subsided between the arc volcanic centers (Figures 4.1

and 4.3). For example, structural and volcanic highs adjacent to North Aoga Shima

Caldera, Aoga Shima, and Myojin Sho bound the ends of the Aoga Shima Rift. Likewise

rift basins, further to the south, narrow adjacent to Sumisu lima, Torishima, and Sofu Gan

volcanos (Figure 4.1). An exception to this pattern occurs where a wide flat rift basin is

observed west of Hachijo lima (Figure 4.2). Unfortunately, I have no seismic data from

this basin to determine its structure.

Although rifts are better developed (widest and most subsided) between arc

volcanic centers, I suggest that a similar amount of extension occurs in the rift basins and

adjacent to the arc volcanos. For example, Aoga Shima Rift is better developed between,

and narrows adjacent to, Aoga Shima and North Bayonnaise Caldera (Figure 4.2). Arc

magmatism may be accommodating some of the extension, with intrusions rather than

faulting taking up the strain adjacent to the arc volcanos (Chapter 3; Klaus et al., 1991b).

Hachijo Rift does not follow this pattern as the widest rift segment occurs west of Hachijo

lima.

Although the formation and development of the Hachijo and Aoga Shima rifts is

strongly controlled by the presently active arc volcanic centers, rift evolution does not

appear to be affected by pre-existing arc structures. Instead of being diverted around

significant structural and volcanic highs, the rift normal faults cut through them. For

example, rift normal faults cut through and appear to be little influenced by the NW Aoga

Block on the PRA (Figures 4.2 and 4.6). This block is inferred to be the southwestern

extension of Shinkurose Bank (Figure 4.1), a large Eocene/Oligocene frontal arc volcanic
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complex (Taylor, 1991) that was uplifted after the mid-Miocene, creating a large NE

trending high (Klaus and Taylor, 1991; Chapter 2). A similar pattern is observed in the

East African continental rifts where rift development shows little influence by pre-existing

Precambrian structures (Kivu-Rusizi; Ebinger, 1989b). On a larger scale, the Eastern and

Western Branches of the East African continental rift system, however, are diverted around

the pre-existing Tanganyika Shield (Figure lc in Rosendahl, 1987) just as the Izu-Bonin

rifts follow the volcanic arc.

The entire width (>200 km) of the I-B arc was stretched in the Oligocene, prior to

25-15 Ma backarc spreading in the Shikoku Basin (Taylor, 1991). There are large relict

NNE- and NNW-trending half graben in the forearc and the backarc, many of which are

still recognizable in the bathymetry (Figure 4.1). NE- to E-trending chains of seamounts

are prominent to the west of the arc. These may have been erupted along Shikoku Basin

fracture zones and/or erupted along structures related to the episode of Oligocene rifting.

These structural and volcanic features influence the along-strike, pre-rift depth variation of

the arc and proto-remnant arc margins. However. Hachijo and Aoga Shima rift normal

faults cut across these features and rift basin structural development is not strongly

influenced by them. For example, the curvilinear rift flank uplift along the PRA of Aoga

Shima Rift cuts directly across one of these relict half graben.

The overall increase in arc-backarc depth toward the south (Figures 4.1) appears to

have little influence on rift structural evolution other than determining the initial pre-rift

depth. This depth gradient is probably related to the inferred southward increase in the

amount of Oligocene extension, and hence subsidence; extension was greatest in the Bonin

Trough and decreased toward the north (Klaus and Taylor, 1991; Taylor, 1991; Chapter

2).
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Fault pattern

The orientation of rift faults, inner rift volcanic intrusions (largely controlled by rift

structures; Figure 4.6), and elongate arc volcano constructs provide information about the

extension direction, and therefore, the regional stress pattern. The average trend for all

normal faults in the study area is due north (OON; Figure 4.6). The zig-zag pattern of active

border faults may represent fault formation in orthorhombic symmetry. This fault pattern

has been observed in other Izu-Bonin backarc rifts (e.g., Sumisu Rift, Murakami, 1988;

Brown and Taylor, 1988; Taylor et al., 1990a) as well as continental rifts (Rosendahl,

1987; Ebinger, 1989b), and is consistent with theoretical (Reches, 1983; Krantz 1988) and

empirical (Oertel, 1965; Reches and Dieterich, 1983) models of fault formation in three

dimensional strain fields. These models predict that the maximum strain direction is

perpendicular to the bisector of the acute angle between the two fault trends. The border

fault trends along the arc margin shown in Figure 4.6 are N300E (north of NBC), N35°W

(southwest of AS), N5°W (west of AS and NASC), N400W (northwest of NASC), and

NlOoE (southwest of HJ). The average of the two different orientations, N37°W and

NI6°E, implies that the extension direction associated with border fault formation is

-N80oE. The western BFZ of Aoga Shima Rift, which trends mostly -N3°E, except to the

north where it rotates to the west to -N20oW, is consistent with this extension direction.

Normal faults and rift elongate volcanic intrusions, within Hachijo and Aoga Shima

rift basins, exhibit remarkably consistent -DON to NlOoW trends (Figures 4.6 and 4.9). The

zig-zag pattern is muted, possibly due to border fault modification of the regional stress

field locally within the rift basin. I infer from the overall trend of rift normal faults, the zig

zag pattern of border faults, and the orientation of elongate inner rift volcanic ridges, that

the regional horizontal stress minimum (extension direction) is N80oE±1O°. This agrees



150

with that reported in previous Izu-Bonin rift studies (Taylor et al., 1990a; Klaus et al.,

1991b; Chapter 3) and is orthogonal to the trend of the active volcanic arc (NI00W).

The OON average fault trend for Hachijo and Aoga Shima rift normal faults is

slightly different than that observed in Sumisu Rift to the south, where an extension

direction of N74°E has been proposed based on a mean trend of -NI6°W. Preferential

development of one fault set within the orthorhombic fault system may account for this

difference, a mechanism that has been proposed to account for the rift profile asymmetry

(and alternation along strike) observed in continental rift basins (e.g. Figure 5 of

Rosendahl, 1987). The difference may also reflect the zig-zag pattern of fault development

at its largest scale (zig-zagging of entire rift basins).

In the northern Izu-Bonin Arc, NE-trending extensional stresses have been

proposed based on the observed NW-trending pattern of eruptive vents (and elongation) of

Hachijo lima and Oshima (Nakamura, 1977). The distribution of eruptive vents and

elongation of volcanic centers has been used to infer regional stress fields for continental

rifts (Strecker and Bosworth, 1991), island arcs (Nakamura, 1977; Nakamura and Uyeda,

1980), and near midocean ridges (Palmer and Delaney, 1987; Karsten and Delaney, 1989).

I infer, however, that similar to the orthorhombic pattern of border fault formation, there is

a set of possible zig-zag orientations for the distribution of volcanic vents and elongation of

volcanic centers. I propose that the observed NE and NW trends of the arc volcanic

constructs (Hachijo Jima-N44°W, Aoga Shima-N300W and N300E) is consistent with

N800E±10° extension.

My interpretation of the relationship between rifting structures, arc volcanic

alignments and extension direction leads me to question the interpretation of Strecker and

Bosworth (1991) for the direction of the regional stress pattern in the Kenyan Rift, East

Africa. The Kenyan Rifts exhibits a zig-zag pattern of border faults with an overall N-S
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trend. They proposed a NW-SE (rift-oblique) extension direction based on the NE-trending

distribution of aligned eruptive centers on the rift shoulders of the Kenyan Rift (Hurl Hills,

Mt. Marsabit, Nyambeni; as well as from NW-trending borehole breakouts). They discount

a NW-trending series of eruptive centers in the Chyulu Hills (Figure 2 in Strecker and

Bosworth, 1991), that according to their mode of interpretation contradicts their proposed

NW extension direction. I propose that the NE- and NW-trending pattern of eruptive

centers and the N-S trending rift basins (with zig-zag border faults) are probably forming in

response to east-west extension as has been inferred from detailed structural mapping (e.g.,

Ebinger, 1989a), and not NW-trending extension.

The zig-zag (Hachijo Rift arc margin BFZ; Figures 4.2 and 4.6) and curvilinear

(Aoga Shima Rift PRA BFZ; Figures 4.2 and 4.6) border faults have both convex as well

as concave dip slopes. Rosendahl (1987), though acknowledging evidence for an

orthorhombic fault geometry in the east African rifts, has argued that the fundamental unit

of rift architecture is a curving (concave) half graben, several of which may be linked along

strike by oblique transfer zones. Convex zig-zag border fault systems are well documented

for the African rifts, however (e.g. between the Moba and Marungu basins of the

Tanganyika Rift, Ebinger, 1989) and I do not see strong evidence of Rosendahl's preferred

pattern in the Izu-Bonin rifts.

Transfer zones

Transfer zones (e.g., Lister et al., 1986) accommodate differential motion due to

changes in rift flank asymmetry and/or changes in basin width/subsidence, and can be the

locus of voluminous, cross-rift extrusive volcanism (e.g., Klaus et al., 1991b; Chapter 3).

A major, diffuse transfer zone is inferred between Hachijo and Aoga Shima Rifts where the

large border faults and the rift flank uplift changes from the arc margin to the proto-remnant
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arc margin (between profiles 9 and 12, Figures 4.5 and 4.6). Two transfer zones may

occur in Aoga Shima Rift, where the basin narrows to the south (near 32°05'N) and north

(32°20'N), and at least one may occur in Hachijo Rift where the basin widens to the north

(Figure 4.2).

Without the comprehensive and detailed mapping of fault and volcano distribution

permitted by swath-mapping sidescan sonar and bathymetry, the precise nature of transfer

zones in Hachijo and Aoga Shima Rifts is problematic. However, no cross-rift structures

are observed in the seismic or bathymetric data, probably due to the small amount of

inferred differential motion and east-west orientation of the seismic profiles. These transfer

zones (during the early syn-rift stage) are inferred to accommodate differential motion by

interdigitating rift-parallel normal faults as has been proposed for the Sumisu Rift (Taylor et

aI., 1990a; Klaus and Taylor, 1991b; Chapter 3), rather than by rift-oblique strike-slip

faults. Furthermore, a complex pattern of distributed strain accommodated along rift

parallel faults occurs in Aoga Shima Rift where there are facing, opposing rift flank uplifts

(Profile 3, Figure 4.4).

Structural evolution

A minimum estimate ofextension in Aoga Shima Rift, using measurements of fault

throws on MCS sections, is 3 km. The majority of this extension is accommodated across a

few major faults within the BFZ (e.g., 2 km, profile 3, Figure 4.4). Our inability to

accurately identify pre-rift structures beneath the rift basin on multichannel seismic profiles

prevents a more comprehensive extension estimate. The -1-2 Ma age of the rift flank uplift

unconformity (based on correlation to Ocean Drilling Program Site 792; B. Taylor,

personal communication) is inferred to date the onset of rifting. This suggests that Hachijo

and Aoga Shima Rifts are approximately the same age as Sumisu Rift to the south, which
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has been documented by ocean drilling data to have formed approximately 2 Ma (Taylor,

Fujioka, et al., 1989). Aoga Shima and Hachijo Rifts are still in the early syn-rift stage of

development, based on their inferred youth and small amount of extension. Nevertheless, a

two-stage evolution in structural style, similar to that proposed for Sumisu Rift (Klaus et

al., 1991b; Taylor et aI., 1991; Chapter 2), is already apparent from the seismic and

bathymetric data for Hachijo Rift (Figures 4.4, 4.5, 4.6).

Figure 4.11 shows my simplified schematic interpretation of the structural

development of young backarc rifts based on interpretation of seismic data from Hachijo

Rift. Following an early sag phase, the first "half graben" stage is characterized by the

formation of a half graben with a structural rollover (ramping side of the half graben)

dipping toward a large-offset border fault zone. The rift flanks are uplifted, possibly due to

an isostatic response to unloading as the hanging wall subsides (Weissel and Karner,

1989). The hanging wall faults are typically, though not always, synthetic to the BFZ. At

this stage, the rift profile is highly asymmetric (Figure 4.11), and the BFZ's form zig-zag

fault patterns in plan view (see Figures 4.5, 4.6, and 4.11).

The present, "full graben" stage, is characterized by the initiation of hanging wall

collapse (often by antithetic faulting; e.g., Profile 2-7 Figure 4.5) that begins to concentrate

subsidence along the arc margin (Figure 4.11). This hanging wall collapse creates more

symmetric rift profiles, focuses extension and subsidence on an inner rift, and begins to

form a pronounced outer and inner rift (Figures 4.4 and 4.5). This pattern of basin

narrowing by hanging wall collapse is similar to that observed in the East African Rifts

(Ebinger, 1989). During this stage, rift-parallel faulting (less zig-zag than the border faults

of the "half graben" stage) and intrusions occur within the inner rift. Basin widening by

footwall collapse may also accompany the second stage. Backarc magmatism occurs in the

rift and on the proto-remnant arc margin during both stages.
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Figure 4.11. Simplified schematic illustrating two-stage early backarc rift evolution
based on interpretation of seismic profiles from Hachijo Rift (cross-section [left]
and map view [rightj), See text for explanation.
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The co-existence of the zig-zag pattern of the BFZ faults and the more linear, rift

parallel faulting and volcanism within the rift basin is similar to that observed in continental

rifts (e.g., Kenyan Rift-Strecker and Bosworth, 1991). I propose that this may represent

the sequential development of rifting structures from zig-zag border faults connected by

oblique accommodation zones (e.g., Rosendahl, 1987) that give way to more linear rifting

with orthogonal transfer faults (e.g., Lister et al., 1986). Hachijo and Aoga Shima Rifts

have just begun to form the more linear, rift-parallel faulting and extension is low, and

therefore, orthogonal transfer faults have not yet formed. As extension continues, the

transfer zones may gradually become more orthogonal eventually becoming discrete,

orthogonal transfer faults.

In reality, rift structural evolution can be considerably more complex than the two

stage rift evolution scheme proposed above and may be significantly different for Aoga

Shima Rift. In Aoga Shima Rift, for example, the east-dipping strata in the inner rift dips

away (not toward!) the PRA rift flank uplift (e.g., profiles 22 and 23, Figure 4.5). No rift

flank uplift occurs along the arc margin in this region despite lithospheric unloading along

the faults that form the half graben. In addition, there is overlap of facing (opposing) flank

uplifts on the arc and proto-remnant arc margins (e.g., profile 3, Figure 4.4) and the

relative time (and sequence) of formation of these uplifts, and the east-dipping strata in the

inner rift, is uncertain. However, even when the asymmetric rift flank uplift (and border

fault) is on the PRA, the region of maximum subsidence and extension (inner rift)

invariably forms and concentrates along the arc margin and not the PRA.

Hachijo, Aoga Shima, and Sumisu rifts are all in the second stage of rift basin

development and display similar amounts of extension, fault geometries, amounts of

relative basin subsidence, and patterns of volcanism. Due to its apparently less subsided

outer rift, Hachijo rift appears to be just beginning the "full graben" stage. However, this
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may be due to the shallow pre-rift morphology of the northern part of NW Aoga Block that

Hachijo and Aoga Shima rifts are cutting through (as well as our lack of seismic coverage

of a likely BFZ fault just west of seismic profiles 2-5, Figure 4.3). In contrast to Sumisu

Rift, which in its southern basin has an outer rift nearly as subsided as its inner rift

(Chapter 3; Klaus et al., 1991b), neither Hachijo or Aoga Shima Rifts exhibit a similar

degree of outer rift subsidence.

Rifts are forming along the length of the I-B arc from south of Mikura lima to north

of Nishino Shima; the low degree of extension is relatively constant along strike, possibly

being greatest in the central Izu-Bonin Arc (near Torishima Rift; Figure 4.1). These rifts are

not propagating unidirectionally, but rather, form isolated basins intruded by rift

volcanism. The volcanic ridges within the most subsided and extended inner rifts of the I-B

rifts (e.g., the large, en echelon ridge in the Hachijo Rift, the 13km long volcanic ridge in

Aoga Shima Rift, Central Ridge and Shadow Mountain in Sumisu Rift), may be the

precursors to the formation of a backarc spreading center (Taylor et al., 1990a). I propose a

model for the future development of the I-B arc rifts that is similar to that inferred for the

development of continental rifting and subsequent .seafloor spreading in the northern Red

Sea (Martinez and Cochran, 1988). The geometry and evolution of rift structures (pattern

of initial half graben formation, subsequent hanging wall collapse, and development of

transfer zones), along with the influence of the arc volcanos, serve to concentrate the

extension and subsidence between arc volcanos along strike and within the inner rift across

strike. The large, rift-elongate, inner rift volcanic ridges may become the initial sites of

seafloor spreading cells. Although the en echelon ridges are not spreading centers, their

overlapping nature and a slight curve inward toward the overlap is remarkably similar to

that observed at overlapping spreading centers on mid-ocean ridges. Over time, these may

become nascent spreading cells, propagate toward the ends of the rifts, and eventually
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coalesce to form a continuous, organized spreading center. This model suggests that

structures developed during backarc rifting may influence subsequent initial seafloor

spreading geometry.

The observed rift structures are detached at very shallow levels «3km) in the upper

crust that is 15-20 km thick beneath the volcanic front at 32°N (Moho determination based

on two-ship refraction profiles; Hotta, 1970). Shallow detachment of rift structures is

suggested by the observed geometry of the border fault along the PRA of Aoga Shima Rift

that flattens with depth, becoming sub-horizontal at less than 3 km below the seafloor

(Figure 4.7; profile 3, Figure 4.4) as well as the presence of highly rotated blocks within

the rift basin (Figure 4.4). The geometry of the hanging wall rollover above the listric

border fault requires a deeper detachment than the observed horizontal fault plane reflector

(Figure 4.7). This necessitates at least two generations of faulting, with detachment depths

shallowing through time. The fault geometry of the hanging wall above the Aoga Shima

Rift east border (profile 3, Figure 4.4) also implies a shallow level of detachment. What

occurs at this depth in the crust (possibly some rheological boundary) is not identified by

the seismic data, and the mechanism and amount of mid- to lower-crustal extension

(distributed deformation or localized deformation on faults that penetrate the crust) is

unknown.

CONCLUSIONS

Integration of multi- and single-channel seismic and bathymetric data allowed me to

document the structural evolution of arc rifting in Hachijo and Aoga Shima backarc rifts in

the Izu- Bonin Arc. The Hachijo (HR) and Aoga Shima (ASR) Rifts, located west of the

frontal arc volcanos of the Izu- Bonin Are, are bounded along strike by structural and

volcanic highs west of Kurose Hole, North Aoga Shima Caldera, and Myojin Sho arc
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volcanos. Zig-zag and curvilinear faults subdivide the rifts longitudinally into an arc margin

(AM), inner rift, outer rift, and proto-remnant arc margin (PRA). Hachijo Rift is 65 km

long and 20-40 km wide. Aoga Shima rift is 70 krn long and up to 45 km wide. Large

offset, border fault zones, with both convex and concave dip slopes, and uplifted rift flanks

occur along the east (AM) side of Hachijo Rift and along the west (PRA) side of Aoga

Shima Rift. A transfer zone between these two regions accommodates differential strain by

interdigitating rift-parallel faults rather than by strike- or oblique-slip faults. In Aoga Shima

Rift, a 12km long flank uplift, facing the flank uplift of the PRA, extends northeast from

beneath North Bayonnaise Caldera. Forearc sedimentary sequences onlap this uplift

creating an unconformity that constrains rift onset to -1-2 Ma.

Estimates of extension (3 Ian), inferred age (-1-2 m.y.), and structural similarity

with Sumisu Rift to the south, suggest that these rifts are in the early syn-rift stage of

backarc formation. A two-stage evolution of early backarc structural development is

proposed based on interpretation of Hachijo Rift. Initially, half graben form with

synthetically faulted, structural rollovers (ramping side of the half graben) dipping towards

zig-zagging large-offset border fault zones that alternate sides along strike. The present

"full graben" stage is dominated by arc-parallel hanging wall antithetic faulting that

concentrates subsidence in an inner rift. Structurally-controlled backarc magmatism occurs

within the rift and PRA during both stages. Significant complications to this simple model

occur in Aoga Shima rift where the east-dipping half graben dips away from the flank uplift

along the proto-remnant arc.

A linear zone of lithospheric weakness caused by the greater temperatures and

crustal thickness along the arc volcanic line strongly influences the initial locus of rifting.

Rift basins are better developed between the arc edifices; intrusions may be accommodating

extensional strain adjacent to the arc volcanos. The rift basins cut through significant pre-
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existing structural and volcanic highs. Large, rift-elongate volcanic ridges, usually extruded

within the most extended inner rift between arc volcanos may be the precursors of seafloor

spreading. Aoga and Hachijo Rifts are presently in the early syn-rift stage. As extension

continues, the fissure ridges may become spreading cells and propagate toward the ends of

the rifts eventually coalescing with those in adjacent rift basins to form a continuous

spreading center.

The border faults dip 45-55° near the surface, and the majority of basin subsidence

is accommodated by only a few of these faults. Distinct reflections from some of the border

faults flatten to near horizontal at only 2.8 .km (below seafloor) indicating that they are

detached at extremely shallow crustal levels. Analysis of the rift fault patterns suggests an

extension direction of N80oE±10°, orthogonal to the trend of the active volcanic arc

(NlOOW). The zig-zag pattern of border faults may indicate orthorhombic fault formation

in response to this extension. Elongation of arc volcanic constructs may also be developed

along one set of the zig-zag directions. Border fault formation may modify the regional

stress field locally within the rift basin resulting in the formation of rift-parallel faults and

emplacement of rift-parallel volcanic ridges.



161

REFERENCES

Auzende, J.-M., Boespflug, X., Bougault, H., Dosso, L., Foucher, J.-P., Joron, J.-L.,

Ruellan, E., and Sibuet, J.-C., 1990, From intracratonic extension to mature

spreading in backarc basins: eamples from the Okinawa, Lau and, North Fiji Basins,

Oceanologica Acta, 10, 153-163.

Barnard, W. D., 1978, The Washington continental slope: quaternary tectonics and

sedimentation, Mar. Geol., 27, 79-114.

Blackinton, J. G., 1986, Bathymetric mapping with SeaMARC II: An elevation-angle

measuring side-scan sonar system, [Ph.D. Dissertation], University of Hawaii at

Manoa.

Blackinton, J. G., Hussong, D. M., and Kosalos, J. G., 1983, First results from a

combination sidescan sonar and seafloor mapping system (SeaMARC II), in

Proceedings, 15th Annual Offshore Technology Conference, May 2-5, Houston Tx.,

307-314.

Bonatti, E., 1985, Punctiform initiation of seafloor spreading in the Red Sea during

transition from a continental to an oceanic rift, Nature, 316, 33-37.

Brown, G., and Taylor, B., 1988, Sea-floor mapping of the Sumisu Rift, Izu-Ogasawara

(Bonin) island are, Bull. Geol. Soc. Japan, 39, 1-38.

Caress, D. W., 1991, Structural trends and back-arc extension in the Havre Trough,

Geophys. Res. Lett. (in press).

Carlson, P. R, Karl, H. A., Edwards, B. D., 1982, Puzzling mass movement features in

the Navarinsky Canyon head, Bering Sea, Geo-Mar. Lett., 2, 123-127.

Chamot-Rooke, 1989, Deskewed magnetic profiles of the Shikoku Basin and the past

kinematics of the Philippine Sea Plate (Abstract) EOS, Trans. Am. Geophys. Union

70, 1365-1366.



162

Chamot-Rooke, N., 1989, Le Bassin de Shikoku de sa formation a l'ecaillage intra

oceanique: evolution tectonique et mechanique, [Ph.D. thesis], Academie de Paris

Universite Pierre et Marie Curie, 295 p.

de Charpal, 0" Guennoc, P., Montadert, L., and Roberts, D. G., 1978, Rifting, crustal

attenuation and subsidence in the Bay of Biscay, Nature, 275,706-711.

Dolan, J. F, Beck, C., and Ogawa, Y., 1989, Upslope deposition of extremely distal

turbidites: an example from the Tiburon Rise, west-central Atlantic: Geology 17,990

994.

Ebinger, C. J., 1989a, Tectonic development of the western branch of the East African rift

system, Geol. Soc. Am. Bull., 101,885-903.

Ebinger, C.J., 1989b, Geometric and Kinematic development of border faults and

accommodation zones, Kive-Rusizi Rift, Africa, Tectonics, 8, 117-133.

Egeberg, P.K., and the Leg 126 Shipboard Scientific Party, 1990, Unusual composition of

pore waters found in the Izu-Bonin fore-arc sedimentary basin, Nature 344, 215-218.

Farre, 1. E, McGregor, B. A., Ryan, W. B. E, and Robb, 1. M., 1983, Breaching the

shelfbreak: Passage from youthful to mature phase in submarine canyon evolution, In

Stanley, D. 1., and Moore, J. C., (Eds.), The Shelfbreak: Society of Economic

Paleontologists and Mineralogists Special Publication 33, 25-39.

Firth, J., and Isirninger-Kelso, M., 1991, Pleistocene and Oligocene-Miocene calcareous

nannofossils from the Sumisu Rift and Izu-Bonin forearc basin, In Taylor, B.,

Fujioka, K, (Eds.), Proc. ODP Sci. Res., 126, College Station, TX, Ocean Drilling

Program, (in press).

Fryer, P., Taylor, B., Langmuir, C. H., and Hochstaedter, A. G., 1990, Petrology and

geochemistry of lavas from the Sumisu and Torishima backarc rifts, Earth Planet. Sci.

Lett, 100, 161-178.



163

Geological Survey of Japan, 1987, Cruise Report GH87-3, Geol. Surv. Japan (in

Japanese).

Geological Survey of Japan, 1990, 1:200,000 Geological Map of Hachijo Jima, Geol.

Surv. Japan.

Gibbs, A. D., 1984, Balanced cross-section construction from seismic sections in areas of

extensional tectonics, 1. Struct. Geo!., 5, 153-160.

Gill, 1., Torssander, P., Lapierre, H., Taylor, R., Kaiho, K., Koyama, M., Kusakabe,

M., Aitchison, J., Cisowski, S., Dadey, K., Fujioka, K., Klaus, A., Lovell, M.,

Marsaglia, K., Pezard, P., Taylor, B., Tazaki, K., 1990, Explosive deep water basalt

in the Sumisu backarc rift, Science, 248, 1214-1217.

Hampton, M. A, and Bouma, A H., 1978, Slope instability near the shelf break:, Western

Gulf of Alaska, Marine Geotech., 2, 309-331.

Hochstaedter, A G., J. B. Gill, M. Kusakabe, S. Newman, M. Pringle, Taylor, B., and

P. Fryer, 1990, Volcanism in the Sumisu Rift I: the effect of distinctive volatiles on

fractionation, Earth Planet. Sci. Lett., 100, 179-194.

Honza, E., and Tamaki. K., 1985, The Bonin Are, In Nairn, AE.M., and Uyeda, S.

(Eds.), The Ocean Basins and Margins, v. 7, The Pacific Ocean, New York (Plenum

Press), p. 459-502.

Horine, R., 1989, Accretion and diapirism in the Izu-Bonin Are, [Ph.D. Dissertation],

University of Tulsa, p. 109.

Horine, R., Moore., G., and Taylor, B., 1990, Structure of the outer lzu-Bonin forearc

from seismic reflection profiling and gravity modeling, In Fryer, P., Pearce, J.,

Stokking , L. B., et al., Proc. ODP, Init. Repts., 125, p. 81-94, College Station TX

(Ocean Drilling Program).



164

Hotta, H., 1970, A crustal section across the Izu-Ogasawara Arc and Trench, J. Phys.

Earth., 18, 125-141.

Hussong, D. M., and Uyeda, S., 1981, Tectonic processes and the history of the Mariana

Arc: a synthesis of the results of Deep Sea Drilling Project Leg 60, In Hussong, D.

M., Uyeda, S., et a1., (Eds.), Init. Repts. DSDP, v. 60., Washington (U.S. Gov.

Printing Office), p. 909-929.

Hussong, D. M., Reed, T. B., and Bartlett, W. A., 1988, SeaMARC II sonar imagery and

bathymetry of the Nazca Plate and Peru forearc, In Suess, E., von Huene, R., et al.,

Proc. ODP Init. Repts., 112, p. 125-130, College Station, TX (Ocean Drilling

Program).

Jacobi, R. D., and Hayes, D. E., 1982, Bathymetry, rnicrophysiography and reflectivity of

the West African Margin between Sierra Leone and Mauritania, In von Rad, U., Hinz,

K., Sarnthein, M., and Seibold, E., (Eds.), Geology of the Northwest African

Continental Margin, p. 182-212, Springer-Verlag.

Kaiho, K., 1991, Oligocene to Quaternary benthic foraminifers and paleobathymetry of the

Izu-Bonin Arc, In Taylor, B., Fujioka, K., (Eds.), Proc. ODP Sci. Res., 126,

College Station, TX, Ocean Drilling ProgrJ.II1, (in press).

Karig, D. E., 1971, Origin and development of marginal basins in the western Pacific, J.

Geophys. Res., 76, 2542-2561.

Karig, D. E., 1975, Basin genesis in the Philippine Sea, In J.e. Ingle, Karig, D. E., and

scientific staff (Eds.), Init, Repts. Deep Sea Drill. Proj., 31, 857-879, Washington

(U.S. Gov. Printing Office).

Karig, D. E., and Moore, G. F., 1975, Tectonic complexities in the Bonin Arc system,

Tectonophysics, 27, 97-118.



[J

I".·····.···ri
1
;1
1

165

Karsten, J. L., and Delaney, J. R., 1989, Hot spot-ridge convergence in the northeast

Pacific, J. Geophys. Res., 94, 700-712.

Klaus, A. and Taylor, B., 1989, Submarine canyon development in the Izu-Bonin Forearc:

A SeaMARC II survey of Aoga Shima Canyon, (Abstract): EOS (Trans. Am.

Geophys. Un.), 70, 1348.

Klaus, A, and Taylor, B., 1990, Submarine canyon development in the Izu-Bonin forearc:

A SeaMARC II Survey of Aoga Shima Canyon, (Abstract): EOS (Trans. Am.

Geophys. Un.), 71, 941-942.

Klaus, A., and Taylor, B.,1991a, Submarine canyon development in the Izu-Bonin

Forearc: A SeaMARC II and seismic survey of Aoga Shima Canyon, Marine

Geophysical Researches (in press).

Klaus, A, Taylor, B., MacKay, M., Moore, G., 1988, Rifting of the Bonin Arc:

Preliminary results from multichannel seismic data (Abstract): EOS (Trans. Am.

Geophys. Un.), 69, 1442.

Klaus, A, Taylor, B., Moore, G. E, and Mackay, M., 1990a, Structural Evolution of

Sumisu Rift, Izu-Bonin Arc, (Abstract) 1990 Circum Pacific Conference.

Klaus, A., Taylor, B., Moore, G. E, and Mackay, M., 1990b, Structural Evolution of

Sumisu Rift, Izu-Bonin Arc, (Abstract): EOS (Trans. Am. Geophys. Un.), 71,941.

1990 Western Pacific Geophysics Meeting, Kanazawa, Japan.

Klaus, A, Taylor, B., Moore, G. E, Mackay, M., Brown, G., Okamura, Y., and

Murakami, E, 1991b, Structural and stratigraphic evolution of Sumisu Rift, Izu

Bonin Arc, In Taylor, B., Fujioka, K., (Eds.), Proc. ODP Sci. Res., 126, College

Station, TX, Ocean Drilling Program, (in press).

Krantz, R. W, 1988, MUltiple fault sets and three-dimensional strain: theory and

application, J. Struct. Geo!., 10,225-237.



166

Kuznir, N., J., and Park, R. G., 1987, The extensional strength of the continental

lithosphere: its dependence on geothermal gradient, and crustal composition and

thickness, In Coward, M. P., Dewey, 1. G., and Hancock, P. L., (Eds), Continental

Extensional Tectonics, Geol. Soc. (London) Spec. Pub. No. 28, p. 35-52.

Leg 126 Scientific Drilling Party, 1989, ODP Leg 126 drills the Izu-Bonin arc, Geotimes,

34, 36-38.

Leg 126 Shipboard Scientific Party, 1989, Arc volcanism and rifting, Nature, 342, 18-20.

Leg 126 Scientific Party, Klaus, A, Taylor, B., and Fujioka, K., 1989b, Evolution of

Sumisu Rift, Izu-Bonin Arc: ODP Leg 126 results (Abstract): EOS (Trans. Am.

Geophys. Un.), 70, 1366.

Lister. G. S., Etheridge, M. A., and Symonds, P. A.. 1986, Detachment faulting and the

evolution of passive continental margins, Geology, 14,246-250.

Malahoff, A., Embley, R. W., Perry, R. B., and Fefe, C., 1980, Submarine mass

wasting of sediments on the continental slope and upper rise south of Baltimore

Canyon, Earth Planet. Sci. Lett. 49, 1-7.

Martinez, F., and Cochran, J. R., 1988, Structure and tectonics of the northern Red Sea;

Catching a continental margin between rifting and drifting, Tectonophys., 150, 1-32.

McConnell, R. B., 1967, The East African Rift system, Nature, 215, 578-581.

McMillen, K. J., Enkeboll, R. H., Moore, J. C., Shipley, T. H., Ladd, J. W., 1982,

Sedimentation in different tectonic environments of the Middle America Trench,

southern Mexico and Guatemala, In Leggett, J. K., (Ed.), Trench-Forearc Geology,

Geol. Soc. Lond. Spec. Pub. 10, p. 107-109.

Mogi, A., 1968, The Izu Ridge, In Hoshino, M., (Ed.), Fossa Magna, Geological Society

of Japan, Tokyo, p. 217-221 (in Japanese).



167

Montadert, L., de Charpal, 0., Roberts, D., Guennoc, P., and Sibuet, J-c., 1979,

Northeast Atlantic passive continental margins: rifting and subsidence processes, In

Talwani, M., Hay, W., and Ryan, W.B.F., (Eds.) Deep Drilling Results in the

Atlantic Ocean: Continental Margins and Paleoenvironment, Am. Geophys. Un.

Maurice Ewing Series, 3., p. 154-186.

Moore, G. E, Curray, 1. R., and Emmel, E 1., 1982, Sedimentation in the Sunda Trench

and forearc region, In Leggett, J. K., (Ed.), Trench-Forearc Geology, Geol. Soc.

Lond. Spec. Pub. 10, p. 245-258.

Moore, J. C., Watkins, J. S., McMillen, K. J., Bachman, S. B., Leggett, J. K.,

Lundberg, N., Shipley, T. H., Stephan, J-E, Beghtel, F. W., Butt, A., Didyk, B.

M., Niitsuma, N., Shephard, L. E., and Stradner, H., 1982, Facies belts of the

Middle America Trench and forearc region, southern Mexico: results from Leg 66

DSDP, In Leggett, J. K., (Ed.), Trench-Forearc Geology, Geol. Soc. Lond. Spec.

Pub. 10, p. 77-94.

Morris, W. R., and Busby-Spera, C. J., 1988, Sedimentologic evolution of a submarine

canyon in a forearc basin, Upper Cretaceous Rosario Formation, San Carlos, Mexico,

Am. Assoc. Petrol. Geol. 72, 717-737.

Mrozowski, C. L., and Hayes, D. E., 1979, The evolution of the Parece Vela Basin,

eastern Philippine Sea, Earth Planet. Sci. Lett., 46, 49-67.

Muck, M. T., and Underwood, M. B., 1990, Upslope flow of turbidity currents: A

comparison among field observations, theory, and laboratory models, Geology 18,

54-57.

Murakami, E, 1988, Structural framework of the Sumisu Rift, Izu-Ogasawara Are, Bull.

Geol. Soc. Japan, 39 (1), 1 -21.



168

Nakamura, K., 1977, Volcanos as possible indicators of tectonic stress orientation

principal and proposal, J. Vole. Geotherm. Res., 2, 1-16.

Nakamura, K., and Uyeda, S., 1980, Stress Gradient in arc-backarc regions and plate

subduction, J. Geophys. Res., 85, 6419-6428.

Natland, J. H., and Tarney, 1., 1981, Petrologic evolution of the Mariana Arc and backarc

basin system- a synthesis of drilling results in the South Philippine Sea. In Hussong,

D. M., Uyeda, S., et al., Init. Repts. DSDP, 60: Washington (U.S. Govt. Printing

Office), p. 877-908.

Nishimura, A., and Murakami, E, 1988,Sedimentation of the Sumisu Rift, Izu-Ogasawara

Arc, Bull. Geol. Soc. Japan, 39, 39-61.

Nishimura, A Rodolfo, K., Koizumi, A., Gill, J., and Fujioka, K., 1991, Episodic

deposition of Pliocene-Recent pumice deposits of the Izu-Bonin Are, Leg 126, In

Taylor, B., Fujioka, K., (Eds.), Proc. ODP Sci. Res., 126, College Station, TX,

Ocean Drilling Program (in press).

Oertel, G., 1965, The mechanism of faulting in clay experiments, Tectonophysics, 2, 343

393

Okamura, Y., Murakami, E, Nishimura, A, and Hiscott, R., (submitted), Late

Quaternary sedimentation and faulting in the Sumisu Rift, J. Geography, Tokyo

Geographical Society.

Packham, G. H., and Falvey, D. A, 1971, An hypothesis for the formation of marginal

seas in the western Pacific, Tectonophys., 11, 79-109.

Palmer, J., and Delaney, 1. R., 1987, Progressive merging of uniaxial and radial stress

fields during ridge crest-hot spot convergence, EOS (Trans. Am. Geophys. Un.), 68,

407.



169

Prior, D. B., Bornhold, B., and Johns, M., 1984, Depositional characteristics of a

submarine debris flow, 1. Geol. 92,207-727.

Reches, Z., 1983, Faulting of rocks in three-dimensional strain fields II: theoretical

analysis, Tectonophys., 95, 133-156.

Reches, Z., and Dieterich, J. H., 1983, Faulting of rocks in three-dimensional strain fields

1. Failure of rocks in polyaxial, servo-control experiments, Tectonophysics, 95, 111

132.

Reed, T. B. IV, and Hussong, D. M., 1989, Digital image processing techniques for

enhancement and classification of SeaMARC II side scan sonar imagery, J. Geophys,

Res. 94, 7469-7490.

Rosendahl, B. R., 1987, Architecture of continental rifts with special reference to East

Africa, Ann. Rev. Earth Planet. Sci., 15,445-503.

Scholl, D. W., and Marlow, M. S., 1974, Sedimentary sequences in modem Pacific

trenches and the deformed circum-Pacific eugeosyncline, In Dott, R. H., and Shaver,

R. H. (Eds.), Modern and ancient geosynclinal sedimentation, Society of Economic

Paleontologists and Mineralogists Special Publication 19, p. 193-211.

Seno, T., 1989, Philippine Sea plate kinematics, Modern Geol., 14, p. 87-97.

Shipboard scientific party, 1990a, Site 787, In Taylor, B., Fujioka, K., et. al., Proc.

ODP, Init. Rep., p. 63-96, College Station, TX (Ocean Drilling Program).

Shipboard scientific party, 1990b, Site 792, In Taylor, B., Fujioka, K., et. aI., Proc.

ODP, Init, Rep., p. 221-314, College Station, TX (Ocean Drilling Program).

Sibuet, J.-C., Letouzey, J., Barbier, E, Charvet, J., Foucher, J.-P., Hilde, T.W.C.,

Kimura, M., Ling-Yun, C., Marsett, B., Muller, C., and Stephan, I.-F., 1987, Back

arc extension in the Okinawa Trough, J. Geophys. Res., 92., 14,041-14,063.



170

Simkin, T., Siebert, L., McClelland, L., Bridge, D., Newhall, c, Latter, J. H., 1981,

Volcanos of the world, Smithsonian Institution, p. 232.

Smith, W. H. E, and Wessel, P.,1990, Gridding with continuous curvature splines in

tension, Geophys 55, 293-305.

Steckler, M. S., and ten Brink, U. S., 1986, Lithospheric strength variations as a control

on new plate boundaries: examples from the northern Red Sea, Earth Planet Sci. Lett,

79, 120-132.

Strecker, M., and Bosworth, W., 1991, Quaternary stress-field change in the Gregory

Rift, Kenya, EOS (Trans. Am. Geophys. Un.), January 15, 17-22.

Stow, D. A. V., Howell, D. G., and Nelson, C. H., 1984, Sedimentary, tectonic, and

sea-level controls on submarine fan and slope-apron turbidite systems, Geo-Marine

Lett. 3, 57-64.

Stubblefield, W. L., McGregor, B. A., Forde, E. B., Lambert, D. N., and Merrill, G. F.,

1982, Reconnaissance in DSRV Alvin of a "fluvial-like" meander system in

Wilmington Canyon and slump features in South Wilmington Canyon, Geology 10,

31-36.

Surveys of the Hydrographic Department, Maritime Safety Agency, Japan, 1986,

Bathymetric Chart #6421, The Southwest of Hatizyo Sima.

Surveys of the Hydrographic Department, Maritime Safety Agency, Japan, 1986,

Bathymetric Chart #6422, The South of Hatizyo Sima.

Surveys of the Hydrographic Department, 1986c, Bathymetric chart 6422, The Southwest

of Hatizyo Sima, Maritime Safety Agency of Japan.

Tamaki, K., 1985, Two modes of back-arc spreading, Geology, 13, 475-478.



171

Taylor, B., 1991, Oligocene and Quaternary rifting of the Izu-Bonin Are, In Taylor, B.,

Fujioka, K., (Eds.), Proc. ODP Sci. Res., 126, College Station, TX, Ocean Drilling

Program, (in prep).

Taylor, B., Brown, G., Fryer, P., Gill, J., Hochstaedter, F., Horta, H, Langmuir, C;

Leinen, M., Nishimura, A., and Urabe, T., 1990a, Alvin-SeaBeam studies of the

Sumisu Rift, Izu-Bonin are, Earth Planet. Sci. Lett, 100,127-147.

Taylor, B., Brown, G., Hussong, D., and Fryer, P., 1988a, SeaMARC II sidescan

acoustic imagery of Sumisu and Torishima Rifts, Izu-Ogasawara Island Arc,

1:200,000, Mar. Geol. Map Ser., 31, Geol. Surv. Japan, Tsukuba.

Taylor, B., Brown, G., Hussong, D., and Fryer, P., 1988b, Bathymetry of Sumisu and

Torishima Rifts, Izu-Ogasawara Island Are, 1:200,000, Mar. Geoi. Map Ser., 31,

Geol, Surv. Japan, Tsukuba.

Taylor, B., Fryer, P., Hussong, D., and Langmuir, C., 1985, Active volcanism in the Izu

Arc and Rift: tectonic setting, EOS (Trans. Am. Geophys. Un.), 66, 421.

Taylor, B, Fujioka, K., and et al., 1990b, Proc. ODP, Init. Repts., 126: College Station,

TX (Ocean Drilling Program), 1002 pp.

Taylor, B., and Karner, G. D., 1983, On the evolution of marginal basins, Rev. Geophys.

Space Phys., 21, 1727-1747.

Taylor, B., Klaus, A., Brown, G., and Moore, G.F., 1991, Structural evolution of

Sumisu Rift, Izu-Bonin Arc, Journal of Geophysical Research (in press).

Taylor, B., Moore, G., Klaus, A., Systrom, M., Cooper, P., and MacKay, M., 1990c,

Multichannel seismic survey of the central Izu-Bonin Are, In Taylor, B., Fujioka, K.,

et. al., Proc. ODP, Init. Rep., 126, p. 51-60, College Station, TX (Ocean Drilling

Program).



172

Taylor, B., and Shipboard Scientific Party, 1990, Introduction, in Taylor, B., Fujioka,

K., et. al., Proc. ODP, Init. Rep., 126, p. 5-11, College Station, TX (Ocean Drilling

Program).

Taylor, B., Sinton, J., Shipboard Party, and Crook, K., 1986, Extensional transform

zone, sulphide chimneys and gastropod vent fauna in the Manus back -arc basin, EOS,

(Trans. Am. Geophys. Un.), 67, 377.

Taylor, B., and Smoot, N. C., 1984, Morphology of Bonin fore-arc submarine canyons.

Geology, 12, 724-727.

Underwood, M. B., 1990, Sedimentary bypassing of forearc regions, Critical Reviews in

Marine Science, in press.

Underwood, M. B., and Bachman, S. B., 1982, Sedimentary facies associations within

subduction complexes, In Leggett, 1. K. (Ed.), Trench-Forearc Geology, Geol. Soc.

Lond. Spec. Pub. 10, p. 537-550.

Underwood, M. B., Bachman, S. B., and Schweller, W. J., 1980, Sedimentary processes

and facies associations within trench and trench-slope settings, In Field, M. E.,

Bouma, A. H., and Coulburn, I., (Eds.), Quaternary depositional environments on

the Pacific continental margin: p. 211-219, Society of Economic Paleontologists and

Mineralogists, Pacific Section.

Underwood, M. B., and Norville, C. R., 1986, Deposition of sand in a trench-slope basin

by unconfined turbidity currents, Mar. Geol, 71, 383-392.

Vink, G. E., Morgan, W.1., and Zhao, W.-L., 1984, Preferential rifting of continents: a

source of displaced terranes, J. Geophys. Res., 89, 10072-10076.

von Huene, R., and Arthur, M. A., 1982, Sedimentation across the Japan Trench off

northern Honshu Island, In Leggett, J. K. (Ed.), Trench-Forearc Geology, Geol,

Soc. Lond. Spec. Pub. 10,27-47.



173

Weissel, J. K., and Karner, G. D., 1989, Flexural uplift of rift flanks due to mechanical

unloading of the lithosphere during extension, J. Geophys. Res., 94, 13,919-13-950.

Wessel, P., and Smith, W. H. E, 1988, The GMT-System v. 1.0: Technical reference and

cookbook, Lamont-Doherty Geological Observatory Internal Report.

Wernicke, B., and Burchfiel, B. c., 1982, Modes of extensional tectonics, J. Structural

Geology, 4, 105-115.

Wright, I., Carter, L., and Lewis, K., 1990, Gloria survey of the Oceanic-continental

transition of the Havre-Taupo back-arc basin, Geo-Mar. Lett., 10,59-67.

Yamazaki, T., 1988, Heat flow in the Sumisu Rift, Izu-Ogasawara (Bonin) Are, Bull.

GeoI. Soc. Japan, 39.,63-70.




