
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI

films the text directly from the original or copy submitted. Thus, some

thesis and dissertation copies are in typewriter face, while others may

be from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality

illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction.

In the unlikely event that the author diu not send UMI a complete

manuscript and there are missing pages, these will be noted. Also, if

unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand corner and

continuing from left to right in equal sections with small overlaps, Each

original is also photographed in one exposure and is included in

reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced

xerographically in this copy. Higher quality 6" x 9" black and white

photographic prints are available for any photographs or illustrations

appearing in this copy for an additional charge. Contact UMI directly

to order.

V·M·I
University Microfilms International

A Bell & Howell Information Company
300 North Zeeb Road. Ann Art-or. MI 48106-1346 USA

313/761-4700 800/521·0600





Order Number 9205854

Tectonic, sedimentary, and volcanic processes associated with
rifting of the central Bonin island arc

Brown, Glenn Russell, Ph.D.

University of Hawaii, 1991

U·M·I
300N. ZeebRd.
Ann Arbor,MI48106





TECTONIC, SEDIMENTARY, AND VOLCANIC PROCESSES

ASSOCIATED WITH RIFTING OF THE

CENTRAL BONIN ISLAND ARC

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE

UNIVERSITY OF HAWAIl IN PAR11AL FULFILLMENT

OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN GEOLOGY AND GEOPHYSICS

AUGUST 1991

By

Glenn R. Brown

Dissertation Committee:

Brian Taylor, Chairman

William Coulboum

Patricia Fryer

Alexander Malahoff

George Walker



ACKNOWLEDGMENTS

I learned a great deal during my time in Hawaii and I owe much to the students

and staff at the Hawaii Institute of Geophysics. I thank those who made these years a

fond part of my memory. In particular I want to mention Paul Anderson, Phil Jarvis,

Lynne Rodgers, Sharon Rodgers, Scott Rowland, and Martha Systrom. I thank Nancy

Baker and Rick Hagen for helping with administrative matters after my leaving Hawaii.

John Smith deserves a special thanks for preparing this work for submission.

Several families in Honolulu made Hawaii seem like home. I thank the Buxtons,

Rodgers, Rowlands, and Thielens for the i.nvites to dinner and the American hospitality.

The Marine Division of the Geological Survey of Japan opened their doors for my

research. Masato Nohara and Fumitoshi Murakami of the Geological Survey of Japan

arranged for me to work with their seismic-reflection data. Keiko and Kohji Fujioka

provided a place to stay during my visits to Tsukuba.

Funding for this project was provided by the National Science Foundation OCE

83-09757 and aCE 84-10605. Some maps and figures were drafted by Brook Bays and

Nancy Hulbirt.

I was always told that one need not thank the committee in such acknowledg

ments. But I can't let this pass without praise for the cheerful support I received from my

committee members. I also want to acknowledge the long hours spent by Brian Taylor

waiting for and reviewing my work. As I sit on the other side of the desk I appreciate

Brian's knowledge and the guidance he has provided.

111



ABSTRACT

When the lithosphere over a subducting slab is stretched, the upper crust at a site

near the island arc breaks by asymmetric block-faulting. Areas of subsiding seafloor are

quickly covered by tectonically controlled sedimentation and volcanism, Arc rifting is

active today in the central Bonin island arc. This dissertation focuses on the morpho

tectonic development of seven semi-isolated basins between 29° and 31°30' N in the

Bonin island arc that were surveyed in 1984 with the SeaMARC II sidescan acoustic

imagery and bathymetry system. The fundamental physiographic features of the rift

segments are the large arc volcanoes, the "active arc" and "proto-remnant arc" margins,

and the rift-floor sediment basins. Normal faults, alternating in polarity toward and away

from the active are, appear to have first divided the upper crust into large blocks. Strain

on the hanging wall rollovers caused closely-spaced step faults, antithetic but occasion

ally synthetic to the primary master faults. The master fault zones alternate between the

proto-remnant and active arc margins and have a regional orthorhombic pattern analo

gous to continental rifting. The orthorhombic pattern of the master faults, also observed

in older cross-arc normal faults, is thought to be a result of a distributive strain in the

upper crust resulting in the development of multiple "simultaneous" slip planes. Sedi

ments, ponded in terraced basins on the walls of the rift and in the main rift-floor

depocenters, vary in acoustic facies as a function of depth and distance away from the

shallow arc volcano sources. Unconsolidated sediments on the floor of the rifts are

reworked by bottom currents, as evidenced by the uniform distribution of 3.5 kHz acous

tic facies. Mass wasting on the uplifted walls of the rifts and upper slopes of the arc

volcanoes have fed turbidites into young basins. Over 1000 volcanoes were found in the

rifted area. The sampled volcanoes are composed of pillowed basalts and dacites which

erupted on pre-rift basement highs near rift accommodations zones. Locally, the bi

modal volcanism is controlled by the normal faults in the pre-rift and syn-rift section.
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PREFACE

This is a study of the tectonic, sedimentary, and volcanic processes associated

with arc volcanism and lithospheric extension in the central Bonin island arc. The work

is based on SeaMARC II sidescan acoustic imagery and bathymetry, single-channel

seismic reflection data, and 3.5 kHz data collected from the central Bonin island are,

between 290 Nand 31020' N. In the first chapter, I introduce models for island-arc

rifting and present an overview of the Bonin island arc. The second chapter deals with

detailed morphologies and echo-character mapping in the Sumisu Rift segment. The

third chapter focuses on the development of the Sumisu and Torishima rifts in the central

Benin backarc region between 29°50' Nand 31020' N. The fourth chapter looks at the

subsidence and uplift in the Sofu Gan segment between 290 Nand 29050' N. SeaMARC

II imager! and bathymetry data and a geological map at 1:200,000 are appended to this

thesis.

x
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CHAPTER I

Introduction

1.1 Formation of baekarc basins

The western Pacific is a mosaic of Tertiary marginal basins and island arcs (Figure

1.1, 1.2). Active "backarc" basins are generally characterized by shallow «10 km) crustal

deformation (e.g. [Eguchi and Uyeda, 1983; Hussongand Sinton, 1983]). Mature basins

appear to have crustal sections analogous to oceanic crust [LaTraille and Hussong, 1980;

Bibee et al., 1980] and have yielded fresh basalts transitional between island-arc tholeiites

and N-type mid-ocean ridge basalts [Fryeret a/., 1982].

Several ideas have been proposed to explain the occurrence of the marginal basins

in the western Pacific but few of the early models considered the basins to be a product of

crustal extension [Karig, 1971a]. Wegener [1929] came close when he attributed them

to wide gaps left behind as arcuate island festoons were abandoned by the westward drift

of the Eurasian continent. With new seismic reflection data from the Tonga-Kennadec

island-arc system [Kaiig, 1970] and the Mariana Trough [Karig, 1971b]. Karig [1971a]

published the now established model, that basins in the backarc originate by rifting at

sites near their frontal arc volcanoes,

Since Karig's early work, the literature on backarc basin geology has flourished,

yet few studies have addressed the important nascent stage of the opening process. How

the crust in an island arc undergoes extension remains today a key problem in plate

tectonics.

To understand the geologic processes that control the growth of backarc basins we

need to look at an area where the extensional process is active today and where the

opening has not yet advanced to the stage of spreading. There are only a handful of arc

trench systems in the Western Pacific undergoing extension (Figure 1.1, 1.2). This

I
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Figure 1.1 The marginal basins of the western Pacific (after Taylor and Karner [1983]) showing the

approximate age of crust in the basins. Solid lines indicate sites of island arc rifting (without a devel

oped spreading center) above" subducting slab: the Bonin Rift System (this dissertation), the

Okinawa Trough [Sibue't et al., 1987], and the Northern Mariana Trough [Beal, 1987].
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Figure 1,2 The marginal basins of the southwestern Pacific (after Taylor and Karner

[1983]) showing the approximate age of crust in the basins. Solid lines indicate sites of

island arc rifting (without a developed spreading center) above a subducting slab: the

Coriolis Trough [Dubois et al., 1978], and the Taupo RiftIHavre Trough [Malahoff

et al., 1982].
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dissertation focuses on the controls and processes of subsidence, uplift, volcanism, fault

ing and sedimentation, in one of these systems-the central Bonin (lzu-Ogasawara) island

arc.

Active rifting above a subducting slab

The surface expression of continental extension is characterized by both crustal

subsidence and uplift. These phenomena are explained by two groups of models based

on the role of the underlying asthenosphere. Extension is thought to occur either ffOm

doming and arching, related to a thermal anomaly in the asthenosphere ("active" rifting)

or from horizontal stretching of the lithosphere by mechanical tension ("passive" rifting).

The classical models for active rifting above a subducting slab use a thermal anomaly in

the underiying asthenosphere, but differ in the mechanism to produce the anomaly.

Backarc basins were recognized in the late 1960's to be areas of high heat flow [Vaquier

et al., 1966], although for inactive basins the heat-flow values are consistent with the age

of the crust [Watanabe, 1977], and lower lithosphere Sn-wave attenuation [Molnar and

Oliver, 1969]. Karig [1971b] put forward the idea that the opening of arcs is caused by a

thermal plume activated by partial melting of the downgoing slab. Karig [1974] postu

lated that dewatering of the downgoing slab could generate enough heat to perturb con

vection in the asthenosphere above the slab. A cold sinking slab emplaced into the warm

asthenosphere could also induce convection in the asthenosphere [Sleep and Toksiiz ,

1971] and form a thermal anomaly underneath the lithosphere (Figure 1.3A) leading to

crustal extension. The major problem with these active models, however, is that they can

be expected to affect every subduction zone and so fail to explain why rifting is unique to

only certain arcs [Karig, 1971b; Taylor and Karner, 1983; Uyeda and Kanamori, 1986].

5



Passive rifting above a subducting slab

Models for passive rifting above a subducting slab focus on the dynamic action

between the converging plates. Crustal deformation in the overriding plate may be

predicted from the kinematics between the two plates [Dewey, 1980] (Figure I.3B). A

tensile stress regime is produced as the subducting plate retreats from the overriding plate

or viceversa. Although models for seaward motion of the trench beg,m. to appear in the

literature in the early 1970's [Elsasser, 1971; Moberly, 1972] they generally failed to

explain the precise mechanism for retreat. Molnar and Atwater [1978] pointed out that

an increased age of the subducting lithosphere would accelerate subduction and cause the

subducting plate to retreat. Chase [1978], in a study of hot spot and relative motions of

the plates, found that almost all oceanic subduction zones have absolute motions toward the

subducting plate. In the Bonin are, for example, Chase [1978] estimates the Philippine

Sea and Pacific plates have a 20 mrn/yr difference that is accounted for by rifting in the

backarc.

Other models for the mechanical opening of backarc regions attribute extension to

unique local features observed in the rifting arc such as the angle of subduction or the

geometry of the subducting slab. Backarc opening of the rhomb-shaped grabens in the

Okinawa Trough has been attributed to pull-aparts on dextral shears in the overriding

continental crust [Sibuet et al., 1987]. Collision of the d'Entrecasteaux Fracture Zone has

been suggested as way of opening the backarc troughs in the New Hebrides arc [Col/ot et

al., 1985]. The subducting ridge compresses the central New Hebrides, as evident by

uplift along the central arc and the absence of backarc opening opposite the collision

zone. Strain in the neighbouring backarc, controls the geometry of the rift basins that

straddle either side.

Subduction of a buckled slab and a subsequent acceleration of asthenospheric

flow could induce tension in the overriding plate above the warp [Bayly, 1982] (Figure

1.3C). Yet this model overlooks the fact that rifting occurs above several subducting

6



Figure 1.3 Examples of models proposed for the formation of backarc basins. (A)

Mantle convection activated by the penetration of a cold subducting plate into the hot

asthenosphere [Sleep and Toksoz, 1971]. (B) A kinematic model ([after Uyeda, 199::~J

based on the model by [Dewey, 1980]) where backarc opening results from the interac

tion between plates. The absolute velocity of the arc "platelet" (Vr) is fixed on the "x"

axis (perpendicular to the hinge, "h"). The backarc opens when the "x" component of

overriding plate absolute velocity (V0) is positive. (C) A cartoon model showing how

subduction of a buckled slab and a subsequent change in the velocity of the convecting

mantle might allow for a passive opening of the backarc [Bayly, 1982].
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slabs without a central warp (e.g. the Bonin are, the New Hebrides arc and the Kermadec

arc), and that those arcs with a subducting warp and backarc-arc opening have already

advanced into a spreading mode (e.g. the Mariana arc and the Scotia arc).

Little is known about the seafloor geology in a rifting island arc and how it relates

to the development of a large backarc basin. For example, in the mid-Oligocene the

proto-Bonin arc underwent extension that lead to the growth of the Shikoku Basin (Fig

ure 1.4 [Charmot-Rooke, 1987]). From anomaly 6C time to anomaly 5B new crust was

generated along a southward propagating axis that gives the basin a fan-shaped morphol

ogy [Kobayashi and Nakada, 1979]. The backarc opening lead to the separation of the

Palau-Kyushu ridge, which is a series of bathymetric highs described by Karig [1972] as

a "remnant arc". A set of NE-trending fracture zones traverse the basin from the old

spreading-center to the "Iwo Jima Ridge", where the arc volcanism in the Bonin arc is

occurring today. Some of these fractures lie on trend with lineaments in the Iwo lima

Ridge (note wavy contours along the Iwo-Jima Ridge margin in Figure 1.4) and might

have been conceived during the earlier rifting event

1.2 Historic mapping

Isolated from inhabited lands, the Bonin Islands (indicated as "Malabrigo" in

early maps) and the southern segment of the are, ("Volcano Islands") were not charted

until 1543 when sighted by the early Spanish explorers. Late in the 1500's a Japanese

explorer, Ogasawara Sadayori, founded a small settlement on the islands [Gast, 1944].

Though they were latter settled by European, American, and Hawaiians in the 19th

century, the islands remained unclaimed until Imperial Japan annexed the group in 1878.

The early navigation charts show a variety of names were used for the forearc

archipelago and island volcanoes. The place names fall into four groups, (1) original

words from the Japanese language (e.g. Ogasawara), (2) Japanese equivalents of foreign

words (e.g. Sumisu=Smith Island), (3) foreign words (e.g. Bayonaisse Rocks), and

9
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Figure 1.4 Fracture zones and magnetic lineations in the Shikoku Basin identified by

Charmot-Rooke [1%7]. The basin opened by rifting of the proto-Bonin arc before

anomaly 6C.
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(4) romanized equivalents of Japanese kanji. Early Japanese settlers used the kanji

symbols for "no man", pronounced "bu nin" in Japanese, for the islands. This term was

later romanized into "bonin" but was restricted in use to the cluster of islands on the

forearc.

In the past the Japanese scientific community has used other terms to describe the

arc such as "Fuji Volcanic Zone" (as Mt. Fuji is the northernmost volcano on the chain)

[Tsuya, 1936] and "Nampo Shoto" (the seven islands). The Hydrographic Office of

Japan now recognizes the term "Ogasawara" for the forearc islands, and "Izu

Ogasawara" for the volcanic islands (E. Honza, per comm.). A further discussion on the

terminology used in the Bonin area can be found in Chapter III.

In the late 1800's regional echo-sounding maps of the bathymetry around Japan

began to appear in the literature. Two early maps, published in Chigaku Zasshi [1890,

1895], show the gross morphology of the Bonin Trench and the Iwo-Jirna Ridge. The

1890 map (Figure 1.5A) also shows an extra island in the backarc areanear Sumisujima.

An ephemeral island volcano, mentioned by Kuno [1962] existed between the 1870's and

1923 "18 km southwest of Sumisujima". Attempts to verify the historic existence of the

island have been unsuccessful and it's now believed that it appeared in the Japanese

scientific literature because of an erroneous citation in the early 1900's (M. Nohara, pers

comm.).

By 1937 the Hydrographic Office of the Imperial Japanese Navy had produced a

more detailed bathymetric map (Figure 1.53) which shows deep water southwest of

Sumisujima. No description of the deep appeared until the 1960's (Chapter II). The

main bathymetric highs west of the arc line, which we now know correspond to crustal

uplifts along the western boundary of the rift system, also appear on this chart.

The entire Bonin arc is part of Japan's 200 km exclusive economic zone. In 1979

the Geological Survey of Japan was commissioned to study possible hydrothermal metal

occurrences in these waters. By 1985 the combined ship tracks from the Geological

11
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Figure 1.5 Historic bathymetry charts of the Bonin arc. (A) Published in an 1890

geographical journal, Chigaku Zasshi (v.l), this map shows an extra island in the central

Bonin arc (indicated with an arrow). Although mentioned in the literature, it's likely that

these islands ever existed. The islands forming the arc today have been the main sites of

historic eruptions. (B) The 1937 chart [Tsuyu, 1937] shows the Sumisu Rift (indicated by

arrow) and the gross bathymetric features (e.g. the high west of Torishima).
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Figure 1.6 Ship tracks in the Bonin area from the Geological Survey of Japan and the

Hawaii Institute of Geophysics
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Survey cf Japan (R/V Hakurei Maru) and the Hawaii Institute of Geophysics (RIV Kana

Keoki) created a dense mesh of geophysical data over the northern arc (Figure 1.6). Parts

of these data are used in this thesis to interpret the seafloor geology in the central Bonin

backarc.

1.3 Bonin Island Arc

A projected profile ofan edifice to edifice line along the arc (Figure 1.7) shows a

northward shoaling of the deeps between regularly spaced volcanoes. The deepest point

between the volcanoes occurs in the southern arc near a major oblique discontinuity termed

by Yuasa [1985] the "Sofu Gan Tectonic Line" (Chapter III). With the exception of

Nishinoshima, all volcanoes in the southern arc are submarine. To the north, concomitant

with shoaling of the arc platform, subaereal volcanoes become more common and often

coalesce to form large islands (e.g. Hachijojima, Oshima).

The Bonin arc lies on the northeastern edge of the Philippine Sea plate. Because the

Bonin arc forms by oblique subduction of the Pacific Plate beneath the Philippine Sea Plate

it can be argued that Hakone and Fuji, in southern Honshu, are the northern pan of the

chain. The Wadati-Benioff zone beneath the arc has a 450 dip in the north. The slab

gradually steepens to near vertical in the south [Katsumata and Sykes, 1969]. In the north,

the overriding Philippine Sea plate slips beneath Japan's main island of Honshu. The

Bonin arc is in collision with this coast and in the past segments of the arc have accreted

onto Honshu (Chapter 111).

The regional free-air gravity map in the Bonin arc (Figure 1.8) [Honza and Tamaki,

1985] shows, that the anomaly over the arc volcanoes typically exceeds +80 mgals. Most

seamounts along the arc line have a similar density between approximately 2.5 and 2.7 glee

[Ishihara, 1987]. An outstanding feature in the free-air gravity field is the Bonin Ridge and

the Bonin Trough, between 260 and 2~.50 N and between 141.50 and 143° E (Chapter

IV). Over a distance of 120 km this region experiences the earth's greatest free-air gravity

14



Figure 1.7 Edifice to edifice profile of the Bonin arc for the area covered in Figure 1.6.

There is gentle shoaling of the arc platform north of the Sofu Gan Tectonic Line, toward

Honshu.
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Figure 1.8 Regional free-air gravity over the Bonin arc compiled by [Honza and

Tamaki, 1985].
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j
1 variation, between -120 and +380 mgals. The maximum gradient is E-Wat 28°N, where

the free-air gravity changes from 0 to +300 mgals in 15 nautical miles. The dramatic

gradient can be attributed to the deep water and thick sediments in the trough juxtaposed

against an uplifted high-density volcanic (boninite and island-arc tholeiite) basement [Karig

and Moore, 1975].

We know little about the deep crustal structure of the Bonin island arc. A velocity

model for the crust at 320N was prepared by Horta [1970] based on a seismic refraction

experiment (Figure 1.9). At this latitude, a high velocity (>6.00 km/sec) layer beneath

the arc shoals to within 5 km of the seafloor. The anomaly may represent a rise of mafic

material beneath the arc. The thickness of the crust in the central arc is estimated to be on

the order of 15 to 20 km as indicated by the depth to the >8.0 km/sec layer.

19



Figure 1.9 Crustal structure (depth and P-wave velocities) of the central Bonin arc,

mainly calculated from a two-ship seismic refraction experiment by Hotta [1970].
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CHAPTERH

Seafloor Mapping of the Sumisu Rift,
Bonin Island Arc

2.1 Introduction

The Bonin (Izu-Bonin, Ogasawara) island-arc is located between Honshu and

the Mariana Islands. Several small basins, first described by Mogi [1968], are found

behind the volcanic line from Hachijoshima to Nishinoshima volcanoes. Hotta

[1970], in a crustal study in the northern Bonin are, reported that the small depres

sions are related to high-angle normal faulting. The nature of the basins was enig

matic until Karig [1971,1972] proposed that marginal basins in the Western Pacific

were formed by the rifting of island-arcs. Karig and Moore [1975a] suggested that

the small depressions in the Bonins are incipient back-arc basins. The basins repre

sent a 630 kilometer line of semi-continuous rifting along the central Bonin arc

[Taylor et al., 1984]. Honza and Tamaki [1985] defined four rift basins (Hachijo,

Sumisu, Torishima, and Nishinoshima) which they named after nearby arc volcanoes

(Figure 2.1). This paper discusses the physiography and distribution of recent sedi

ments and faults in the SumisuRift. The Sumisu Rift lies between 30030'N and

31°30' N and between 139020' E and 140010' E. Although the rift narrows iii the

south its structures are continuous into the Torishima Rift [Taylor et al., 1984].

Karig and Moore [1975b] and Carey and Sigurdsson [1984] have proposed

models for sedimentation in marginal basins in which sediments deposited in the

early stages of intra-arc basin opening would be dominated by coarse volcaniclastics

derived from the proximal arc volcanoes. As the basin matures and widens sedimen

tation would be influenced more by detritus from marine organisms, montmorillonite

clays, and wind-blown continental dust. Karigand Mooreestimated the rates of

sedimentation in young troughs to be much greater than 100 m/m.y..
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Figure 2.1 Location of the Bonin Rift

System (stipled) in the Bonin island-arc

[after Taylor et al., 1984; Honza and

Tamaki, 1985]. The main rift segments

are Hachijo, Sumisu, Torishima, Sofu Gan

{southern rift segment of the Torishirna

Rift of Honza and Tamaki [1985]), and

Nishinoshima. Subaereal arc volcanoes

(solid triangles) and submarine arc volca-

noes (open triangles) delineate the Bonin

arc. The study area is outlined by the

rectangle (see also Chapter III) .



The thickness of the sediment layer in the Bonin Rifts has been reported by

several authors. Hotta [1970] observed that the Hachijo Rift has a thin sediment

cover except on the western edge of the basin. Honza and T'amaki [1985] reported

500 m of sediments in the Nishinoshima Rift and 200 m in the Torishima Rift.

Single-channel reflection data from the Hawaii Institute of Geophysics [Tayloret al.,

1984] show one second of sediments overlying downthrown blocks in the center of

Sumisu Rift. Honza et al. [1982] mapped the regional sea-floor sediment distribution

in the Bonin arc and reported Quaternary hemipelagic (?) sediments covering the

Sumisu Rift, surrounded on the east and west by Quaternary volcaniclastic sediments.

This work is based on 3.5-kHz reflection data and SeaMARC II sidescan

imaging and bathymetry data. The 3.5-kHz data were collected by the Hawaii Insti

tute of Geophysics (RIV Kana Keoki, 1984) and the Geological Survey of Japan (R/V

Hakurei Maru, 1979, '80, '84, '85). Track lines are shown in Figure 2.2.

SeaMARC II (Sea Mapping And Remote Characterization) is a shallow-tow

sidescan sonar system capable of high resolution sea-floor imaging and bathymetry

mapping for five kilometers on either side of the ship's track [Blackinton et al.,

1983]. The instrument uses an II-kHz (port) and 12-kHz (starboard) signal with a

fore-aft beam width of 2°. In 1984 the RIV Kana Keoki surveyed the Sumisu and

Torishima Rifts with the SeaMARC II system. Processed sidescan and bathymetry

data for the Sumisu Rift north of 30035' N is presented in t~is chapter (Figures 2.3

and 2.4).

2.2 Physiography

The Sumisu Rift is bounded on the east (active arc side) by a 1000-1500 m

fault scarp and on the west (remnant arc side) by a stepped.relatively gentle slope

with numerous antithetic fault scarps. The contact between regions offset by east

dipping (Sumisu Rift West Fault Zone-SRWFZ) and west-dipping (Sumisu Rift East
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Figure 2.2 Track chart of the Sumisu Rift region showing Hawaii Institute of Geophys-

ics (RIV Kana Keoki, dotted lines) and Geological Survey of Japan (R/V Hakurei Marti,

solid lines) track segments.
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30·40,L
139·25'

Pigure 2.3. Processed SeaMARC II mosaic of the Sumisu Rift. Individual files have

been corrected for bottom detect errors and combined to produce the final mosaic.

The ship track is shaded with an artificial grey shade. Enclosed areas and line seg-

ments refer to Figures 2.7 through 2.11.
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Figure 2.4 SeaMARC II bathymetry of the Sumisu Rift (contour interval 100 m).

The South Basin and the deeper part of the North Basin are shaded. The axis of

subsidence is indicated by the dashed line.
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Fault Zone-SREFZ) faults will be referred to as the Sumisu Rift Axis (Figure 2.4).

The rift is asymmetric, with a deep sub-graben on its eastern side. Over 200 volcanic

centers are found in the study area (Figure 2.5). The volcanoes average 100-200 m

relief, 1-3 km in diameter, and have a composition ranging from tholeiitic basalt to

sodic rhyolite [Fryer et al, 1985]. Intra-rift volcanoes separate the rift floor into two

provinces: the Sumisu Rift North Basin (SRNB) and the Sumisu Rift South Basin

(SRSB) (Figure 2.4). The SRSB has a smooth floor which covers a wide area and has

an average depth of 2200 In. In contrast the SRNB has two levels: a narrow lower

level (shown in Figure 2.4),which is smooth in the south becoming hilly in the north,

and an upper level which is part of the faulted west slope of the graben.

Sumisujima is an active island-arc volcano located just to the northeast of the

SeaMARC II mosaic. The island is the subaereal tip of a submarine caldera

[Murakami, 1986]. The southern flank of Sumisujima volcano covers the northeast

corner of the mosaic. Twenty kilometers south of Sumisujima volcano is a 350 m

deep submarine volcano (hereafter referred to as "South Sumisu"). Torishima, an

active subaereal arc volcano, lies southeast of the SeaMARC II mosaic (Figure 2.1).

2.3 Echocharacter and fault mapping

Echo soundings record acoustic returns from the sea floor and the distribution

of various echotypes may be systematically mapped [e.g. Damuth, 1978; Damuth,

1980; Nemoto and Kroenke, 1981; Okamura and Nakamura, 1981; Damuth et a/.,

1983]. Echocharacter mapping is limited in its capabilities. Without bottom data

(e.g. core samples, bottom photographs) interpretation is qualitative. It is often

impossible to determine the genetic origin of echotypes from the echocharacter alone

[Damuth, 1980], although the echocharacter can be used to study sediment distribu

tion and bottom processes such as turbidity flows and bottom currents [Damuth,
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Figure 2.5 Echocharacter distribution in the Sumisu Rift based on 3.5-kHz echograms

and SeaMARC II sidescan data (BRO-no subbottom reflectors, BRI-I to 3 subbottom

reflectors, BR2-greater than 3 subbottom reflectors, suffix "f'---echotype is interrupted

by closely spaced faults, suffix "t"-transparent sediment patches overlay echotype). A

combination of echotypes is shown by an overlap of patterns. The distribution is con

trolled by the proximity of arc volcanoes and the presence of barriers to sediment trans

port. Contours in the South Basin refer to the thickness of the continuous transparent

layer (contour interval is 5 m, assuming 10 msec =7.5 m).
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1980; Embley, 1980; Swift, 1985]. In this study the 3.5-kHz data proved useful in

distinguishing differences in sediments, mapping faults, and identifying features on

the SeaMARC IT sidescan data.

Echograms from the Sumisu Rift were studied and classified based on the nature of

subbottom reflectors (a similar to that used by Damuth [1980]).Echocharacter types

and faults were plotted along the ships' tracks and then compared with the SeaMARC

IT sidescan mosaic. Normal faults that were identified on the 3.5-kHz records were

extrapolated between ships' tracks based on the SeaMARC II sidescan data (Figure

2.6).

In the Sumisu Rift, where arc volcaniclastic sediments dominate, subtle changes in

sea-floor sediment type are often more apparent on the deeper penetrating 3.5-kHz

records than on the 12-kHz SeaMARC IT sidescan. However, areas of the sea floor

with a rough bottom and therefore a high backscatter (e.g. coarse volcaniclastics, or

exposed rock) and areas with a steep slope facing the ship's track and therefore a high

specular reflection (e.g. fault scarps) show significant contrast with flat lying sedi

ments on the SeaMARC II imagery. If a 3.5-kHz echocharacter type is bounded by

these features, then the unit can be mapped using the SeaMARC IT image. For ex

ample, the boundary of the sediment in the SRSB is quite distinct because it is sur

rounded on the west, north, and east by large fault scarps or intra-rift volcanoes

(Figure 2.3).

Echotypes (Figure 2.5) are notated with a prefix "BR" (Bonin Rifts). The

number following refers to the order of subbottom reflectors. A suffix "f" denotes

that the echotype is not continuous but interrupted by closely spaced (i.e. more than 2

per 5 km) fault scarps (along east-west ships' tracks, perpendicular to the general

trend of rifting). A suffix "t" denotes that the unit is overlain by a transparent sedi

ment layer of variable thickness.
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Figure 2.6 Normal fault traces and lineations based on 3.5-kHz and SeaMARC II

sidescan data. Subsidence of major blocks produces small sags in the overlying

sediment pile (e.g, small grabens along the SRWFZ).
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Echotype BRO (Damuth, [1980]: Type lIB) is a prolonged echo with no

subbottom reflectors. The sea floor is smooth (BRO) to heavily faulted ')3ROt). The

bottom reflector amplitude varies from weak to strong. The corresponding

SeaMARC II sidescan image is dark to medium grey showing some structural fea

tures such as ridges and point reflectors. Echotype BROis found on the active island

arc volcanoes, on the remnant arc, on intra-rift volcanoes, and along fault scarps. The

prolonged echotype can be associated with two bottom types: exposed rock or coarse

terrigenous material (sand/silt sediment) [Damuth, 1980].

Echotype BRI (Damuth, [i980]: Type IIA) has a strong bottom reflector,and

a somewhat prolonged reflection with 1-3 subbottom reflectors. On 3.5-kHz records

the contacts between BROand BRI echotypes are often not distinct. Rather, there is

usually a facies change characterized by a gradual increase in the number of

subbottom reflectors.

Echotype BR2 (Damuth, [1980]: Type IB) has a distinct smooth bottom with

multiple (more than 2) continuous subbottcm reflectors, Echotype BR2t is

characterized by multiple subbottom reflectors overlain by a continuous transparent

layer of varying thickness. A strong reflector lies underneath the transparent layer

followed by 4 to 6 weaker more discontinuous reflectors. The BR2t echotype is

found only in the SRSB. Hemipelagic sediments, composed of fine-grained pelagic

organics and silt detritus eroded from the surrounding footwalls, may explain the

continuous SRSB transparent layer.

2.4 Discussion

Echocharacter distribution

The small basins along the fault zones vary in echocharacter. Basins above

approximately 1300 m depth are dominated by a BROechotype. Below 1300 m

basins have BRI and BR2 echotypes. With increasing depth and distance from the
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arc volcanoes the change in echocharacter from BRO to BR2 may represent a facies

change from coarse volcaniclastic sediments to sediments with an increased

biogenous content similar to the model proposed by Carey and Sigurdsson [1984].

Periodic influxes of pyroclastic or epiclastic sediments from volcanic eruptions,

debris flows-turbidity currents, or changes in bottom currents may explain the layer

ing.

The transparent echotype is found only in the deepest parts of the graben

(Figure 2.5). In the SRSB the transparent layer is smooth and continuous. The even

distribution of the sediment layer implies that there are strong currents (relative to the

particle size) that sweep across the basin floor. In the northern SRNB transparent

sediments fill depressions between hills of BROechotype. Northwest of the SRNB

transparent sediment is continuous and overlies a BROechotype.

Bottom camera photographs and sediment-dispersal studies north of

Hachijoshima show that effects of the Kuroshiro geostrophic current are found as

deep as 1000 m [Inouc,~i and Kinoshita, 1981]. The Kuroshiro Current flows from

the Shikoku Basin into the North Pacific over the Izu Ridge (Bonin arc). Taft and

Freitag [1979] measured bottom current velocities over the Izu Ridge. They con

cluded that south of 32°40' N the volume of transport in the northeast direction

lessens in favour of flow to the south and recirculation in the Shikoku Basin. Al

though the Kuroshiro Current has deep-water motion over the Izu Ridge, it may have

little effect on the movement of bottom sediments in waters as far south as Sumisu

Rift.

Intra-rift volcanoes are shown on Figure 2.5. Reflections on the 3.5-kHz

echograms from the volcanoes appear as hyperbolae, the summits being point reflec

tors. The subbottom echos are prolonged (BRO). The edge of a tilted fault block can

appear similar to an intra-rift volcano on the wide beam (300) echosounder records,

but can generally be distinguished with the aid of the SeaMARC II data. The distri-
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bution of volcanoes in the rift graben and on the remnant arc is structurally con

trolled. The volcanoes are usually found at the foot of fault scarps. Except for a few

of the large seamounts, the volcanoes are elongated parallel to the north-trending

faults, and clusters of aligned vents are common. Most of the eruptions have been

from central vents, but a few may be fissure eruptions.

The sea-floor reflector in the SRNB is similar to the undisturbed reflector

lying under the transparent layer in the SRSB (Figure 2.7B). The SRNB is over 100

m above the SRSB. The intra-rift volcanoes between the SRNB and the SRSB appear

to be a barrier to sediment transport. Sediment cores from the SRNB obtained by the

Geological Survey of Japan contain more ash beds and coarse-grained sediments than

do cores from the SRSB which are dominated by silt-sized sediments [Geological

Survey ofJapan, 1985]. This may explain the difference in echo-character between

the two basins. Sedimentation in the SRNB is dominated by volcaniclastic debris

shed from Surnisujima and South Surnisu volcanoes. The intra-rift volcanic ridge

between the basins restricts movement of coarse volcaniclastic ash into the SRSB.

Sumisu Riit East Fault Zone

The SREFZ has a complex structure on the sidescan image (Figure 2.8A).On

the 3.5-kHz record, rock exposed by normal faulting (footwall rock) has a BRO

echocharacter. The occasional point reflector on the echo record maybe from sedi

ment bedding planes. At the base of the exposed footwall lies the SRSB with a BR2t

echocharacter (a). A thicker transparent layer in the SRSB correlates with areas of

fault-block subsidence. Terraced basins less than 2 krn wide are found along the

stepped fault zone (b). These sediment accumulations have white to grey shade on

the SeaMARC II sidescan image. The small hyperbolic reflection on the 3.5-kHz

record corresponds to a small ridge on the sidescan image. A "v" shaped structure on

the SeaMARC II image (c) is formed by the contact between a bedding-plane ledge
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and a normal fault. The uplifted block is apparently down-faulted to the east (d).

Forearc basin sediments with a BR2 echotype are blanketing the fault-block struc

tures (e).

Sumisu Rift West Fault Zone

Basins along the SRWFZ (Figure 2.9) are much broader than those on the

SREFZ. The basin of BR2 echotype (a) is covered on the west by an additional

sediment layer. A ridge of intra-rift volcanoes, associated with a fault, (b) separates

the BROechotype basin from a BRI echotype basin. The deepest basin (c) is

bounded on the east by the SREFZ (d). The basin has a BROt-echotype nod overlies

the Sumisu Rift Axis. The variations in sediment echotypes between neighbouring

fault-block basins, which are separated by volcanic ridges or fault-block ridges,

suggests that the ridges affect the distribution of sediment

Sumisujima and South Surnisu

Sumisujima and South Sumisu volcanoes have a BROechotype (Figure 2.10).

The flanks of the volcanoes show evidence of mass-wasting. On the SeaMARC II

image, headwall scars of slumps are seen as highly reflective concentric arcs lying

around the south edifice of Sumisujima (a). On 3.5-kHZ and single-channel records

there are offsets in the sea floor corresponding to the slumps. At (b) a rough area on

the SeaMARC II sidescan data is not obvious on the 3.5-kHz data except for a change

in slope. This feature is thought to be a debris or lava flow originating near a flank

volcano at (c).A region of rough bottom on the summit of South Sumisu is seen on

the SeaMARC II image (from (c) to (dj), The summit unit cannot be distinguished on

the 3.5-kHz record, except that it corresponds to a change in slope. The summit unit

is believed to be either exposed volcanic rock (suggested by single-channel seismic

data) or coarse-grained volcaniclastic sediment.
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Normal faults and lineaments

Fault scarps appear black on the sidescan image. In places where the ship

track is perpendicular to small faults «< 50 m bathymetric relief) the scarp appears as

subtle discontinuities in the sidescan image on small scale (large size) copies of the

sidescan data (e.g. small faults in the SRSB). Small scarps are better imaged when

the ship track is parallel to the fault scarp and on the down-dip side of the fault.

Lineaments observed on the SeaMARC IT sidescan image and mapped on Figure 2.6

maybe bedding planes of exposed rock or unmapped faults.

From the distribution of normal faults in Figure 2.6 it is clear that the rift trend

varies in the study area. It trends 3450 in the south, shifts to 0000 in the center, and

returns to 3450 in the north. The change is accomplished by bifurcation and bending

of the normal faults. Bathymetric relief along the faults is not constant. Relief of

some faults lessens by bifurcation into smaller faults (e.g. eastern margin of SRSB).

W
2100-:-

.s:

~ 2300",- ,.-o .

2400

E

Figure 2.11 GSJ 3.5-kHz record from the South Basin showing small growth faults

in BR2t echotype sediment.
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Some fault traces are interrupted by the intra-rift volcanic ridge in the center of the

rift. Large relief faults north of the volcanics are located to the east of the corre

sponding fault south of the volcanics. The volcanics may be localized along a right

lateral strike-slip fault which cuts through the center of the rift. Subsidence of fault

blocks has formed growth faults in the overlying basins. In the SRWFZ narrow

grabens have developed in the fault-block basins. Sediments in the SRSB are being

faulted by a similar process. Subsidence of buried fault blocks creates small faults on

the seafloor (Figure 2.11). Transparent sediment fills the depressions on the

downthrown side of the faults and is sometimes overlain by a thin layer of even more

recent sediment (arrow). An isopach map of the transparent layer in the SRSB (Fig

ure 2.5) shows the areas of rapid subsidence in the SRSB.

2.5 Conclusion

The Sumisu Rift is a 120-km long segment of the intra-arc rift system in the

central Bonin island arc. Integration of closely spaced 3.5-kHz data and SeaMARC II

sidescan imagery allows us to identify sediment types and geologic features, and to

determine their distribution. The echocharacter of sea-floor sediments changes from

a prolonged reflection to a multilayered reflection with increasing depth and distance

from the arc volcanoes. This indicates a change in composition produced by a de

crease in the coarse volcaniclastic constituents of the sediment. The change in

echocharacter between neighboring intra-rift basins that are separated by volcanic or

fault-block ridges suggest that these physical barriers control the distribution of

sediment. The distribution of transparent sediment found on the rift floor indicates

recent faulting and benthic current motion.
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Chapter HI

Rifting of the Bonin Arc Between 29°50' and 31°20' N

3.1 Introduction

Just as continental rifts are the progenitors of mid-ocean spreading systems, so

island-arc rifts are the progenitors of backarc spreading systems. In both continental and

arc environments the rifting stage is fundamental to the subsequent structural, thermal,

sedimentary, petrological, and overall economic evolution of the resulting passive mar

gins, and also determines the initial geometry of the ridge/transform accreting plate

boundary.

Because rifted margins of backarc basins are quickly buried by a thick apron

ofvolcaniclastic sediments, studies of the initial rifting processes may best be

undertaken in active intra-arc rifts (prior to backarc spreading). Such rifts include

the Okinawa Trough [Sibuet et al., 1987] and Bransfield Strait [Weaver et al.,

1979] in continental arcs, and the Havre Trough [Ma/ahoffet al., 1982; Wright,

1990a; Wright et al., 1990b], Coriolis Trough [Dubois et. al., 1978], northern

Mariana Trough [Bea/, 1987] and Bonin rifts [Honza and Tamaki, 1985] in oceanic

arcs. This chapter reports on the results of geophysical mapping of the central

Bonin rifts between 29°50' Nand 31°30' N and it concentrates on the surficial

morpho-tectonic, volcanic and sedimentary features.

Tectonic setting

Subduction of Pacific lithosphere beneath the West Philippine Plate

(Figure 3.1) began by the Middle Eocene [Karig, 1975; Kroenke et al., 1981], and

through the Early Oligocene formed an intra-oceanic volcanic arc and a 200-km

wide forearc of arc volcanic material (tholeiites and boninites) [Nat/and and

Tarney,1981]. The proto-Mariana arc was formed on the edge of the Eocene
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Figure 3.1 Tectonic map of the Philippine Sea Plate showing plate boundaries

and main bathymetric features. Location of Figure 3.2 is shown by the rectangle.

Vector at 300 N indicates the relative plate motion between the Pacific Plate and

the Philippine Sea Plate calculated from the angular velocity and pole of rotation

derived by Seno et al. [1987]. The location of the dashed Honshu/Eurasia plate

boundary is from Seno [1985]. CBF-Central Basin Fault.
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West Philippine Basin whereas the proto-Bonin arc was formed on the edge on

the Amani-Oki Daito province, a series of island arcs and intervening basins of

Santonian to Paleocene age [Shiki, 1985]. Mid-Oligocene rifting split the arc and

Late Oligocene-Early Miocene backarc spreading in the Parece Vela and Shikoku

Basins isolated the remnant arc (Palau-Kyushu Ridge) from the active Bonin

Mariana arc and forearc [Kobayashi and Nakada, 1978; Mrozowski and Hayes,

1979]. However the initial spreading was not time-synchronous along the length

of the Oligocene arc. It began 31 Ma in what became the central Parece Vela

Basin and propagated both north and south, giving the basin its bowed out shape

[Mrozowski and Hayes, 1979]. A second spreading segment began by 25 Ma in

the northernmost Shikoku Basin and propagated south [Kobayashi and Nakada,

1978]. By 23 Ma the two systems had joined at what is now approximately 230 N

and both basins shared a common spreading axis till spreading ceased at 17 to 15

Ma [Shih, 1980].

A similar history is being repeated in the Mariana Trough-Bonin rifts. The

southern arc split again in the Late Miocene, and 6 to 8 m.y. of new seafloor

spreading in the Mariana Trough has isolated the active Mariana arc from, and

increased its curvature with respect to, the remnant West Mariana Ridge [Karig et

al., 1978; Hussong and Uyeda, 1981]. Spreading in the Mariana Trough may be

propagating to the north, "unzipping" the Mariana arc from the West Mariana

Ridge [Stern et al., 1984] or propagating across the active arc [Beal, 1987]. In

contrast, the Bonin arc is still in the rifting stage of backarc basin formation. The

arc is undergoing extension along most of its length and is not simply rifting apart

as the Mariana Trough propagates northward [Honza and Tamaki, 1985].

The arc is also being subducted to the north beneath Honshu. Rather than

affecting the entire arc [Karig and Moore, 1975], deformation of the northern

Bonin arc appears to be focussed on the leading edge of the downgoing plate
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where subduction-related thrusting at the Nankai Trough is stepping seawards to

the south side of Zenisu Ridge, the northernmost en-echelon ridge of the Bonin

arc platform [Le Pichon et al., 1987]. Geological data from south central Honshu

indicates this process has been occurring over the past 15 My resulting in terrains

of Bonin arc crust being accreted onto southern Honshu [Taira et al., submitted].

The Izu Peninsula began accreting onto southern Honshu and deforming the

intraplate area in the early Quaternary [Matsuda, 1978; Huchon and Kitazato,

1985].

Estimates of present motion between the Pacific and Philippine Sea plates

are imprecise because of the absence of a spreading-center boundary or hotspot

trace on the Philippine Sea Plate. The relative convergence between the two

plates, constrained using seismic slip vectors, is estimated at 0.97 to 1.07 °/m.y.

with a pole located between 2.10 S to 1.10 Nand 1330 E to 133.60 E [Seno et al.,

1987]. Based on this pole, relative convergence at 300 N is 58 mm/yr along 2880

N, making an acute angle of 620 with the trench (Figure 3.1).

Magnetic anomaly lineations, seaward of the subduction zone, range from

MIl (125 Ma) at 340 N to M21 (144 Ma) at 250 N [Nakanishi et al., 1989]. The

Wadati-Benioff zone dips at an average angle of 450 under the northern arc,

steepening to near vertical under the southern arc [Katsumata and Sykes, 1969].

In the southern arc the thick Mesozoic Ogasawara Plateau has entered the subduc

tion zone. Opposite the plateau there is a distinct change in the forearc and arc

structure [Honza and Tamaki, 1985]. However the oblique northward relative

motion of the Pacific plate with respect to the forearc means that the Ogasawara

Plateau and the province of mid-Pacific seamounts (of which the plateau is the

leading northern edge), must have been previously further to the south. As the

Bonin Ridge (forearc high) has been at shallow water depths since the Eocene

[Shiki, 1985] its present elevation cannot be tne result of plateau collision alone.
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Figure 3.2 Color bathymetry (500 m contour interval, Mercator projection) of the

Bonin arc-trench system based on data from the Geological Survey of Japan,

Hawaii Institute of Geophysics, Hydrographic Office of Japan, Ocean Research

Institute (University of Tokyo), and the U.S. Naval Oceanographic Office.
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Previous work

A systematic geophysical survey and marine geological investigation of

the Bonin and northern Mariana arcs was undertaken by the Geological Survey of

Japan in 1979/80 [Honza et al., 1982; Honza and Tamaki, 1985]. This provided

the first clear delineation of the extent and development of the Bonin rifts.

Tamaki et al. [1981] described four rift segments between 270 N and 33020' N,

which they named after nearby arc volcanoes (Hachijojima, Sumisujima,

Torishima, and Nishinoshima). This thesis modifies their scheme, based on a new

bathymetric compilation, to separately identify the Aogashima and Sofu Gan rift

segments (Figure 3.3). There are no major rift basins apparent between 270 N

and 240 N, the northern Mariana Islands [Honza and Tamaki, 1985], although

there are small depressions and normal faults near sites of arc volcanism

[Yamazaki and Murakami, 1987]. Tamaki et al . [1981] showed that the rifts are

discontinuous along strike, 20 to 60 km wide arid have eastern boundaries a" little

as 10 Ian west of the active arc. They recognized up to 500 m of volcanogenic

sediment in some of the rifts, and sampled fresh basalt from highs within the

Sumisu rift.

The seismic reflection profiles published by Honza and T'amaki [1985]

show the characteristic structural elements of the Bonin arc (Figure 3.4). Above a

small accretionary complex at the base of the inner trench wall there is a lower

slope terrace. The terrace is formed by sediments ponding around bathymetric

highs spaced 15 to 60 Ian apart [Taylor and Smoot, 1984] (Figure 3.3). Where

dredged, the highs consist of serpentinized and chloritized mafics and ultramafics

[Ishii, 1985]. These protrusions were emplaced as a result of water, given off by

the subducting plate, serpentinizing ultramafics in the forearc [Fryer andFryer,

1987; Ishii et al., 1988].
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The trench-slope break is formed by an outer forearc basement high which,

where exposed to the south in the Bonin Islands, consists of Middle and Late

Eocene boninites and island-arc tholeiites [Shiraki et al., 1980; Tsunakawa et al.,

1983]. A thick forearc basin sedimentary sequence is observed to lap onto and thin

over this outer forearc high. In the southern arc the forearc basin forms the distinct

Bonin Trough with sediment thickness greater than 3 km. Major submarine canyon

systems with dendritic drainage patterns incise the gentle slopes of the forearc

basins north of 29030' N (Figure 3.3) [Taylor and Smoot, 1984]. Discontinuous

frontal arc basement highs are present east ofthe active arc (Figure 3.2) [Honza and

Tamaki, 1985; Yuasa and Murakami 1985]. Eocene fossils have been found in

rocks dredged from several of these highs [M. Yuasa, pers. comm., 1987].

The Bonin frontal arc volcanoes lie within 10 km ofa straight line, bearing

1700 N from Oshima to Kaitoku Seamount (Figure 3.3) and south to Iwojima.

Historic eruptions have occurred on or near Oshima, Niishima, Myojin Sho,

Sumisujima, Torishima, and Nishinoshima [Simkin et al., 1981; Smoot, 1988].

Historic volcanism is especially common along the chain of seamounts from 240

N to 25030' N in the vicinity of the Volcano Islands. Although subaereal volca

noes define a simple chain of islands, the regional bathymetry reveals a broad arc

platform with active volcanoes and rift basins on the east and a province of volca

nic ridges on the west (Figure 3.3). The latter are arranged in an en-echelon

pattern [Karig and Moore, 1975a]. The NE- to E~TE-trending chains ofvolca

noes overprint much of the eastern Shikoku Basin older than magnetic anomaly

6A [Shih, 1980]. Many of these chains do not extend eastward to the volcanic

front. Instead, separate volcanic or tectonic ridges, trending either E-W (e.g. near

Sofu Gao) or Nt.ffi (e.g. near Torishima and Kaikata Seamount), are found imme

diately to the west of the volcanic front. Similar chains of volcanoes at a high

angle to the volcanic front are found along the active and remnant arcs of the
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Figure 3.3 Tectonic map of the Bonin arc-trench system showing the locations of

volcanoes (filled circles), frontal arc volcanoes (triangles), backarc rift segments

(fault symbols), forearc canyons, and lower forearc ultramafic highs (non-circular

filled areas). The main volcanoes are Fu-Fuji, Ha-Hakone, Os-Oshima, Ni

Niijima, Me-Miyakejima, Ma-Mikurajima, H-Hachijojima, A-Aogashima, Ms

Myojin Sho, S-Sumisujima, T-Torishima, SG-Sofu Gan, N-Nishinoshima, Ka

Kaikata Seamount, Ku-Kaitoku Seamount. Named rift segments (sidefacing

Rift, SG-Sofu Gao Rift, N-Nishinoshima Rift. Oblique crossarc lineaments are

indicated by stipled line segments. Background bathymetry is from Figure 3.2.
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Mariana system [Hussong and Fryer, 1983]. The origin and petrochemistry of

these volcanic cross chains are not yet understood in detail. However they are

probably related to arc magmas erupting along cross-arc discontinuities and

fractures. Contrary to the interpretation of Karigand Moore [1975a], our more

detailed bathymetry shows that the chains in the Shikoku Basin between 300 N

and 330 N parallel early opening flow lines. Several of them are aligned with

Shikoku Basin fracture zones proposed by Shih [1980].

Previous authors have suggestedcrossarc structures that control these as

well as more NNE-trendingbathymetriclineamentson both sides of the arc are

strike-slip faults, resulting from Riedal shearsassociated with oblique motion along

the Philippine-Pacificplate boundary [Kaizuka, 1973],or collision of the Bonin arc

with Japan during the opening of the Japan Sea [Karig and Moore, 1975a;Bandy

and Hilde, 1983]. The most pronounced backarc tectonic lineament occurs in the

southern arc, far away from the collision zone at the northern edge of the plate

(Figure 3.2 and 3.3). Yuasa [1985] suggested the NNE-trending scarp between

260N and 28030' N. which he termed the "Sofu Gan Tectonic Line" (STL) re

sulted from strike-slip motion due to differential opening of the Shikoku and

Parece Vela basins.

It is possible to recognize the existence not only of 0200-0350 but also of

3150-3300 bathymetric lineaments on both sides of the arc (Figure 3.3). A few of

the many examples of the latter include the 500 m contour NE of Hachijojima, the

offset of the Bonin Ridge near 270 N, and the ridge terminating the south end of

the STL at 26045' N. Together, the two trends form a conjugate pair, which is

readily apparent in the 4 km contour on the west side of the Bonin Trough. These

bathymetric trends appear to be the surface expression of a basement structural

fabric which criss-crosses the Bonin arc (forearc and backarc). This conjugate

fabric is approximately bisected by the active arc line and may have originated
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Figure 3.4 Line-drawing interpretations of single-channel seismic reflection profiles

across the northern Bonin arc between 290 N and 33030' N collected by the Geological

Survey of Japan (modified after Honza andTamaki [1985]). The volcanic front is indi

cated by short line segments.

66



o
29

o
I

100KM

67

-0

VE =14 -r'.",



from either arc-parallel compression or arc-orthogonal extension. Recent docu

mentation of extensive mid-Oligocene rifting (Leg 126 shipboard scientific party,

1989), both in the forearc and in the backarc suggests these basement trends are

an expression of an orthorhombic pattern of normal faulting similar to that found

in the active rifts (see below). The importance for our discussion is knowing that

the Bonin arc has a pre-rift structural fabric which may be re-activated and/or may

influence rift segmentation.

Data

In June of 1984 the Hawaii Institute of Geophysics conducted a survey of

the central Bonin arc with the R/V Kana Keoki from the Hawaii Institute of Geo

physics. Navigation was based on LORAN-C (using the Iwojima, Hokkaido, and

Marcus Island network) and transit satellite fixes. During the cruise we surveyed

approximately 14,000 km2 over seven semi-isolated depressions within the

central Bonin backarc between 290 N and 31030' N with the SeaMARC II

sidescan acoustic imagery and bathymetry system. This paper presents 10,000

km2 of this data from the Sumisu and Torishima rifts, north of 29050' N; the

remainder is presented in Chapter IV. SeaMARC II is a shallow-tow instrument

capable of mapping 10 km seafloor swaths. The sidescan imagery (Figure 3.5) is

presented such that dark areas represent strong returns (from bottom reflectivity

and backscatter) and light areas represent weak returns [Blackinton, 1986]. The

bathymetric data are contoured every 100 m (Figure 3.6). The SeaMARC II

imagery and bathymetry for the area discussed in this paper can be found in the

Appendix as published by the Geological Survey of Japan at 1:200,000 scale

[Taylor et al., 1988]. Analog single-channel seismic reflection data and 3.5 kHz

echosounder data were collected simultaneously with the sidescan data. Seismic

reflection profiles and corresponding line-drawing interpretations are labelled
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from "A" to "X" (Figures 3.7 and 3.8). Horizontal scales have been corrected so

profiles have a consistent vertical exaggeration (lax). This study also uses 3.5

kHz echosounder profiles collected by the Geological Survey of Japan with the RI

V Hakurei-Maru in 1979, '80 and '84.

The combined data sets have allowed us to produce detailed geological

maps of the central Bonin rift system (Figure 3.9). A geological map of Sumisu

and Torishima rifts has been published in color by the Geological Survey of Japan

at the 1:200,000 scale [Brown et al., 1988]. This map shows the distribution of

volcanoes, acoustic bedrock, and stratified verses unstratified sediment, inferred

from high-frequency geophysical methods (3.5 kHz data). A high density of

geophysical data from the Hawaii Institute of Geophysics and the Geological

Survey of Japan were used in this study (Figure 3.10). Within the SeaMARC II

survey area (perimeter on Figure 3.10), the largest circle which can be inscribed

between tracks is under 7.5 km in diameter. Thus, only a handful of features (e.g.

faults, volcanoes, or sediment areas) observed on the SeaMARC II imagery could

not be located on echo-character profiles,

3.2 Sedimentation

The Bonin rift grabens are floored by syn-rift sedimentary basins and are

bounded by "active arc" and "proto-remnant arc" margins on the east and west

respectively (Figure 3.11). The active arc margin, comprising the frontal arc

volcanoes and eastern rift flank uplifts, separate the rift and forearc basins. The

proto-remnant arc margin, between the rift and Shikoku basins, is a broad prov

ince of fault blocks and volcanoes, of which we surveyed only the eastern portion.

Of the seven large backarc sediment basins surveyed in 1984, four and the

northern branch of one, are described in this paper (Figure 3.11, diagonal lines);

the rest are studied in Chapter IV. Sediments are found to accumulate in the rift

(/)



Figure 3.5 SeaMARC II sidescan acoustic imagery mosaic of the Sumisu and

Torishima rift segments (l :500,000- Transverse Mercator projection). The data

south of 30040' N has been corrected for near nadir reflections and water-bounce

multiples. This data has been published at the 1:200,000 scale [Taylor et al.,

1988a].
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Figure 3.6 SeaMARC II bathymetry of the Sumisu and Torishima rift segments

(100 m contours, 1:500,(00). Contours are dashed in areas with no SeaMARC II

coverage. This bathymetry has been published at the 1:200,000 scale [Tay/or et

al., 1988b].
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Figure 3.7. Single-channel seismic profiles (A to M) and corresponding line-drawing

interpretations. The vertical exaggeration on all profiles is lOx. The profiles are centered

on 139050' E. Refer to Figure 3.10 for location.

74



!D

- '"....--,

'j-'-
e
"..

. -
.. ....•~. ~~-;

III

u

u

75

o

o

lLJ

lLJ u,

J

~
.:...

.~





E

F

G

H

J

K

L

M

'f f' 1/ If
: I ...L..,

139"50' ::

u

E

F

G

H,

J

K

L

M

:i~~~ -

~ib.~J2,1 f'n;,~
} {"'\.~"v 3

:t\~~\,,]2\I~,r~

.:' ~::,~ 3

\ rr<;/ I' v: r-r:;,:,,';i' ';-! __ I;>
ll""l \~ , 1:"-1::, ~{"O:::'1:

r< '\ I J:./(!' ,o~;~~~. 3-, , '::to:=::;::l ~ , ",'~~~= '1~,-.,jl":')~:'~Jn~~, \TY, Lt
l
, r'i;: ..

-,:, \; : . 1"1 /~

~. r.' \ :,,' ,) r{~1..;"'{:~
:, i ~L.~ . __ -.:.' .= :~:;.,f> ; ~ ~;:::-~:. ~"'r Jr;l~'''r:P~~~=r-1 ~ ,':" I

zu ~ ~.1 ~ ,y.; .~' ;'="~J :', 1~.':1 ..
'! , , " \;. <'\';::f .. :: !,,\I ,1
• ',~ :. !." '. • ,.

139"50'[





Figure 3.8. Single-channel seismic profiles (N to X) and corresponding line

drawing interpretations. The vertical exaggeration on all profiles is lOx. The

profiles are centered on 140000' E. Refer to Figure 3.10 for location.
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Figure 3.9. Seafloor geological map of the Surnisu and Torishima rifts (l :500,000,

Transverse Mercator projection), which has been published in color at 1:200,000 by

Brown et al. [1988]. The map was based on SeaMARC II data and close-spaced 3.5-kHz

data from the Hawaii Institute of Geophysics and the Geological Survey of Japan (see

Figure 3.10). Filled areas-extrusive lavas; Br-acoustic bedrock (exposures of rock from

normal faulting, uplift, or mass-wasting); Sp (see Figure 3.12)-unstratified surficial

sediments on 3.5 kHz echocharacter records (no subbottom reflectors); Ss (see Figure

3.12)-stratified sediment (subbottorn reflectors indicative of turbidites); Su-unclassified

sediment.
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Figure 3.10. Hawaii Institute of Geophysics RIV KanaKeoki (solid) and Geological

Survey of Japan R/V Hakurei Maru (dashed) ship tracks from the Sumisu and Torishima

rifts. The 3.5 kHz echocharacter data from these cruises was used to interpret and map

seafloor geology. Thick solid lines (alphabetized) correspond to single-channel seismic

reflection profiles in Figures 3.7 and 3.8. The enclosing line is the perimeter of the

SeaMARC II imagery survey area (see Figure 3.5) The location of the seismic profile in

Figure 3.13 is indicated by the thicker solid line near profiles V to X.
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floor basins and fault-block basins, on terraced ledges on the walls of the rifts, and

around the slopes of arc volcanoes. Each sedimentary basin (Figure 3.11) has a

discrete morphology, structure, and depositional environment. The southern

sedimentary basin of Torishima Rift (TRSB) is approximately 25 km east-west

and 33 krn north-south. The depth of the seafloor approaches 3000 m in the

center of the basin, the deepest place in the survey area. The basin's southern

margin Gust south of the SeaMARC mosaic) lies against the east-west trending

volcano-tectonic ridge west of the island of Sofu Gan. South of the data presented

in this paper, a narrow branch of TRSB links up with the west basin (TRWB) of

Torishima Rift (Figure 3.3, [Tamaki et al [1981]). The TRWB, with a width at

300 N of only 10 km, is 30 to 40 krn west of the regional axis of subsidence in the

TRSB. The basin floor deepens from 2200 m in the north to over 2500 m in the

south. The northern sedimentary basin or Torishima Rift (TRNB) is approxi

mately 13 krn east-west and 26 km north-south and averages about 2500 m water

depth. The southern basin of Sumisu Rift (SRSB) is 30 km (east-west) by 60 km

(north-south). The basin averages 2200 m water-depth with a maximum depth

approaching 2300 m along the eastern margin of the basin. The northern basin of

Sumisu Rift (SRNB) is 13 km (east-west) by 32 km (north-south) with a maxi

mum depth just below 2100 m. North of SRNB there is a 10 km wide depocenter

that continues off of the mosaic for another 15 krn on a NNW trend [Murakami,

1988].

Heat-flow measurements in the sedimentary basins are locally high but

variable, ranging from 38 to 700 mW/m2 in the SRSB [Yarnazaki, 1988]. Appar

ently, extensional deformation allows hydrothermal circulation to continue despite

the up to 1500 m thick sedimentary section.

82



Our knowledge of the composition and distribution of the upper seafloor

sediments is based 011 gravity cores collected by the Geological Survey of Japan,

SeaMARC II imagery, and the dense coverage of 3.5 kHz echo-character profiles.

Except at OPD Sites 790 and 791, core samples from rift-floor basins have

only been obtained from the top 2 m of sediment [Nishimura and Murakami,

1988; Nishimura et al., 1988]. These surficial sediments are hemipelagic and

volcanogenic turbiditic silts and clays with layers of both scoriaceous and pumi

ceous ash. Beneath a thin (5 to 40 em) brown oxidized layer the sediments are all

reduced and grey. Carbonate content is rarely above 12%. Bioturbation is com

mon but the turbidites sometimes retain parallel or cross lamination. Nishimura

and Murakami [1988]point out that samples from the SRNB tend to have coarser

volcanogenic turbidites than those from the SRSB.

Sedimented regions have low reflectance and therefore image light

medium grey on the sidescan (Figure 3.5). Occasionally this low reflectance in

the sedimentary basins is interrupted by strong returns from fault-block ridges or

volcanic flows.

The ~p.rlimp.ntP.rl::ITP.::I~ ::ITP. fllrthp.T l:lIhrlivirlpjI h::l~prlon thpiT ::Ir.ol1~tir.nTonPT----- ----------¥--~----- ---~--- -----.---- ----- --- ----- -------- x r r c r :

ties as seen on 3.5 kHz echo-sounder data, using a scheme similar to that of

Damuth [1980] and in Chapter II (Figure 3.12). In sedimented areas, a prolonged

unstratified echo indicates coarse grain size. This is inferred from analyses of

core samples [Damuth, 1980] and from the distribution of this acoustic facies

around arc volcanoes (Chapter II). The absence of subbottom reflectors implies

rapid deposition with few hiatuses. In general, multiple subbottom reflectors are

indicative of episodic depositional events such as from turbidite deposits (Figure

3.12B) [Chapter II, Nishimura and Murakami, 1988]. In the deeper parts of the

rifts, well sedimented areas (especially in the SRSB) can have an upper transpar-
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Figure 3.11. Map of Sumisu and Torishima rifts, showing the main physi

ographic features, rift and arc volcanoes, faults and rift-floor sediment basins.

SRNB-Sumisu Rift North Basin, SRSB-Sumisu Rift South Basin, TRNB

Torishima Rift North Basin, TRSB-Torishima Rift South Basin, TRWB

Torishima Rift West Basin.
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grained hemipelagic deposition (Figure 3.12C). Drilling at Site 791 showed this

layer to be composed dominantly of ash [Leg 126 Ocean Drilling Program,

1989J.

The SeaMARC II imagery shows few acoustic facies changes within the

sedimented areas, whereas, close-spaced echo-character profiles often show

abrupt acoustic changes in seafloor sediments not detected by SeaMARC II. In

SRNB, for example, there are discrete differences between the northern and

southern ends of the basin (see Chapter II). The southern SRNB has a flat bottom

with multiple subbottom reflectors (Figure 3.9), but the northern half has a hum

mocky bottom resulting from gravity flow deposits [Nishimura and Murakami,

1988] with isolated packets of flat transparent sediment. The only difference in

the sidescan imagery across the basin are minor distortions close to the ships'

tracks in the north which appear to be caused by the slight bathymetric changes.

Small scale channelling is common around the submarine arc volcanoes.

The slopes of Torishima have several shallow furrows in the upper sediment and a

fault-bounded on the south flank of South Sumisu (Figure 3.7D) has been filled in

by latter sediments.

At some sites along the active arc margin, erosional features are observed

that serve as paths for sediment migration into the basins. A trough approxi

mately 3 Ian wide with>150 m high walls cuts down an unconformity/fault

boundary between the basement backslope and Sumisujima volcano (see Figure

3.7B), and thus provides a direct route between the upper slopes of Sumisujima

and the SRNB. Echo-character profiies across the canyon walls have an underly

ing subbottom hyperbola interpreted by Nishimura and Murakami [1988] to be an

erosional surface. Near where this canyon meets the northern margin of SRNB
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there is a deep erosional scour along the base of the east wall (cut below 2100 m

Figure 3.6, Figure 3.7C) which is possibly carved by currents directed by the

canyon into the basin.

Several bathymetric lows occur along the active arc margin between the

footwall uplifts and the arc volcanoes, such as at 29055' N and 30040' N. These

sedimented (low reflectivity, Figure 3.5), structurally controlled saddles allow

semi-continuous sedimentation between the forearc and rift-floor basins.

Bottom currents within the basins play an important role in distributing

fine-grained sediment around the abyssal floor of the rifts. The surface of the

SRSB below 2200 m is a near horizontal sediment plane (Figure 3.6) offset only

by active normal faults. Slight perturbations in sub-bottom reflectors on 3.5 kHz

data are infilled by the uppermost layers (Figure 3.12C) thereby maintaining the

profile of the sediment plane (see Chapter II). It is infered that the plane results

from bottom currents reworking the fine-grained hemipelagic sediments. While a

continuous transparent layer is not present in other basins [Brown et al., 1988],

the unit is present in isolated patches in the lowest parts of the basins as though

the material was winnowed from higher levels. Despite the subtle indicators of

bottom water motion in the basins, no large amplitude sediment waves are ob

served on the 3.5 kHz data. In the northern half of SRNB there are depositional

hills thought by Nishimura and Murakami [1988] to be coarse debris flow depos

its supplied by mass-wasting of the surrounding rift walls.

Recent sedimentation in the rift basins is characterized by fine-grained

hemipelagic and coarse-grained turbiditic deposition with intermittent layers of

ash and pumice. The sediments become more stratified and possibly have a

higher pelagic component with increasing depth and distance away from the

shallow arc volcanoes. Sediments are deposited in rift basins by episodic distal

turbidites started by slumping along the walls of the rift or by volcanic eruptions.

p;]



Figure 3.12. Hemipelagic sediment echo-character types mapped in Sumisu and

Torishima rifts [Brown et al., 1988]. (A) Prolonged echo with no subbottom reflectors

(Sp, Figure 3.9) interpreted to be primarily volcanogenic (coarse-grained debris). (8)

Distinct bottom with subbottom reflectors (Ss, Figure 3.9) interpreted to be turbidite

deposits. (C) Overlying transparent layer of variable thickness, interpreted to be fine

grained sediment with a higher pelagic component which is found as a continuous layer

only in the SRSB.
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Debris from the upper slopes of the volcanoes might migrate directly into the

lower basins along channels. Despite the proximity of adjacent rift-floor basins

the sedimentation can vary significantly because the local topography strongly

affects the distribution of sediments. No bias in sedimentation across the basins,

such as that predicted in the model of Karig and Moore [1975b], is observed.

While the active arc undoubtably controls the supply of sediment during the

nascent stages of opening. debris that makes it to the rift-floor basins can be

evenly distributed within the basins.

The history of syn-rift sedimentation in the rifts can be inferred from the

single-channel seismic data (Figures 3.7 and 3.8, Murakami [1988]). In an inter

oceanic island arc, as in the central Bonins, the basement (pre-rift) rock must be

old arc volcanics interbedded with hemipelagic sediments. With the inception of

subsidence behind the frontal are, new material flowing into the deeps would have

the same composition as the rifting basement. The syn-rift to pre-rift boundary is

therefore marked by a simple unconformity and probably does not represent a

lithologic contact. On the single channel seismic data the unconformity at the

base of the sediment pile can be picked on only a few profiles. The maximum

syn-rift sediment accumulation in Sumisu and Torishirna rifts occurs in the SRSB.

Here, the rifted basement lies underneath 1.5 seconds of fill (Figures 3.7 and 3.8).

The syn-rift sediments accumulated on the surface of the subsiding hanging

wall blocks. Deep reflectors in the basins dip towards the controlling fault indicat

ing a growth fault development (e.g. Figure 3.71). Despite the tilt on deep reflec-

tors, the surface of the sediment is a horizontal plain. If subsiding areas in the

central Bonin arc were starved of sediment then the pre-rift basement rock and

structure would be exposed. The differential depth of the basins would indicate

total subsidence. On the other hand, if there was continuous sedimentation in the

young grabens, such that debris entering the basin quickly fills any slight pertur-
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bation from subsidence, then the surface of the sediment pile (the seafloor) main

tains a flat profile. In the center of TRSB basement fault-block ridges protrude

above the sediment plain (Figure 3.5, linear reflecting areas; Figure 3.8U-W). Yet

in SRSB these basement tilt-blocks do not occur except along the unburied mar

gins (Figure 3.7L). In the SRSB the rate of deposition keeps up with and possibly

exceeds the rate of subsidence. To the south, the rate of subsidence (and deforma

tion) exceeds the rate of sedimentation. Rift basins south of the Sofu Gan Ridge

(at 29°47' N) have thin sediment accumulations and exposures of faulted base

ment structures create a rough seafloor morphology on the margins of the deep

(Chapter IV).

3.3 Volcanism

Four large frontal arc volcanoes were surveyed, including the south and

west flanks of Sumisujima, all of the submarine South Sumisu Volcano (Daisan

3) except for its summit caldera area, a 10 km wide swath on the southern flank of

Torishima and Sofu Gan (the latter is discussed in Chapter IV). The volcanoes are

constructed from volcanoclastic sediments and flows. They are characterized by

explosive phreato-magmatic eruptions within [he shallow «1000 m) water realm of

reduced confining pressure [Carey andSigurdson, 1984]. Pumice and scoria

sampled in dredges and cores [Fryeretal., 1990; Nishimura and Murakami, 1988],

and thick subaereal sections of dike-intruded, bedded tuffs exposed on Torishima,

suggest explosive eruptions on this section of the arc are common. Not all erup

tions in the central arc generate pyroclastics. In 1939 a basaltic flow erupted from a

site near the summit ofTorishima and later infilled a bay on the south coast [Kuno,

1962]
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The flanks of arc volcanoes have light to medium grey tones on the

SeaMARC II acoustic sidescan imagery, indicative of weak to moderate reflec

tions and a low backscatter. The imagery often darkens and has an increased

number of point-reflectors on the upper slopes of volcanoes. The summit area of

South Sumisu, for example, is surrounded by a dark grey area. This was consid

ered in Chapter II to result from a steepening of the slope and a thinning of the

sediment cover, but it may also be due to coarse volcaniclastic debris and lavas

(especially on the northern slope). Several parasitic cones also occur on the flanks

of South Sumisu (Figures 3.5, 3.9). Other small monogenetic volcanoes occur on

the arc margin to the south, along strike from a cross-rift volcanic trend.

Slump scars occur in seafloor sediments around the arc volcanoes and arc

edifices are incised by normal faulting. On the lower, south slope of Sumisujima,

concentric slump scars have broken the sediment (see Chapter II). The saddle

between Sumisujima and South Sumisu (31°20' N, 140015' E), has a pile of

chaotic reflectors suggesting long term slumping from the sides. The western

margins of South Sumisu and Sumisujima have been heavily fractured by backarc

rifting where the SRNB bounding faults down-drops the edge of the arc (Figure

3.7C).

Two other volcanic edifices with greater than 1000 m relief were also

surveyed. One of these, hereafter referred to as "Kotori Volcano" occurs 20 km

west of Torishima. The other, with a summit depth of less than 900 m, has a 10

krn diameter and occurs in the remnant arc margin near 30°16' N, 139046' E

(Figure 3.8T). Both are characterized by radial lineaments on the sidescan imag

ery (Figure 3.5) which resemble volcaniclastic debris flow paths on subaereal

volcanoes.
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Eruptions from arc volcanoes and erosion of fault blocks are a major source

of the terrigenous sediment found in the study area. As noted above, the echo

character across the slopes of the volcanoes (Figure 3.12A) is prolonged with no

subbottom reflectors. With increasing depth and distance away from the arc the

echo-character becomes stratified (Figure 3.12B) indicative ofless coarse material.

Seismic reflection profiles across the lower slope of the arc volcanoes show thick

sediment drapes. Volcanogenic sediments (0.25 sec thick) erupted from Kotori

have spilled over the east footwall of SRSB (Figure 3.80).

Sumisu and Torishima rifts contain hundreds of small volcanoes (Figures

3.9,3.11). Most vents are less than 3 km in diameter and under 400 m in relief.

In contrast to the large volcanic edifices these vents have a strong reflectivity and

backscatter. They appear as dark, circular to oblate areas on the SeaMARC II

acoustic imagery. (The echo-character profile across a small volcano is a sym

metric hyperbolae, as the summit is a point reflector.) Dredge samples, collected

by the RN Kana Keoki from vents in the central grabens, yielded fresh and

altered, vesiculated fragments of pillowed extrusives ranging in Si02 content

from 48% to 71%, but dominantly basalts and rhyolites [Fryer et al., 1990;

Nishimura et a/., 1988].

The historic eruptions in the central Bonin island arc have been attributed

to island-arc volcanism [Kuno, 1962; Simkin et al., 1981]. Some submarine

eruptions detected in the sofar channel with the Pacific hydrophone array may be

from rift related volcanism. Norris and Johnson [1967] reported on a submarine

eruption in the central Bonin arc. Although they associated the event with

Torishima, the actual error ellipse lies well into the backarc. If Norris and

Johnson's locations of the submarine eruptions is accurate, then the event could be

from the recent effusion of lava on the floor of the southern Sumisu Rift.
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j A large unnamed isolated volcano, with 1100 m relief, 10 km in diameter,

and a summit depth of 900 m, occurs in the proto-remnant arc margin near 30016'

N and 139°46' E. Similar to arc volcanoes on the active margin, it images with

light-grey tones, and has lineaments radiating out from the summit. Echo-charac

ter profiles show the volcano to be mantled with sediment acoustically similar to

the arc volcanoes on the other side of the rift. These properties indicate that the

volcano is mantled by volcaniclastic sediments produced by explosive eruptions,

possibly produced by water-rich magmas.

3.4 Tectonic Framework

The axial basins of the Sumisu and Torishima rifts are bounded on at least

one margin (active or proto-remnant arc) by an escarpment exceeding 1000 m

relief (Figure 3.6). In plan view the escarpments have a "dog-leg" (or "zig-zag")

bend with an inside angle of approximately !500 (Figure 3.13). The bounding

escarpment or master fault zone is composed of several faulted blocks, some of

which now lie under the sediment pile (Figure 3.71 to 3.7L, east "boundary

fault"). The individual faults on the escarpment meander and intersect (Figure

3.9) similar to the faulted basement boundary zones of other narrow rifts (e.g. the

west boundary fault of the Rhinegraben at the colatitude of Strasbourg [Illies and

Grenier, 1978]). The pattern is most evident on the SeaMARC II imagery of the

east slope of the SRSB where the anastomosing faults create a complex fabric of

lineaments (Figure 3.5) (described as the "East Fault Zone" in Chapter II). The

seismic reflection profiles in Figures 3.7 and 3.8 exaggerate by lOx the dip of the

master fault zones. In fact the inclination is shallow, seldom exceeding a 25° dip.

The distinct fault zones are, on the other side of the rift, faced by more

gentle slopes with faults dipping into (or "antithetic" to) the master fault zone.

This causes an asymmetry best exemplified on the seismic profiles across the
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SRNB (Figure 3.7B to 3.7E). Here, the prominent fault lies on the east and is

opposed by closely-spaced (approximately 1-2 Ian) low-relief, antithetic faults.

The profiles are remarkably similar to the asymmetric half-graben profiles pro

duced in experimental stretching of homogeneous clay (e.g, Cloos [1930] and

Elmohandes [1981]). It is important to realize though that the east-west seismic

profiles can bias sections as they are not always perpendicular to the strike of the

master faults [Rosendahl, 1987]. A seismic profile, perpendicular to the SRSB

master fault zone at the latitude of Figure 3.7L, for example would be symmetric,

with the west boundary fault being similar to that in Figure 3.80.

The master fault zones appear on both sides of the rift basins (Figures 3.6

and 3.13). Between 31°23' N to 30041' N and 30025' N to 29°53' N a master

fault zone developed on the eastern (active arc) margin. Between 30042' N and

30024' N a master fault occurs on the western (proto-remnant) margin. This

distribution is similar in geometry to the "flip-flopping" reversals of master fault

polarity in the East Africa rifts Rosendahl [1987].

A set of faults have developed, perhaps simultaneously, that are

homothetic (in the same dip direction) to the dog-leg master fault zones. The

faults cut the crust into broad blocks from around 15 to 35 km in width. Figure

3.14 is a key seismic profile perpendicular to the master fault zone on the east

boundary of the TRSB. The profile shows a "primary" low-angle master fault "a"

(because it is related to the initial rifting rather than as a "secondary" deformation

from the interaction or uplift of blocks along the primary faults). Fault "b" is a

primary fault that is synthetic to "a". As the sediment pile in the hanging wall

basin (TRWB) of fault "b" is comparable in thickness to the axial TRSB, it

appears on this profile that slip on fault "b" began near the same time as the

maturation of the master fault zone. The primary faults are found at other lati

tudes. Under the SRSB lies a buried basement block that has primary motion
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Figure 3.13 Major faults in the Sumisu and Torishima rifts. Stiple segments are inferred

zones of transfer, some of which may be linked to the pre-existing cross arc faults (Figure

3.3). A neck-point between the margins of the rifts occurs where transfer zone intersects

the axis of subsidence. The localization of rift-floor basins is controlled by the structures.
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synthetic to the east boundary fault (Figure 3.7H and 3.7I; Klaus et al., 1988).

Between Figure 3.7D and 3.70 buried reflectors are also tilted to the east as

though the layers were deposited on early faults dipping towards the west (syn

thetic to the SRNB master fault zone).

The primary synthetic faults are not restricted to the area in front of the

master fault. Backslope deformation of the active arc uplifts was initially syn

thetic to the frontal escarpment (e.g. Figure 3.7E and 3.70). Later, faults devel

oped in the opposite direction, perhaps as a secondary phenomena from the tilting.

The old synthetic faults may still be active. At 30045' N, on the forearc side of the

flexure east of Sumisu Rift (Figure 3.7L), a 5 km wide graben has formed in the

0.50 sec of lower backslope syn-rift sediments. The basement beneath the graben

is faulted synthetic to the frontal escarpment.

There is also a secondary mode offaulting either antithetic or synthetic to

the master fault zone. Figure 3.14 shows some deformation on the tilted

backslope ofthe block formed by fault "b", The faults at "d" dip antithetic to faults

"a" and "b''. This class offaults are closely-spaced on seismic profiles (Figures

3.7C to 3.7H) and seem to beabsorbing the strain on the upper plate of the low

angle master fault during a hanging-wall roll-over [Gibbs, 1984] or bending from

the slip on the underlying master fault.

Normal faulting also occurs in the syn-rift sediment pile. The faulting of the

sediments is caused by the motion of the buried basement blocks. For example,

sediments in the center of the SRSB (Figure 3.7J and 3.7K) are fractured by faults

that offset the basement. Some of these small faults must have experienced recent

slip. On 3.5 kHz echo-character profiles across the central SRSB a new layer of

ash has begun to collect in the hanging-wall moats of low-relief faults that cut the

syn-rift sediments (see Chapter II).
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Figure 3.14. Single-channel seismic reflection profile on a track line perpendicular to

the strike of the east boundary fault across Torishima Rift's south and west basins (see

Figure 3.10 for location). Fault "a" is the primary master fault. Fault "b" is a primary

fault synthetic and parallel to the master fault. The gentle sloping platform east of b is a

gentle backslope from tilting of the crust along b. Note that the basement (c) dips into fault

b. The west boundary fault system of the TRSB forms by a secondary (and smaller offset)

downfaulting of the lower backslope (d). Buried reflectors also incline towards the master

fault, although the seafloor in the basin is nearly horizontal (the seismic bubble pulse masks

upper reflectors).
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The master fault "dog-legs", mentioned above, are warped planes that

appear to become listric with depth, based on the tilting of reflectors above the

hanging wall block. The faulted crust facing the master fault undergoes important

adjustments in structure along subtle, rift-oblique zones referred to as an accom

modation zones by Rosendahl [1987]. The zones allow the faulted basement

blocks to jostle position along strike and serve as relays between rift segments

with master faults of opposing dip directions. The adjustments are most easy to

map on the surveyed portions of the proto-remnant margin although we can often

only infer an accommodation zone from salient changes in the strike of faults or

from the existence of rift-oblique escarpments (Figure 3.13).

An example of a subtle adjustment in normal faults occurs at the north

margin of the SRNB, near 31°20' N (Figure 3.11). The low-relief normal faults in

this area are spaced under 1-3 km apart. Between the faults are well-sedimeiued

depocenters (stratified echo-character) (Figure 3.7A, Figure 3.9). The faults

change strike by approximately 300 to the NNW [Murakami, 1988]. At the

latitude of Figure 3.7B, multiple irregularly spaced faults in the proto-remnant

margin are antithetic to the opposing master fault zone. The faults (Figure 3.9)

appear to terminate or bifurcate towards the NNW trend. Also coincident with

this latitude is a 10 km wide swath of volcanic vents. The occurrence of over 50

vents in the area indicates there to be an underlying rift-oblique conduit for the

supplying magmas.

Several factors suggest a discontinuity passes through the proto-remnant

margin at the northern edge of the SRSB. (1) Structural changes are evident in

Figures 3.7G to 3.7H, at the northern edge of the SRSB. Towards the south the

predominantly antithetic step-faults develop into a distinct west-boundary fault

near Figure 3.7H, where the entire footwall block, west of the SRNB has been

covered under the SRSB. (2) In this area a series of en-echelon volcanic ridges
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divide the SRi'{B and inner SRSB (Figure 3.5, 3.9) [Chapter II; Murakami, 1988].

Although the individual vents are aligned parallel to the regional trend of normal

faults, the vent distribution as a whole is at an oblique angle to the rift structure

(Figure 3.11). If the intra-rift volcanic belt is tectonically controlled, deep in the

crust, then as the intruding magmas reached the upper crust, the eruptions sites

became aligned parallel to the rift normal faults. (3) In 1976 an earthquake

occurred at 310 N, 139030' E at a depth of about 8 km Moriyama [1988]. The

focal mechanism solution for the quake, determined by Eguchi [1985] indicates

the motion during the quake was strike-slip with one nodal plane sub-parallel to

the northern margin of the SRSB.

The western boundary fault of the SRSB migrates 25 km to the west and

becomes less significant in profiles south of Figure 3.7H until there is a

conspicuous 10 Ian wide gap near 3Q043'N (Figure 3.9). The proto-remnant

margin at this latitude of the SRSB has a gentle, well sedimented slope (low

reflectivity on SeaMARC II imagery, Figure 3.5, Figure 3.7L) with numerous

volcanic vents. The termination of basement at the northern edge of the block

seamount near 30042' N (Figure 3.5, 3.6), the abrupt uplift of the nearby basement

to the south. and the absence of a distinct western boundary escarpment to the

north, suggest a crustal discontinuity occurs in this area, The zone may continue

to the east under the SRSB and may accommodate the change in structural trend

observed between the southern and northern margins of the southern basin (Figure

3.9).

The southwestern area ofTorishima rift can be divided into discrete, rotated

fault blocks that are synthetic to the east boundary fault zone (Figure 3.14). For 20

Ian south of the rift-oblique escarpment, marking the northern boundary of the rift

segment, the geometry of faulting is more complex (Figure 3.9). Subsidence at the

base ofthe scarp has created a sedimented moat that links up with the TRWB
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(Figure 3.11). Several basement highs on the opposite side of the moat trend

Nl'l"'E, parallel to the northern boundary fault. The trend of lineaments in the area

suggest that the primary basement deformation (that faulted the south slope) was

related to the northern boundary fault rather than to the east boundary fault system.

Seismic profiles (Figures 3.7 and 3.8) show that the shallow bathymetric

ridges between the frontal arc volcanoes on the active arc margin, and west of

Torishima on the proto-remnant margin (Figure 3.6) are tectonic uplifts along the

rift boundary faults. The exposed pre-rift section on the footwall (or "free-face"

[Wallace, 1977]) and the upper backslope of the tilt-blocks are strong reflectors

(dark grey to black tones on the imagery, Figure 3.5) and are mapped as "acoustic

bedrock" (Figure 3.9) [Brown et al., 1988]. The backslopes are faulted by normal

faults with a 2-3 km spacing and, near the large volcanoes, overlying volcaniclastic

sediments can exceed 1.0 second (two-way travel time) in thickness. In Figure

3.7B, for example, a fault-block ridge with a tilted backslope images for at least

1.5 seconds beneath the thick volcanic pile of Sumisu and South Sumisu volca

noes.

Flexural uplift of the footwall blocks leads to faulting and remobilization of

sediments around the flanks. For instance, a large, relatively undefonned, base

ment block between 30043' N and 30010' N (Figure 3.7M to 8R) on the proto

remnant margin of the SRSB and TRNB (bounded on the south by the rift-oblique

zone mentioned above) has been uplifted on its eastern edge. The seafloor has been

depressed at the lower backslope (outside of the sidescan survey area-see Figure

3.2,2000 m contour west of the block). The free-face escarpments and the upper

backslope were imaged with SeaMARC II (Figure 3.5). The exposed area of the

northwest-trending branch (Figure 3.8M to 3.8Q) is 2 to 10 km wide with a maxi

mum of 1300m relief. Normal faults on the wall anastamose and vary in displace-
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ment and dip (Figure 3.9). In places the pre-rift section is completely covered by

layered sediments (Figure 3.80, hyperbolae at the base of the escarpment are fault

block ridges, relief on the blocks lessens to the north, Figure 3.5, 3.6).

Mass-wasting of the NNW-trending escarpment has not been uniform.

Between 30034' N and 30040' N the slope is formed by a narrow fault zone

because the lower crustal slices are completely buried by the SRSB sediments

(Figure 3.9 shows discontinuous faults along the contact). Terraced basins on the

wall are typically under 2 km wide and are infilled with turbidite sequences

(stratified echocharacter). Near the easternmost edge of the block, a 5 km wide

basement ledge sits half-way down the escarpment (Figure 3.8Q), as though the

edge of the orthorhomb was broken and eventually decoupled.

With the uplift of the front of the block, sediment on the backslope has

begun to slump toward the west (e.g. faults on Figure 3.80). These dislocations

are mapped in Figure 3.9 with dips towards the west. Echo-character mapping of

the backslope shows that recent sediments are deposited on the lower backslope

and erosion takes place on the upper areas (hence the upper backslope is mapped

as acoustic bedrock, Figure 3.9). This can also be seen from the acoustic imagery

(Figure 3.5), which shews an increase in backscatter on the upper backslope area.

The submarine erosion (or lack of deposition) at the top the of the tilt blocks was

observed during the recent drilling by the Ocean Drilling Program. Site 788 cored

into Pliocene sediments beneath a thin (30m) Pleistocene section [Leg 126 Ocean

Drilling Program, 1989].

3.5 Discussion

Prior to the 1989 drilling of Sumisu Rift [Leg 126 Ocean Drilling Pro

gram, 1989], the timing of backarc extension could only be estimated. The

presence of unfilled basins lying next to arc volcanoes and scarps with about 1 km
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I relief requires that the basement has subsided recently [Karig and Moore, 1975a].

The maximum sediment thickness in the Sumisu Rift (-1500 m) suggests signifi

cant subsidence began no earlier than 10 my and probably more like 5 my (300 m/

my sedimentation rate).

A further constraint on the age of the grabens is from three K/Ar dates done

by the Geological Survey ofJapan on volcanics dredged from southern Torishima

and central Sumisu rifts by the Hawaii Institute of Geophysics [Fryeretal, 1990].

These dates range from 1.96 +/-0.25 my to 0.21+/-0.04 my. While the earliest

value might be east wall rock of southern Torishirna Rift the other two samples are

from the syn-rift en echelon ridge of volcanoes in the central Sumisu Rift If the

middle value is accurate then the main phase of subsidence in at least Sumisu Rift

must have been prior to 0.34 +/-0.25 my. The results ofODP drilling indicate that

at 31ON the basement in the Sumisu Rift began to subside at 2 +/-0.5 Ma [Leg 126

OceanDrillingProgram, 1989].

The thin sediments «0.25 sec) in the deepest basins near 290N (Figure 3.1)

suggest a Plio-Pleistocene rift onset at this latitude (see Chapter IV). The amount of

extension required to generate the 30-40 km wide rifts, with maximum throw on

bounding faults of 2 to 3 km, is quite small, in the range of 2 to 5 km. If the

extension is assumed to be accommodated by slip along faults, then the direction of

extension can be inferred from the pattern of faulting. In particular, in a region with

a dog-leg fault pattern the extension direction bisects the perpendiculars to the two

regional fault trends [Reches, 1983]. In the case of the Sumisu and Torishima rifts

this direction is 075° to 085°, i.e. orthogonal to the regional trend of the frontal arc

volcanoes.

Before the recent phase of rifting started there were likely two prevailing

structural features on the Bonin platform. (l) The volcanic arc, that has been

active since Eocene times, although eruption sites may have been further to the
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east in pre-Pliocene times [Leg 126 Ocean Drilling Program, 1989], and (2) the

regional lineaments (Figure 3.3), described above,developed during an Oligocene

rifting event.

The active extension in the Surnisuand Torishimarifts is biased to the

backarc (e.g. Figure 3.3), although at latitudes fnrther to the south, recent normal

faulting has been observed in the proximal forearc area (ChapterIV). The inti

mate relationship between arc volcanism and rifting presents a puzzling problem.

Does arc volcanism focus the subsidence related to extension or does the exten

sion control the locationof the arc? It has beenproposed thatisland arc rifting

begins near the arc because the crust is weakestat this position [Karig, 1974].

Despite the occurrence of maximum subsidence next to the arc line, extensional

deformation can be found over 50 km to the west. The broader zone of synthetic

faulting may actually begin near the arc line at a subcrustaldetachment beneath

the tilted blocks. This model can't be supportedfrom data south of Sofu Gan

Island (Chapter IV), however, tilted blocksare homotheticto the east, unless

discrete transfers allow a reversal ofdetachmentdip.

The physicalpresenceofarc volcanoescouldcontrolthe local geometryof

rifting..rne geographicdistributionof individualarc strata-volcanoes is thought to

be decided at depth near the subduction zone [Marsh, 1979],long before the raising

diapirs approach the upper crust. In the central Bonin arc, centers of arc-type

volcanism have a regular spacing of about 60 km (Figure 3.3) despite old struc

tural discontinuities and the changes in the geometryof theWadati-Benioff zone.

It is possible that satellitevolcanoes,locatednear largerseamounts andout

of step with the regular volcanic interval, are structurally controlled. Both South

Sumisu and Kotori volcanoes lie within 10kmof an extrapolationof proto-remnant

arc discontinuities (Figure3.13). In thecase of the former there is little

morphologic evidence for the proto-remnantdiscontinuitycontinuing through the
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active arc although small scale volcanism does traverse the rift axis (Figure 3.11).

Both South Sumisu and Kotori lie near subaereal centers (Sumisujima and

Torishirna respectively). The cross-arc faults could interfere with the magma

plumbing beneath the arc volcanoes diverting the magma supply away from the

main vent. The result is a volcanic clusters of large arc-type volcanic centers, some

ofwhich are structurally controlled.

The geometric relationship between the faulting and the proximal arc volca

noes is difficult to image because of sediment drape supplied by the volcanoes (for

example Figure 3.80-west of Kotori). The crustal tilt-blocks on the active arc

margin do tend to shoal in the areas between the centers of arc volcanoes (Figure

3.6). Seismic profiles across South Sumisu volcano (Figures 3.7C and 3.7D) and

the neighboring rift depression (SRNB) show that the east escarpment of the rift is

suppressed. The repetition of this phenomena (which continues to the south of

Sofu Gan Island) indicates a relationship between the locations ofarc volcanoes and

the block seamounts. Either arc volcanoes control the location of the uplifts or the

structure of the upper crust influences the location ofarc volcanoes. Because the

spacing of arc volcanoes is more or less regular, a kinematic relationship between

the rift-related uplifts and arc volcanism must therefore require that the former is

dependent on the latter.

A factorin the occurrence of uplifts between the arc volcanoes may be the

loading of the crust by the arc volcanoes (Figure 3.15). The loading suppresses

uplift, as evident from the shallowest points on the arc margin occurring between

the volcanoes (Figure 3.6). Where the arc volcanoes are at a distance from the

master fault zones then the footwall block experienced greater uplift North of

31°20' N, where the strike of the east boundary fault changes to NNW Sumisu

volcano rests on the lower backslope. The protruding fault block ridge in Figure

3.7B may be flexed higher because the lower-backslope is loaded.
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Figure 3.15 The limbs of tectonic uplifts on the active arc ridge become pinned by mass

loading from the large arc volcanoes. Footwall uplifts shoal between the centers of arc

volcanism.
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The relationship between tectonic uplifts and arc volcanoes is important to

sedimentation in the young rifts. The rising blocks on the active arc margin

control the location of debris paths and prevent debris shed east from the arc volca

noes from entering the basins by "darning" the sediments in the forearc. The trough

formed between the cuesta at 31°20' N and the arc provides a convenient channel

for density currents and turbidites into the SRNB as evident by the erosion in the

area [Nishimura and Murakami, 1988]. The seafloor in the northeast corner of the

SRNB may be scoured at the base of the master fault where the trough reaches the

rift-floor (Figure 3.5, inscribed by the 2100m contour).

Faulting associated with continental rifting commonly forms a "dog-leg" or

"conjugate" pattern in plan view (e.g. the Rio Grande Rift [Ramberg et al., 1978],

the East Africa Rift [Rosendahl, 1987] and other rift areas [Lowell, 1987]). This

fabric has been reproduced using simple clay models (non-rotational, plane-strain)

where the plates beneath the clay layer are slowly pulled apart (e.g., [Freund and

Merzer, 1976]). The experiments duplicate fault patterns similar to those found in

the central Bonin backarc. It is also important to realize, however, that the regional

orthorhombic fault pattern developed penecontemporaneously. This is in contrast

to Anderson-type conjugate faulting, where it is geometrically impossible to have

simultaneous slip on the fault sets [Freund, 1974]. Polyaxial experiments on rock

samples [Reches and Dieterich, 1983; Reches, 1983] show that three-dimensional

strain is distributed on four sets of orthorhombic faults. As the amount of slip

decreases on one fault, it is picked up on another fault. In this same way, as the

east master fault system of the SRSB becomes less significant towards the south,

the slip required to accommodate extension is picked up on the opposite side (di

rectly perpendicular to the regional trend ofopening on a line parallel to the arc)

with a reversed polarity of faulting.
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The subsidence of basement in the central Bonin island arc occurs by slip on

a network ofhomothetic normal faults that occasionally reverse polarity. In plan

view the master fault zones form an orthorhombic pattern with areas of greatest

basement subsidence lying between triangular wedges ofuplifted arc crust. While

the regional fault pattern is sub-parallel to the volcanic arc there are subtle to distinct

adjustments in the orientation and attitude of a rift-forming faults. The rift-floor

sediment basins (Figure 3.11) are semi-isolated along strike by either volcanic or

tectonic ridges that are controlled by these rift-oblique accommodation zones.

The block faulting in the Torishima Rift (Figure 3.14), homothetic to a

master fault, has allowed sediments to accumulate in the hanging-wall basins (the

TRSB and TRWB). As the rift matures, the now semi-isolated sediment pockets

could merge to form a large basin similar to the SRSB. It is expected that the rift

boundary fault on the east ofTRSB will experience more slip as the rift takes on a

more symmetric mode of subsidence similar to the model presented in Figure 3.16.

3.6 Conclusion

Based on SeaMARC II sidescan imagery and bathymetry and shallow

crustal seismic reflection data I have described the active seafloor processes in the

central Bonin island arc between 29°50' N and 31°20' N. The following points

summarize the development of the Bonin Rift System between these latitudes.

The mid-Oligocene rifting ofthe paleo-Bonin arc formed regional tilted

blocks and an orthorhombic pattern offaulting across the arc platform from the

Shikoku Basin to the forearc. The large Quaternary arc volcanoes, constructed in a

regular linear trend, subparallel to the trench, overprinted these early structures. A

present phase ofextension is now active in the mid-section of the Bonin arc. The
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Figure 3.16 A. During the early stages of rifting opening occurred on synthetic "pri

mary" faults. Syn-rift sediments accumulated in the depressed areas. B. With progres

sive deformation the strain on the hanging-wall fault block creates smaller antithetic

faults. There is also deformation in the syn-rift sediment pile as the underlying basement

continues to subside. The backslope of footwall uplifts also becomes downfaulted.
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Sumisu and Torishima rifts are the manifestations of this extension. The depres

sions represent upper crustal subsidence within a narrow zone of the proximal

backarc.

The architecture of the young island-arc rifts is analogous to areas of conti

nental rifting. The first stage ofdeformation was a regional synthetic block faulting

with rapid subsidence occurring in an asymmetric graben bounded by a master fault

zone. The zig-zag pattern of the main boundary faults and a regional pattern of

"conjugate" lineaments suggests that the initial fracture pattern developed at the

onset ofextension into a field of orthorhombic faults similar to Reches[1983]

experimental models and other rift areas.

Axial basins develop between the orthorhombs, at the base of pre-existing

faults or at subtle rift-oblique accommodation zones. Sediments also accumulate

in fault-block basins outside the axial areas and in terraced basins around base

ment highs. The main source of debris appears to be the proximal arc volcanoes

and debris eroded from flanking uplifts. although the fine-grained pelagic con

stituents may increase in isolated depocenters or at distance away from the

sources. Sediment "acoustic facies" were mapped and classified based on their

3.5 kHz echocharacter, Sedimentation in rift-floor depocenters is episodic and

fines are reworked by bottom currents. These sediments are markedly different in

echocharacter compared to the coarse-grained (more diffuse echocharacter)

sediments found near the arc volcanoes. The acoustic facies of sediments varies

between neighboring depocenters and indicates that currently there is little sedi

ment exchange between the semi-isolated depressions.

Two "modes" of volcanism were found in the central Bonin arc. The

sizable arc volcanoes veil the arc active arc margin of the rift system with

volcaniclastic output. The flanks are channelled and eruption sites and slump

scars on the slopes are common. Within the rift zone there are several hundred
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much smaller vents, controlled by the rift normal faults, but concentrated along

rift-oblique swaths coincident with subtle shifts in the fault-block geometry. The

"intra-rift" volcanism is bimodal and saturated in H20 and is apparently indepen

dent of the arc volcanism [Fryer et al., 1990]. Flexural uplift of rift margins be

tween orthorhombic faults or accommodations leaves triangular "block seamounts".

During uplift, deformation and erosion occur on the raised crustal wedges. Hexing

of the active arc margin is suppressed by mass-loading from the large arc volca

noes. Together, the extension-related block faulting, which forms areas of subsid

ence and uplift juxtaposed next to the erupting island arc, creates the complex

systemoftectonically controlled depocenters.
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Chapter IV

Rifting of the Bonin Arc between 29° and 29°50' N

4.1 Introduction

Backarc basins open by rifting near the sites of arc volcanism. Hanging-wall

subsidence and footwall uplift occurs across master normal-fault zones that reverse polarity

(dip direction) along strike. The early forming primary faults grow into a regional or

thorhombic pattern by distributing slip simultaneously. Strain on the hanging-wall rollover

induces sets ofclosely-spaced step-faults that are predominantly antithetic to the primary

master fault zone. The crustal blocks shaped by the orthorhombic pattern offaulting are

free to rise along the flanks of the grabens unless loaded by large volcanic masses (Chapter

Ill).

The Sumisu and Torishima rift segments (Figure 4.1) are analogous to early

asymmetric stages of narrow continental rifts with prominent flexural uplifts, exceeding 1

km in relief, that flank well sedimented rift basins. The axis of subsidence is parallel

with the volcanic front and partial to the proximal retroarc. Blocks of crust "seesaw"

along the axis and undergo adjustments at rift-oblique accommodation zones. The

basement in the Sumisu Rift south of 310 N began to subside in the mid-Pliocene. Since

this time >1200 m of sediments have filled the graben [Leg 126 Scientific Drilling Party,

1989]. Because the thick sediments partly cover fault blocks in the axial area (Chapter

ill) a study of the three- dimensional basement structure in the Sumisu and Torishima

rifts is difficult. This chapter looks at rift development and related processes in the

central Bonin arc between 29° Nand 29°50' N (Figure 4.2). In this area there are impor

tant rift structures in the basement that are not yet buried by syn-rift sediments. The

available data set covers an area within approximately 80 km of the proximal backarc and

35 km of the proximal forearc (south of 29030' N).
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Figure 4.1 The main tectonic elements and bathymetry of the Bonin island are, from

Chapter TIL The contour interval is 500 m. Stipled box shows the location of Figure 4.2.

The main volcanoes in the central Bonin arc are S-Sumisujima, T-Torishima, SG-Sofu

Gan, N-Nishinoshima, Ka-Kaikata Seamount, Ku-Kaitoku Seamount. The previously

named rift segments (sidefacing bold letters) are H-Ha~hijo Rift, A-Aogashima Rift, S

Sumisu Rift, T-Torishima Rift, SG-Sofu Gan Rift, and N-Nishinoshima Rift. Pre

Pliocene (?) lineaments, oblique to the are, are indicated by stipled line segments. Back

ground bathymetry is based on data from the Geological Survey of Japan, Hawaii Insti

tute of Geophysics, Hydrographic Office of Japan, Ocean Research Institute (University

of Tokyo), and the U.S. Naval Oceanographic Office.
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Figure 4.2 The location of the Sofu Gan survey area, the focus of this chapter, between

29° and 29°50' N. The proposed names for seamounts south of Sofu Gan Island are

shown. Stipled pattern indicates the locations of extension-related basement subsidence

near the sites of arc volcanism. The most significant of the older faults (solid lines) is the

Sofu Gan Tectonic Line of Yuasa [1985].
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The regional geology of the central Bonin arc was discussed in the previous

chapter. The linear chain of island and submarine volcanoes, constituting the "are",

begins at Mt. Fuji on Honshu and deepens southwards (Figure 4.3). North of Sofu Gan

Island, at 29°47' N, many of tile arc volcanoes are subaereal, The subaereal exposures

are either rock pinnacles at the edge of a submarine caldera (e.g. Sumisujima), individual

volcanic edifices (e.g. Torishima), or coalesced edifices (e.g. Hachijojima). There are

numerous submarine calderas and satellite edifices in this northern segment (e.g. South

Sumisu). For approximately 350 km south of Sofu Gan Island the tops of frontal arc

volcanoes are deeper than 500 mbsl (meters below sea level) until Nishinoshima near

27°15' N. The best studied submarine volcano south of Sofu Gan is the summit caldera

of Kaikata Seamount at 27°40' N where hydrothermal vent sites have been investigated

by the Geological Survey of Japan [Nakao et al., 1989].

South of Sofu Gan Island the large frontal arc volcanoes are located on or near

rifted lithosphere. The slopes of three arc volcanoes were surveyed between 29° and

29°50' N. To aid the discussion in this chapter the unnamed volcanoes (Figure 4.2) will

be refered to as "Tsukuba Volcano" (after the location of the Geological Survey of Japan)

and "Axial Volcano" (as it lies in the axis of the young rift system).

In order to learn more about the processes associated with early stages of backarc

opening, we surveyed the central Bonin rift system between 29° N and 31°20' N with the

SeaMARC II sidescan imagery and bathymetry system, single-channel (analog) seismic

reflection and conventional shipboard geophysics using the RW Kana Keoki from the

Hawaii Institute of Geophysics. This study also uses closely-spaced 3.5 kHz echo

character data oollected prior to 1985 by the Geological Survey of Japan with the R/V

Hakurei-Maru. Seabeam data collected in 1987 on theRIV Atlantis 1/ west of Sofu Gan are

also integrated into the bathymetry.
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Figure 4.3 A profile of the Bonin frontal arc volcanoes (within 25 km of the arc line)

showing the location of the study area for this chapter. The high south of Sofu Gan is

tectonic uplift. There is a shoaling of the "arc platform" between the study area and

Honshu.
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The SeaMARC II acoustic imagery (Appendix) and bathymetry (solid lines

Figure 4.4) data were recorded in irregularly spaced 10 km wide swaths across the arc

and approximately 80 km into the backarc. SeaMARC II imagery is processed from the

bottom reflectivity and backscatter. Dark tones correspond to areas of high reflectivity

(slopes facing the instrument or areas with a rough bottom such as lava flows). Light

tones correspond to areas of low reflectivity (sedimented surfaces, shadowed areas). A

description of mapping with SeaMARC II in the Sumisu and Torishima rifts can be found

in Chapter II and III.

The bathymetry was compiled from the afore-mentioned SeaMARC II data together

with data [Tomsystematic surveys by the Geological Survey of Japan. Bathymetry col

lected during these surveys (prior to 1985) was visually adjusted to account for the differ

ences in the beam width between 3.5 kHz systems (150 around ship) and the Seal\1ARC II

data.

Echo-character data (3.5 kHz) from the Geological Survey of Japan and the

Hawaii Institute of Geophysics were studied to assist in the interpretation of seafloor

morphologies and map their distribution. The analog single-channel seismic reflection

data collected by the RIV Kana Keoki were used to interpret the shallow crustal structure

in the area. Seismic profiles (labelled "Y" through "JJ", Figure 4.5) are aligned to match

with those from Chapter III. Several single-channel seismic reflection profiles were also

provided by the Geological Survey of Japan. The lines have an average spacing of 5 km

and cover a wider east-west area than the SeaMARC II data set (Figure 4.6). The key

GSJ seismic profiles, discussed in this Chapter (GSJ 89, 92 and 100), are shown in Figure

4.7.

The central Bonin island arc is characterized by great variations in relief caused

by the juxtaposition of juvenile subsidence, uplift, and arc volcanism (Figures 4.4, 4.5).

For example, in the SeaMARC II survey area the maximum depth of the seafloor is 3600

mbsl (meters below sea level) but within 7 km of this deep the seafloor shoals to above
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Figure 4.4 Bathymetric map (100 m contour interval) of the Bonin arc between 29° N

and 29°50' N. Based on a compilation of SeaMARC II sidescan bathymetry, 3.5 kHz

depth recording data from the Hawaii Institute of Geophysics and the Geological Survey of

Japan, and 1987 R/V At/antis II Seabeam data west of Sofu Gan Island.
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Figure 4.5 Single-channel seismic reflection profiles, labelled "Y" through"JJ". Refer to

Figure 4.6 for location. This series of profiles appends onto Profiles "A" to "X" from

Chapter m. The vertical exaggeration is lOx.
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Figure 4.6 The location of the seismic profiles used for this study in the area between

29° Nand 29°30' N. Lettered profiles correspond to the sidescan swaths and the single

channel seismic data in Figure 4.5. The numbered seismic lines (shown in Figure 4.7) are

from the Geological Survey of Japan. The stiple indicates the coverage of SeaMARC II

imagery (Appendix). Boxes show the location of subsequent figures.
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Figure 4.7 Single-channel seismic reflection profiles from the Geological Survey of

Japan. Refer to Figure 4.6 for location.
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800 mbsl. The subsiding crust forms a series of basins that are separated by basement

(pre-rift) highs. As in the basins to the north (forming Sumisu and Torishima rifts) there

is usually one boundary fault, termed the master fault, which controls the morpho-tec

tonic evolution of the basin. A dominant master fault can give a rift basin an asymmetric

profile. A boundary fault invariably opposes (or is antithetic to) the master fault zone but

it appears to develop as "secondary" displacement, with less slip than the master fault

(Chapter III).

In general, the subsided crust in the proximal Bonin backarc forms a discontinuous

trough that parallels the arc line. The basin segments of the rift system were named after

the nearby arc volcanoes (see also Chapter III). The basins which lie on trend with this

regional axis of subsidence, near the active arc margin (to the east) will be refered to as

"axial basins". The basement exposures west of the axial basins and north of 29°50' N

were described in Chapter III as the "proto-remnant arc margin". This term becomes less

accurate in areas of broader asymmetric deformation as it implies that the present axis of

subsidence is destined to become the axis of a future backarc basin. In this chapter the

term is used loosely to describe the area outside and west of the active deformation zone.

4.2 Fault geometry

Relict faults

Prior to the present rifting, the Bonin arc experienced a deformation event that led to

a regional orthorhombic or rectilinear pattern of normal fault sets (Figure 4.1, Chapter III).

Large faulted blocks of tilted basement crust were created by this event. Because the old

faults are common in the south-central arc platform it is important to describe these struc

tures first in order to fully understand the Quaternary rifting.
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Two significant tectonic features occur near the zone of the active rifting in the

south-central Bonin arc: the Bonin Trough and the Sofu Gan Tectonic Line (Figure 4.2).

East of the study area and opposite the volcanic front, the 100 krnwide Bonin Trough is a

forearc basin that separates the partially uplifted, Eocene-age basement of the Bonin

Islands [Shirakiet al., 1980] from the active island arc (Figures 4.1 and 4.2). The trough

exceeds 4000 mbsl and has sediment thicknesses in excess of 4.0 sec [Honza and Tamaki,

1985]. A seismic refraction study in the central Bonin Trough measured an increase in P

wave velocities from an average of 3.6 km/sec to an average of 6.5 krn/sec at approxi

mately 4 km below the sea floor [Kato et al., 1990]. This contact may mark the top of the

buried Eocene volcanic basement beneath the sediment pile. The -120 mgal free-air

gravity anomaly in the south-central trough and a nearby +365 mgal anomaly over the

Bonin Ridge forms the highest gravity gradient on earth [Karig and Moore. 1975]. The

negative anomalies continue to the north as far as 32° N suggesting that the forearc

sedimentary basin actually extends north of its morphologic limit near 30° N. The east

boundary fault on the Bonin Trough has an approximately 10° dip towards the west

which is considerably steeper than the trench side (Figure 4.1). Basement subsidence in

the trough varied along strike. Near 29°30' N the greatest subsidence was along the west

margin of the trough, as indicated by buried reflectors that are later covered by onlapping

sediments (Figure 4.8, third profile from bottom). Near 28°40' N the greatest basement

subsidence was along the east (Bonin Ridge) margin [Japanese DEL? Research Group.

1989].

Opposite the volcanic are, at approximately the same latitude as the central Bonin

Trough, is the Sofu Gan Tectonic Line ("STL", Figure 4.2), a 1200 m high backarc normal

fault trending 0200 [Yuasa, 1985]. At the base of the STL is a wide hanging-wall basin

which narrows to the north near an unusually large volcano behind the volcanic front. The

STL crosses the arc near the deepest point along the entire volcanic front (Figure 4.3). It

appears to be a relict structure, perhaps the product of mid-Oligocene rifting that led to
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subsidence in the Bonin Trough and the dog-leg cross-arc lineaments found throughout the

platform to the north (Chapter III). The hanging-wall basin has flat-lying undisturbed

sediments with deep underlying reflectors inclined steeply toward the escarpment and in

places (especially in the west) the escarpment has been incised by erosional features that

subsequently were infilled with sediment. Note, for example, the 3500 m contour that

crosses the escarpment twice near 27030' N in Figure 4.1. Sometime after the develop

ment of the hanging-wall sediment basin, several arc-sized seamounts, part of a large

province of extinct volcanoes west of the northern arc ("knoll zone" of Honza and

Tamaki [1985]), were emplaced at the base of the STL escarpment. These seamounts

(and STL) probably pre-date the Quaternary rifting of the arc. Volcanic clasts dredged

by RIV Hakurei Maru from some of these seamounts were completely encrusted with 2

em of manganese. Similar seamonts, in the distal backarc to the north, have yielded K/Ar

ages of greater than 2 Ma [Ishihara, 1988]. Although not conclusive these relationships

suggest that the backarc seamount province and the STL are older than the Pleistocene.

The forearc Bonin Trough and the backarc STL are probably related to the same

tectonic event in the mid-Tertiary. The present line of arc volcanoes and the effects of arc

perpendicular tension overprinted the sedimentary basins and intervening horst blocks

that were once bounded by the Bonin Ridge on the East and the STL on the West. The

regionally deformed basement platform in the northern Bonin arc stops at the STL (near

290 N at the active arc). The transition from the old platform to the STL-Bonin Trough

basin can be see in the Figures 4.1 and 4.3. The northern arc volcanoes are mostly

subareal, The southern arc volcanoes are mostly submarine. South of the STL the active

arc has built a linear ridge with only minor Quaternary rift deformation of the proximal

backarc north of Nishinoshima [Yamazaki and Murakami, 1987] and no Eocene-age

basement exposures have been found in the vicinity of the arc.
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Figure 4.8 Line-drawing interpretations of single-channel seismic reflection profiles

across the northem Bonin arc between 29° N and 30°30' N collected by the Geological

Survey of Japan (modified after Honzaand Tamaki, [1985]). The volcanic front is indi

cated by the horizontal line above each profile. The arrow in the upper profile points to the

west boundary fault of the Torishima Rift. The arrow on the lower profile points to the

exposure of Eocene basement that separates the juvenile rift basins from the older Bonin

Trough (to the east).
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In the south-central arc the pervasive relict faults intersect the rift system and

have left arc proximal exposures of basement. An example is the massive block north of

29° N, between the frontal arc and the Bonin Trough (Figure 4.2). This block is faulted

on both sides although primary faulting was to the east as indicated by the regional

seismic profiles in Figure 4.8 (2nd from bottom, basement high on west side of the Bonin

Trough). The eastern slope forms the margin to the Bonin Trough and the trend of the

southern limb matches that of the STL. Sediments sampled from the surface of the block

yielded a late Eocene fossil assemblage (Asterocyclina sp. and Biplanispira sp. [Ishihara

, 1988]), contemporaneous with the age of sediments on the Bonin Ridge [Shirah et al ..

1980].

Active Faulting

A major problem in interpreting the tectonics in this arc segment is assessing the

earlier deformation's control on the fault-block architecture in the active rift system. The

distinctions between the two events are cross-cutting relationships and differences in fault

trends-the older phase being especially clear in the 29° N area. Active faults were identi

fied by seafloor offsets and by an inward dip of reflectors in the hanging-wall basin. The

main faults mapped between 29° and 29°50' N vary in relief and spacing and although

some may be reactivated from the earlier event, nearly all cut across the older trends.

Figure 4.4 and the bathymetry perspective in Figure 4.9 shows the relative subsid

ence and uplift effects ofrecent high-displacement normal faulting. The semi-isolated

depressions in the seafloor are separated by fault-block ridges or volcanic highs. The

morphologic depressions in the study area are described below:

(1) A broad basin (40 km in east-west width) in the northwest quarter, defined by the

2500 m contour, was mapped as part of the Torishima Rift by Tamaki et ai. [1981]. The

Torishima Rift has three rift-floor sediment basins. The north and south basins are

segments of the arc-parallel zone of subsidence west of a master fault zone at the active
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Figure 4.9 Shaded perspective view (looking southwest) of the study area based on 3.5

kHz bathymetry data from the Hawaii Institute of Geophysics and the Geological Survey

of Japan. The color changes every 100m. Shading is on the southeast flank of bathymet

ric highs.
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arc margin. The sedimented fault-block basin near the western boundary fault (Figure

4.7A) was refered to as the Torishima Rift West Basin (TRWB) in Chapter III. It is this

basin which continue to the south (Figure 4.10). (2) A small deep southwest of Sofu

Gan, defined by the 2500 m contour, refered to as the "Sofu Gan Rift" in this chapter. (3)

A group of basins surround Tsukuba Volcano, defined by the 3000 m contour, and

refered to as the "Tsukuba Rift" in this chapter. (4) A small basin in the forearc north of

Tsukuba Volcano defined by the 2600 m contour.

The main tectonic highs in the study area are: (1) A hook-shaped ridge west of Sofu Gan

Island, refered to as the "Sofu Gan Ridge". (2) A footwall uplift west of Tsukuba Rift.

(3) An east-west basement ridge, separating the axial basins at 29°30' N. (4) An uplift on

the arc line between Sofu Gan and Tsukuba volcanoes. (5) A large forearc basement

exposure in the southeast corner of the study area, that separates the young rift system from

the Bonin Trough (described above).

The structure of the Bonin Rift System was found in Chapter III to be the result of

a distribution of arc orthogonal strain between sets of boundary faults. As the displace

ment diminishes on a boundary fault it can be "picked-up" by one on the other side of the

graben. The lateral motion caused by the normal faulting is accounted for by rift-oblique

zones of displacement "transfer" [Gibbs. 1984]. The main graben boundary faults and

the transfer zones, found in the study area, from the latest rifting event are shown in

Figure 4.10. There are no observed rift-oblique fault structures in the study area. Rather,

the transfer zones are characterized by an interdigitating termination of faults across a

bathymetric slope. The growth and decline of the fault scarps, a function of the total slip,

can be seen in the serial single-channel seismic lines in Figures 4.5 and 4.7. An exposure

of heavily intruded pre-rift basement separates the subsiding basement in the southern

Torishima Rift (Chapter III). Near 29°50' N the master fault zone, bounding the east side

of the Torishima Rift, is transfered 35 km to the west (Figure 4.10). The transfer zone

marks the north side of the Sofu Gan Ridge. The nature of the transfer zone is masked by
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Figure4.10 The tectonic and volcanic features of the central Bonin arc between 29° N

and 29° 50' N, showing the rift grabens discussed in the text. The geological interpreta

tion, A to AI, is based on the seismic line GSJ 89 (Figure 4.7) and the SeaMARC II

imagery (Figure 4.11A, B and Appendix). Dashed fault lines indicate a basement fault

beneath faulted or unfaulted sediments. Major faults are those that divide the crust in

blocks of greater than 10 km width, can be mapped on the surface or below sedments for

over 10 Ian along strike, and have vertical offsets greater than 100 meters. Where high

displacement faults are next to each other (a "zone") the lower fault observed in the data

is mapped as the "major fault".
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volcanogenic sediments from the volcanic portions of the ridge, although a faulted base

ment exposure and the westernmost high of the active arc margin, can be seen in Figure

4.5Y and Figure 4.5AA respectively. Other step-faults developed on the escarpment

(Figure 4.5AA) and these allow sediments to pond near the crest of the Sofu Gan Ridge.

The eastern half of the ridge was built from volcanic activity, with Sofu Gan as the

largest single contributor. A series of smaller cones trail away to the west from the

frontal arc volcano.

North of 29°50' N the major rift normal faults dip to the West (Chapter III). In

the distant backarc, a low relief fault with an east dip marks the western boundary of the

Torishirna Rift. From 29°50' N to 29°30' N the fault becomes more dominant (Figure 4.4

and Figure 4.5Z, 4.7A). Between these latitudes, basement subsidence shifts to the west.

Within a few Jan south of 29°30' N fault structures in the TRWB terminate on a distinct

east-west trending transfer zone (Figure 4.11). The zone is nearly orthogonal to the axis

of rifting and parallel to the direction of opening. The basement ridge (Figure 4.5FF),

associated with the transfer zone near the arc line, divides the two axial basins (Sofu Gan

and Tsukuba rifts):

The maximum basement subsidence in the TRWB can be found near 29°45' N.

Here, the basement lies under approximately 1.0 sec. of syn-rift sediment fill in narrow

growth-fault basin (Figure 4.7 A, 4.11A). The seafloor exceeds 2600 mbsl in this part of

the basin. The syn-rift sediments are offset by the motion of the deep basement faults.

The master faults that control subsidence in the basins can form on the apparent

backs lope of neighboring fault-block. Tilting of the western edge of the Sofu Gan Ridge

is evident in Figure 4.5AA. The narrow tilt-block ridge trends north-south, giving the

Sofu Gan Ridge a characteristic hooked shape (Figure 4.4). At the latitude of Figure

4.5B8 the ridge is found to be down-faulted on both the east and west sides. The fault on

the west side bounds the TRWB, the fault of the east side bounds the Sofu Gan Rift. The

ridge terminates abruptly to the south near 29°40' N and the controlling motion for this
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margin of the Sofu Gan Rift is passed to a similar structure a few km to the west (Figure

4.10). Whereas the Sofu Gan Rift is bounded on the west by a en-echelon fault zone with

a footwall of >500 m relief, it is bounded on the east by a low-relief fault zone, formed

in the lower backslope of the arc margin uplift that tilts away from the forearc (Figure

4.7A-B).

Despite the proximity to the Sofu Gan volcano and the enclosed shape of the

basin, the Sofu Gan Rift contains only a thin sediment layer. Only the edges of the Sofu

Gan Rift were mapped with the SeaMARC II system. The central parts of the basin were

mapped with close-spaced 3.5 kHz profiles from the Geological Survey of Japan. The

basin is a circular deep surrounded by tectonic and volcanic highs. Sedimented troughs,

controlled by faults, along the north margin channel debris off the Sofu Gan Ridge

(Figure 4.11).

The 10 km wide basement ridge between the two axial basins (Figure 4.4) is

broken into large fault-blocks (Figure 4.5FF, 4.7). The easternmost block occurs on the

arc line between Sofu Gan and Tsukuba volcanoes (Figure 4.4,4.9) similar to the posi

tion of the rift-shoulder uplifts on the active arc margin of Sumisu and Torishima rifts

(Chapter III). Because the block has a equidimensional trapazoid shape, and is posi

tioned on the arc line, it could be easily mistaken for a volcanic edifice (note that the

feature shows on the arc profile as the first high south of Sofu Gail in Figure 4.3). The

block was initially downfaulted on the forearc side (Figure 4.5FF, 4.50G, 4.7B). The

subsidence and sedimentation rates on the forearc side of the block were high. Reflectors

in the hanging-wall basin (in the forearc) slope toward the fault, indicative of a growth

fault basin. A maximum sediment thickness of 0.8 sec. was found north of Tsukuba

Volcano (Figure 4.11). This may be attributed to preferential deposition from the nearby

source. The east boundary fault of the Sofu Gan and Tsukuba rifts occurs in the lower
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Figure 4.11 The SeaMARC II imagery and local structure of (A) Torishima Rift West

Basin and (B) Sofu Gan Rift and (C) piedmont step-faults on the southern flank of the

arc-line footwall uplift (see Figure 4.6 for location). The interpretations are based on

seismic reflection (single channei and 3.5 kHz) profiles and SeaMARC II sidescan

imagery data.
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backs lope of this crustal block (Figure 4.7B). As we move southward along the active

arc margin of the Sofu Gan Rift the block emerges from the forearc. This is matched by

a growth in the slip on the west-dipping boundary fault zone to the axial basins.

Faulting of the forearc side of the tectonic uplift left an anastomosing pattern of

closely-spaced "secondary" faults (Figure 4.1lC). The southern flank of the basement

block has sunk underneath Tsukuba Volcano. The thick sediment wedge fills the gap

between the two highs. The step faults are en echelon in this area. Erosional debris

channels may be present on the escarpments although point reflectors were elongated

parallel to the instrument tow-direction (Figure 4.1lC).

The block seamount on the active arc is key to understanding the development of

the island arc rift system. For here, active normal faulting was originally synthetic to the

west boundary faults of the axial basins. Based on the thickness of syn-rift sediment in the

narrow forearc basin, the forearc faulting began before the axial basins start to collect

sediments (assuming a similar rate). As the system matured, secondary faults developed

on the lower backslope of a tilt-block opposing the master fault zone. A similar history of

basin development was described for the Torishima Rift except in the opposite direction.

It's interesting to note the forearc tilt-block is coincident with the basement ridge across

the proto-remnant margin. It's possible that the fault zone on the east side of the high is

absorbing most of the strain at this latitude. The original basement surface behind it (to the

west) is "shadowed" by motion of the forearc fault. There is no need for this band of crust

to fail except where broken by faults propagating from the south. The basement ridge is

broken into several highs but only where large faults have come in from the south (Figure

4.10).

Just south of the 29° 30' N transfer zone the west-boundary fault becomes the

dominant master fault to the Tsukuba Rift (Figure 4.5II). An east-boundary fault zone

may lie due west of Tsukuba Volcano (Figure 4.12), where basement ridges crop out on

the flank of the volcano. But these features are down strike from the forearc block's ridge
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and seafloor offsets confirm that primary faulting is of the same polarity (to the west-see

interpretation Figure 4.12). Further south and 10 km to the east, an emerging fault zone

cuts the west side the basement exposure at the edge of the Bonin Trough (shown in

Figure 4.8). At the 29° 30' N there are no west-dipping faults in the basement of this

forearc ridge, although there are some slump-like faults in the overlying sediments

(Figure 4.7B). Near 29° 20' N the west slope of the ridge steepens. At 29° N the block

is clearly faulted, as two basement offsets can be identified in the seismic data (Figure

4.511). Between these latitudes the Tsukuba Rift opens into a full symmetric graben that

straddles the arc, with boundary faults 'In both margins (Figure 4.10).

In the Bonin Rift System rift-flanking uplifts achieve a maximum relief near the

intersection of two fault sets (Chapter III). The west-boundary fault of the Tsukuba Rift

begins at 29°30' N in the north and can be mapped with few interuptions until it intersects

the STL in the south, at 28050' N. The angle of the backslope and amount of relief on the

exposed fault decreases to the south, matching the growth of the east boundary fault zone

(Figure 4.5HH-JJ). Further south, the footwall to the west-boundary fault zone shoals

again (in the absence of a distinct east boundary fault zone) to 1000 mbsl at the intersec

tion with the STL (Figure 4.2).

Minor (iow displacement, spaced 1-2 km) faults are common in exposures of pre

rift basement. On tectonic slopes, such as the footwall uplift described above or the flank

uplift on the southwest margin of Sumisu Rift (Chapter III), these faults resemble gravity

slides. This mode of faulting can also be found on margins with low slopes. The north

ern Tsukuba Rift (Figure 4..4) is 3600 m deep with less than 0.25 sec of sediment fill.

Tectonic "slivers" on the basin's margin were well-imaged by the SeaMARC II system

(Figure 4.10), as individual scarps cause a specular reflection and image with dark tones

(Appendix). These structures indicate that rift-related stresses can lead to fine breaks in

the arc crust. The faults may be similar to the secondary antithetic faults opposite the

master fault in the northern basin of Sumisu Rift (Chapter III)
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4.3 Volcanism and Sedimentation

Arc volcanism

The upper tip of the Sofu Gan strata-volcano rises to 99 m above sea level near

29°48' N. Its submarine pyroclastic apron extends for a radius of over 10 km around the

island (Figures 4.4, 4.10). The sedimented slopes are incised by thin radiating debris

flow channels similar to those found on the stratified arc volcanoes to the noI1I'1 (Chapter

III) and in the Mariana arc [Hussong and Fryer, 1983]. Sofu Gan is the largest volcano

on the east end of the 60 km long volcano-tectonic ridge, discussed in the previous

section. Arc-type volcanism appears to continue further to the west of Sofu Gan along

the segmented ridge opposite a narrow saddle near 140°15' E at the 1500 m contour. The

breaks in the ridge can be observed in Figure 4.5AA and in the perspective view shown

in Figure 4.9. The ridge shoals to 400 mbsl at approximately 16 krn west of Sofu Gan

Island and then it tapers to the west. The western segment of the ridge is enclosed by the

1500 m contour and consists of four bathymetric highs three of which are shallower than

1000 mbsl, The western-most high is slightly shallower than 1100 mbsl and is separated

from the others by a 2 km wide, 200 m deep trough. The southern slope on the ridge has

a darker reflectivity (see SeaMARC II imagery mosaic, Appendix), either from specular

reflections or because of bedrock exposures, in contrast to the northern slope which has a

lower reflectivity with essentially the same angle of slope implying that the north slope is

mantled by sediment. Monogenetic volcanoes in other segments of the Bonin backarc

typically have high reflectivity on the SeaMARC II imagery (Chapter II), however the

bathymetric highs on the crest of Sofu Gan Ridge are noted by an absence of distinct

reflectivity (Appendix), perhaps indicating that the features are blanketed by arc-derived

tuffaceous sediments.
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I The position of Tsukuba Volcano, 50 km south of Sofu Gan at 29°19' N can be

related to basement faulting (Figure 4.12). With a summit depth of less than 800 m the

slopes of the volcano have had several flank eruptions, some of which have supplied

flows. Tsukuba Volcano actually sits in the rift system. The volcano is emplaced over

the hanging-wall block of the east boundary fault zone. The lower basement block of the

east fault zone in Figure 4.5JJ emerges to the north (Figure 4.4). A basement protrusion

is apparent on the lower east-flank of the volcano (Figure 4.5II). The SeaMARC IT

imagery shows debris flow paths diverted southward by the rise of the basement ridge

(Figure 4.12). Figure 4.5HH shows the volcano resting on the backslope of a footwall

block. In the south the block subsided well below the level of sediment fill (Figure

4.511).

Intra-rift volcanism

Monogenetic volcanism is common during the early stages of backarc basin

formation. In Sumisu and Torishima rifts over 600 volcanoes have been identified

(Chapter III). Nearly all of the individual volcanoes are less than 3 Ian in diameter and

have under 600 m relief. Dredge and dive samples from an en echelon ridge of pillows

and talus [Fryer et al., 1990] in the axis of Sumisu Rift at 310 N yielded vesiculated

basalts to rhyolites with a petrogenesis typical of back arc basin basalts. The small

volcanic vents in the Sumisu and Torishima rifts rest on basement exposures near the rift

oblique transfer zones. On a. local scale the individual vents are aligned sub-parallel to

the axis of rifting. This was thought to indicate that magma ascends along lower crust

weaknesses that strike oblique to the arc. When passing into the upper crust, the magma

is reoriented along faults produced by arc orthogonal extension (Chapter III). Perhaps a

more important relationship though, is the intimacy between "intra-rift" volcanoes and

the basement. While there are numerous lava mounds in the axial basins nearly all sit on
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Figure4.12 (A) SeaMARC II imagery and (B) geological interpretation of the conical

"Tsukuba Volcano". The radiating lineaments are debris channels. TIle eastern flank is

heavily faulted by slip on an underlying basement fault that crops out south of the vol

cano. Indications of east boundary of Tsukuba Rift were found further to the west on the

lower slope. If continued on strike to north the fault under the east flank would need to

reverse polarity under the center of the vent. SeaMARC IT imagery (Figure 4.4) show

lineaments bend into the center of the cone from this fault as though the volcano has been

emplaced over an offset in the east-boundary fault.
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basement or on shallow basement. There were only a few isolated cases, typically near

faults (e.g. Shadow Mountain in southern Sumisu Rift [Taylor et al., 1990]), where

magma erupted through the thick sediments.

In the study area intra-rift volcanism was found scattered over the shallow base-

ment on the distant proto-remnant margin, similar to the volcanics on the basement highs

on the proto-remnant margin of Torishima Rift (Figure 4.10). The numerous vents in

TRWB image with dark tones in the SeaMARC II data (Appendix). Closely-spaced

intrusive bodies are evident on the corresponding seismic profiles across the TRWB

(Figure 4.5,4.7). In the southern TRWB voluminous outpourings of flows along fissures

have built 20 km long sinuous ridges. The chains of volcanic vents are distinguishable

from the narrow fault-block ridges that occur in the northern basin, because they are

highly reflective on the SeaMARC II imagery and have a symmetric hyperbola on 3.5

kHz profiles with no change in the level of the seafloor on either side or signs of dis

placement on the seismic reflection profiles (Figure 4.10).

The concentration of volcanism away from, or at an oblique angle to, the regional

structural axis has ramifications for the development of the backarc, The occurrences of

axial volcanism have been considered as the nascent stage of seafloor spreading along the

rift axis [Hochstaedter et al., 1990; Murakami, 1988]. In this chapter and in Chapter III

the structural axis is assumed to be the future axis of spreading. But will organized

spreading evolve along the structural axis or along independent lift-oblique (or off-axis)

volcanic segments? If the young rifts mature someday into a backarc basin then the

organized spreading center might evolve along the volcanic axis away from, and at an

oblique angle to, the structural axis. Some mature backarc basins that are actively open

ing, like the Lau Basin, are characterized by diffuse magnetic anomalies [Lawver and

Hawkins, 1978] and short offset spreading centers [Parson et al., 1990]. Perhaps this

pattern of speading can be explained if the initial rise of the aesthenosphere was not

continuous along the structural axis.
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Sedimentation

Recent sedimentation was studied based on it's acoustic response to 3.5 kHz

sound. The echo-character profiles in the Bonin arc fall into two catagories. Those with

out sub-bottom reflectors and those with sub-bottom reflectors. The former was found to

correspond with the slopes of arc volcanoes and areas of pre-rift basement exposure

(acoustic bedrock). The diffuse echo-character type is thought to be returned from

coarse-grained volcanogenic sediments or compacted sediments (Chapter II). The latter

was found on the surface of the sediment fill in the main depocenters. The multiple sub

bottom echo-character type is related to the episodic deposition of turbidites (Chapter II).

The seafloor sedimentation in the Sofu Gan area is analogous to the depositional systems

in Sumisu and Torishima rifts. One important difference though is that seafloor sedi

ments throughout the TRWB have numerous (ten to fifteen) sub-bottom reflectors. The

frequency of the reflectors may be an indicator of the importance of pelagic and distal

turbidite deposition in the basin. The isolated TRWB is the farthest rift basin from the

active arc volcanoes. The continuity of the echo-character (from the NNE transfer zone

in the central rift to the east-west transfer zone at the southern margin) indicates the

depositional environment is consistent across the basin (much like the transparent layer in

the Sumisu Rift). Some elevated point-reflectors on the 3.5 kHz data (matching with

volcanoes and fault block ridges inferred from the SeaMARC II data) have thin sub

bottom reflectors. This is the only place in the central rift system where acoustic sedi

ments were found on the surface of intra-rift volcanoes. Either the volcanism in this area

is older than other areas or the erosional effects of bottom currents on the sediments

deposited on elevated features is less than in the inner rift basins.

In the Bonin rift basins sediments migrate downslope to the growing depocenters

unless the flow is restricted by tectonic or volcanic ridges (Chapter II and III). It is pos

sible to estimate the relative rates of sedimentation and subsidence based on the profile of
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the basin and the nature of seismic reflectors. If the sedimentation rate in an active basin

exceeds the subsidence rate then the basin can maintaina flat seafloor profile and deep

refectors will be inclined toward thecontrollingfault. If thesubsidencerate is greater than

the sedimentation rate then the seafloor will slope into the fault (the fault will have a

"moat"). The south basin of the Sumisu Rift is an exampleof an area where the sedimenta

tion rates are high and bottom currents are active. The basinkeeps a flat profile as

perturbations in the bottom are infiIled by fresh sediments (Chapter II). Some non

faulted (by boundary faults) margins to the axial basins in the study area have rates of

sedimentation lower than the subsidencerate. The northernmargins of Sofu Gan Rift

(Figure 4.7A, 4.11) and the northwesternmargin of Tsukuba Rift have profiles indicative

of low sedimentation rates. In both cases, close-spaced normal faults have broken into an

exposed basement ridge which slopes toward a depocenter. In the case of Tsukuba Rift

we can see the local fracturing of the basement on the SeaMARCII imagery. Bottom

currents moving downslope may transport fine sedimentsdownslope, towards the south,

eventually to a settling point in the large depocenteraround Axial Volcano, where sedi

ments from the nearby arc strata-volcanoes (Tsukuba and Axial, both of which sit in the

graben) completely cover the rift structures (Figure4.7C).

The fast subsiding basins near arc volcanoes should have thick sediment accumu-

lations. In southern Sumisu Rift, near arc volcanoes, the pre-rift basement lies at ap-

proximately 3400 mbsl ......ith 1200m of syn-rift sedimentfill [Leg 126 Scientific Drilling

Party, 1989]. In the Sofu Gan and Tsukubarifts, also near the arc, basement is signifi-

candy deeper, with a sediment cover less than 0.20 sec. In places, such as the northwest

Tsukuba Rift, basement is unsedimented even though the arc is nearby. The contrast in

the thicknesses of accumulated syn-rift sediments along the rift system may be a function

of age (Sumisu Rift is older) or bottom currents (debris from Tsukuba Volcano migrates
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east). It might be related to the number of volcanoes nearby. The south basin of Sumisu

Rift has direct access to two arc volcanoes (Torishima and Kotori, Chapter III). The

northern axial basin of Tsukuba Rift has one volcano (Tsukuba).

Perhaps its not the physical presence of arc volcanoes that makes the difference

but the amount of volcaniclastic debris generated by eruptions. Almost all arc volcanoes

north of Sofu Gan are shallower than 100 mbsl (Figure 4.3). The northern rift basins are

characterized by thick accumulations of sediment. At the latitude of Hachijo Rift, graben

structures are filled with sediments. The shallow volcanoes are capable of supplying

large amounts of debris to the neighboring basins as they tend to have more explosive,

ash producing eruptions.

4.4 Conclusions

The structural elements in the Bonin arc between 29° and 29°50' N are the result

of two tectonic events overprinted by Quaternary arc volcanism. Sometime in the Oligo

cene or Miocene (?), perhaps during the southward propagation of the Shikoku Basin

[Chamot-Rooke, 1987], the south-central Bonin arc underwent extension. In it's wake

the deformation left a network of faults across the Bonin arc platform,

A new phase of arc volcanism and extension cut through this older deformation

zone. Quaternary crustal extension of the central Bonin arc platform produced multiple sets

of homothetic normal faults that are adjusted along strike by transfer zones. South of

Sofu Gan Island, several basement deeps are developing in the proximal backarc at the

lower backslope of a crustal wedge. The lack of sediment in the basins, despite the

nearby arc volcanism and eroded uplifts, implies that these basins are younger than the

axial basins of Sumisu and Torishima rifts to the north. The latest phase of rifting in the

Bonin Arc is thought to have begun further to the north, at the mid-section of the arc.
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Why rifting begins near the volcanic line and spreading begins in the backarc is a

key problem in plate tectonics. The following points are important to keep in mind when

considering this problem.

(1) Arc volcanoes appear to control the structural framework of the incipient rift

system. The rapid emplacement of large volumes of lava and ash can load the fractured

crust and reduce footwall uplift (Chapter III). TIle large rift basins in the central Bonins

lie between the arc volcanoes. If the strain normal to the central arc is uniform then the

crust near arc volcanoes such as Sumisujima must somehow be accommodating the strain

observed in the intervening rift segments. The nature of the crust under the arc volcanoes

is unknown. In areas of eroded paleo-arcs, such as the Sierra Nevada Mountains, the

crust below the volcanoes was filled with large batholiths. It is possible that there is non

brittle accommodation of strain beneath the volcanoes and this keeps the surface of the

crust from failing.

(2) There can be large uplifts of the footwall block of the rift boundary faults.

The uplifts in the central Bonins are within 700 meters of sea level (for example between

Sumisujima and Torishima, Chapter III). For example, the recent rifting of the Coriolis

Trough has led to a footwall uplift that is well above sea level. The island of Futuna,

Vanuatu is capped with Pleistocene reef [Carney and Macfarlane, 1979] that may have

formed as the footwall crust pushed through the photic zone.

The uplifts are significant in that they explain the nature of the remnant arc.

Some of the bathymetric features may be tectonic features, remnants of the old margin of

the rift system rather than arc volcanism. Active arc are generally within a 180 to 200 km

distance from their trench [Taylor and Karner, 1983]). As the rift system matures to full

fledged spreading and the generation of new crust) the footwall uplifts on the proto

remnant margin migrate away from the arc-trench relationship.
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In the Sumisu and Torishima rifts flexural uplifts were found similar to those

along the margin of continental rifts. The shoulder uplift phenomena has been used

historically to support models that attribute rifting to an aesthenosphere thermal anomaly

or rift induced secondary convection. South of the Sofu Gan Ridge uplift is observed on

the west shoulder of Tsukuba Rift and on the active arc margin. The tectonic block on

the active arc margin, exposed at 29030'N, does not flank the axial rifts as would be

expected. Instead, uplift faces to the east away from the axial basins toward an area with

no rift-related volcanism. Because of this and the lack of volcanism in the axial areas,

compared with the TRWB, it is doubtful that fault block rotations were caused by a

thermal anomaly. The uplift may be explained however by an isostatic adjustment due to

the removal of mass on its hanging-wall [Karner and Weissei, 1989]. The block faulting

and volcanism in the south-central Bonin arc suggests that the rifting is driven by a

mechanical force within the underlying lithosphere and that the underlying rise of the

aesthenosphere is secondary. If this is correct then models that attribute the formation of

backarc basins to a subduction-induced thermal anomaly will need to be reevaluated.

(3) Island-arc rifts are charaterized by bimodal extension-related (rather than arc

related) volcanism (Chapter III). There are over 1000 small volcanoes «3 km in diameter)

in the central Bonin Rift System. The eruption sites are concentrated near the transfer

zones of the rift segments. But a more important point is that the volcanoes are most

commonly found on exposures of the pre-rift basement. Of all the rift-related volcanoes

mapped in this study only a handful lie in the axial sedimentary basins. The occurence of

basalts on basement at the base of the sediment pile in Sumisu Rift [Leg 126 Scientific

Drilling Party, 1989], and the early Quaternary age-dates determined by the Geological

Survey of Japan (Chapter III) suggest that there were voluminous volcanic eruptions

during the initial break-up of the arc crust. There may still be active rift-related volcan

ism in the grabens today (based on bottom camera observations [Smith et al .. 1990], the

freshness of basalts [Fryer et al.. 1990], and historic eruptions located by Norris and
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Johnson [1967]). Perhaps concentrated volcanism on the sedimented floors of the gra

bens was not observed because the ascending magma, intruded into the base of the

sediment pile, spreads laterally as sills. Only where the rising magma has a clear path

through the fractured sediment (e.g. Shadow Mountain in the South Basin of Sumisu

Rift) will it erupt on the seafloor.

(4) As with the rifting of continents, the rifting of arcs is a lithosphere phenom

ena. The deformation observed on the seafloor is the effect of stresses with the lithos

phere. During the "rifting of arcs" it's not the arc that rifts but the underlying lithosphere,

or in the case of the central Bonin are, the old-arc crust. Nearby normal-faulting and

transfer zones can affect the morphology and location (e.g. Tsukuba Volcano) of the arc

volcanoes ana it may affect the locations of small satellite eruption sites (e.g. Sofu Gan

Ridge). The juvenile master fault zones can begin in both the forearc and backarc crust.

The regional subsidence, however, is focussed in the proximal backarc, often on faults

that appear later than those from the initial break-up.
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Volcanic centers were identified on the Sea

imagery as circular/oblate high-reflectivity ar

positive bathymetric relief. Where data werea~

? •

j<1lJ(J)*{,' nl't1<(J)!:j:r{"J;; -Q v)';tllJJJi1<jJ1(J){rrff!(. H~JK:tlliff~, SeaMARC II IIDifgcJ;; -Q v) ,;t 3.5kHz -if7"*'
7'1 '7 ~cifk1: -C'tJli I) 1:-:J t.:}~JXJjt(J)Jft:g~,=~·":rV) -r fki.E L tc, If,

Center of volcano Indicates the center of eruption or summit volcanic vent. Based on bathymet
SeaMARC II imagery, or apex of elevated point-reflectors on 3.5-kHz profiles.

*JR~*j< IlJ (J),JlI WI] § Pltt~k J;; -Q v),;tIfrrRg r '7 7 ~ :tl!I(\1) -r1f~11X: ~ ht.: t ~. .z. ~ h -Q*,}JW~ 1< L1J:tlliff~(J)jlilh:g~% ~~

Axis ot linear volcano Feature is linear volcano possibly formed by fissure eruptions or filIi
troughs.

~)ft': IJ'JE91*:(J) J1. !?n -@ :t-\!J.~

Area of rolling/hilly sea floor

~ '57 il!1b i4iiJE::tlli1f3 '=~":H) -rfD'iv) t: r '77 (J)*Ih. iiHu!JWJ(J)ftIDJH;t $%':: O)~lh'=if}-:J -riT ;bht.: t ,[J,bh
Trough axis Axis of trough based on bathymetry. Possible path of sediment migration.

./
,/

7, ~ 7,:&U,~Jm I) 7 r ,;t, #T1!-/j,1imt5J1ip;j'=h- ~h~
I) 7 T -( T / ~·O)f)]rV3O)~ ~~ l-r v) ~ (Taylor et al.,

in prep.) • .; O):tlli1{I~H;t,HIG:& U GSJ (J) ~j\J: ,= J: I) 1¥J: ~

ht.: SeaMARC II @1f~ t x: 7 '// / :tlli~~j\J:, 3.5kHz SBP

~c~fk'=~":'H) -r {'F11X: ~ ht.: t (J) -C'J;; ~. fJj'L~illIJ;f,}IU;t, 7J1J~

'=~LJ.:J: oJ '=, SeaMARC II ~fdit';t2-471 Jt--rJl'~~,:r.

7 ;1// ~fJit:&U3.5kHz PDR O)?RIJ~{j 2 btU 3 71 Jt--rJl'pi~,

-C'JRfl.9 '=lJiciIT l tz,
1<UJO)I:j:r'L,(j:. SeaMARC II @1f~J: -r"OCM*O),~ij< J,i~'{: 1-.

-:Jt.:FY7J:'\.) liiHiFY~:klRtJixt l ,,(~JJIj~ht.:. 3.5kHz PDR

,= d: ~T'- f 0) J;; ~ i4iitJiX-r"'J, 1<L1J 0)1f.;:{£ ~ ofh -c'fJlif~I?, L
tc. 1<:i!!(J) j;WJcifi> ~ 1< f1J 0):t~1},= 'j, 11n1.t< 0) 1<m: ';tillfJf~ J;;

~ v) ';t:tlliM~-C'iJiffU!illiJ~'llm~7J:':h O)t.::"t ~f,c It.:.

:!6~O)illtl±Hj, jfwrJmO)-r-~t~gj@~tITii, 77,· 7.:r.1

7,T -( / 7~1~fi!h'= J: -:J "(iIJ6liO)iiU!{!JWJiJ1~*~ht.:j~pJf,--*.,..,,,--



rofiles.

on bathymetry,

O)~lb:g~7tIi: ~T.
tions or filling of fault

?tLt.: t,lJ!,ntL~.

.ation.

I. ..
i incipient island-arc

h) island arc (ThY lor

Map is based on

rd bathymetry, and
'--------,

i 3.5-kHz echosound-

of Geophysics (HIG)

. Navigation was de-

I imagery (Sheet 3).
I
I

i segments is a pro-
I
entary processes.

lon the SeaMARC II
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1\
data were available,
,-.of

Hz records. Indivi-
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Bedrock exposures occur on the footwall blo

Volcanic centers were identified on the SeaM

imagery as circular/oblate high-reflectivity areas

positive bathymetric relief. Where data were avai

volcanoes were confirmed on 3.5-kHz records. I
1

fields [
r

. [
Image)'

r,:
bathymetry.

dual vents forming multi-vent volcanic

mapped only if outlines were clear on

normal faults. on uplifted backslope areas, in are

recent sediment removal by mass-wasting and er

and upper slopes of large arc volcanoes. Bedrock

generally have a steep slope which produces a s

specular reflection and hence appears darkei

SeaMARC II imagery. Bedrock areas on 3.5-kHz:

files have bottom hyperbolae. a distinct bottom refl

and no subbottom reflectors.

Sediment facies are classified by echo-char,

type (Brown and Taylor. 1988, Nishimura and Mura,

1988). This map shows the distribution of unstra'

and stratified sediment. Unstratified sediment is f
r

on and around the flanks of shallow arc volca'
f

Stratified sediments are common in fault-block b'

rift floor basins, and terraced basins on the lower s

of escarpments. Well-stratified deposits with more

I'10 subbottom reflectors cover the southwest corn
I'

the study area. Most areas mapped however a/
lJ

orly stratified with 1 to 4 subbottom l'efle~
I',

Stratified sediments are interpreted as turbidites.a
1·"

Small sediment patches identified on SeaM

imagery with no available echo-character data or.

are ambiguous have been classified separately.l~
\\:

map shows the distribution of sediment depocei

based on geophysical observations. A thin

cover may be present on areas mapped as vol
'~,

and bedrock. ;,:¥
,:,:.1

All maps under this number (Marine Geolozvt
. '~:

Series 31, 1-4) were drawn based on the geodetic Sy:
'l

"WGS-72" and UTM (Universal Transverse

Projection.

jtEl!t~:l!l:jiJft:::. J: .Q ~iSlf~:l!l: (o; 7 ·If / &U:3.5kH zPDR)iftlJ*sn
GSJ seismic (air-gun) and 3.5kHz PDR survey tracks

ic; 1<i1i(7) ~ttib ~ 1<I1J (7)t~{}t;: 1;1:, {1m /< (7) 1<i1i,;I: @jf~ ib

~ 1,,) I;I::tl!!ID~-c'fnil~l)iJfIJJJfilJt~ ~ (7)t.::'tt ~ ~e L tz,
6~(7)~tiH;I:, iE!m:m;;(7)T~ t ~lilliif,;j-ITii, "7 A • r'; x.1

AT 1 / ~'~f5tfi!kt;: J:"7 Li&J1L(7)±fUu!/WiJ~·~$~hf::.j:8iPJf,

ib ~ 1,,) 1;1:, *m:f;W;~,lf'v5J.Jl1<I1J(7)J:$ff4ITiit;:h l?h~. ;fi~

%1fi:tE.XI;l:5!ilI,,)lXM~illi':' T:J:,{tNifMl!!-c'ib I), Lt::.iJ~'"7L,

SeaMARC II imH~J:-c'I;I:~<~.z z. j; tc, ;fi~%1IJt.!fttl:,

3.5kHz PDRJ:-c'~n~iJ~'$tt(7)~rH1~iJ'l?~~. -f(7)~nll¥;

lXMI;l:IJ,ijIl~-c'Gb I), ~n~T(7)lXMI;l:7j;-I,,).

:11MI'f;f§I;l:, lX~~c~(7) 7' 17°t;: J: "7 L %~J{ ~ h L 1,,) ~

(Brown and Taylor, 1988; Nishimura and Murakami,

1988) . .:. (7):tl!! Pi~ -C' 1;1:, ~~ fiX;~&.V' fiX; m;; :11Ul't!/W(7) %1fi~~
Lt::.. ~~JjX;m;;:11fJtt!/WI;I:*~~(7)/J\ ~ ~&b5J.Jl1<I1J(7)OOJllt;:h l?

h~. -1], JJtJWiitu!/WI;l:l1JfmliiLil!!, I) 7 r~, ib ~ 1,,)1;1:

~n~Ji Hi~if,;j-ITii(7) T"7 A:/XiiLil!! t;:~:@H;:h-l? h ~. 1O;f5(J:)

J:(7)~~TlXMITii~t~fiX;~C7)H~T~iim!/W~*~~C7)

i¥Ji!9~IJ}~ m"7L I,,)~. LiJ' L 7J:iJf G, ~n~V')*~ -c'I;l:in~

TlXMITiiiJfl - 4;f5(-c', fiX;mll;l:ibj; l)?J€itL~I,,). 1iXmliit

tu!/WI;I: 7' - c )1"1 l-"("ib ~ t fqlj[~ ~ h~.

lX~T'-7' iJf~ 1,,) t», ib ~ 1,,) 1;1: iP>"7 L ~ /f'1J,ij1lJl~ t (7) -c',

SeaM,A.RC II @jjf~ -c'\lfllL~IJ~ ht::./Mnf~~:tttm~m7};(ff~I;l:J]IJ

%n t L te, .:. (7) t;fiJ', :tl!!~!/WJlIHr~Ualljt;:~'''::r <iitl'Htm

(7)J:/=l{.\~7RLt::.. ~;6, 1<W:6'ib ~ I,,)I;l:6~%;{fJ~ t Lt::.
pJf t wt 1,,) :1iMl{!/WiJq~l "7 L 1,,) ~ IiJfm'~ 1;1: ib ~.

~ ii, .; (7):tl!!~~ ~~h[PJiI}%(7)~ On~$:tl!!~~31, 1-4)

I;l:T~L WGS-72alIJ:tl!!~f~Uf-';:~""J~, OO~~;ft/i/- ltd} r
Iv~~-c':ti'EiJ'hL~)~.
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"WGS-72" and UTM {Universal Transverse Mercator}

Projection.
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GSJ seismic (air-gun) and 3.5kHz PDR survey tracks
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SeaMARC II 'j:9titlJt~\0)~~JE;7 "J t:' /' .7·~lITl". jj!ijf,J!~

5km O)~ffJO)~~J1& ~ -jJt t::Jm'l!tT ~ .:. t iJ{l" ~ ~. .; O)~H;J:.

1984~t:'" 71 :k~f-:prrJi]1,O)WliJ:I!tf,rd;fJ77:it ~%t: J: I) WllfilJ
~tLt.:: SeaMARC II 1 .J-~O)illiif~.:r:-If1 .7l"th~. f,]{}

fiL';):, AIflfr£f,m:~t 0 -7 /' ChM-Ut ~1jj:JfJ L 1:"~}(;E L,
3thn:WO)f3i:iIT.';J:il1flf~Jf~r~0)~i{£~'-tE~ b t t:*t1JiE L1:" th~.

i!!flf~ .:r: -If1 .7 Ii, tmr~ 1:78.740 l". ~t*'lt 30 fit 40 "itJ:l~t l"
(;J::WJ£141jJtMR~. rm t <J:1i¥1l"(;J:}il*£139jJtMR~J:\=l!kJHSR

t T ~tY'U J'v7J ~ -J'v~i:&l"w~~ Lt.::. ~ttlt30J§t40%J:1f¥j

0)7"- f t: -') \" 1:" Lt. H~illiocM&VlltlJtJJHECFiJ' GO)ocM(;J:
IIJ;~ ~ tL. ;j; tc; mIJ~tRt: i{}~ 1:" O);fIJ1#jj)!ij~~t;J:ff;btL 1:" \" 7d,'

Notes

SeaMARC II is a shallow-tow sidescan sonar capable

of mapping 5 km on either side of the- ship's track

Imagery is processed from bottom reflectivity, There

are two classes of bottom reflectors (Blackinton, 1986);

macro-reflectors and micro-reflectors, Macro-reflectors

are specular reflections from average slopes of areas.

Micro-reflectors are backscatter from rough bottoms

occurring when surface roughness is close to the wave-
S ..7] a
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Micro-reflectors are backscatter from rough bdttoms

occurring when surface roughness is close to the wave

length of the SeaMARC II signal (approx, 10 em).

Navigation was based on transit satellite and

LORAN-C fixes. Additional minor adjustments to vehicle

navigation were based on the match of geological

features. The imagery mosaics were prepared at a

scale of 1:78,740 using a Transverse Mercator projec

tion with a principal meridian of 141°E north of 30°40'N

and 139°E to the south.

The SeaMARC II imagery data have been corrected

for bottom detection and recording errors. Reflections

off the water surface and uneven gain alon'g track have

been removed from data south of 30°40'N. Funding

for data collection and processing was provided by the

United States National Science Foundation.

BLACKINTON. G. (1986) Bathymetric mapping with Sea

MARC II: An elevation angle measuring side-scan
sonar system. Ph.D. Diss., Univ. of Hawaii. 145pp..

/ \ ry -1 :k*Jtl!.BR1~bJ:r:E~:~1iJf3'EriJl·'= J: ~ SeaMARC II fV,liEl't~HiJ~~~

Hawaii Institute of Geophysics tracks
in SeaMARC II survey area
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SeaMARC II ~irUl, 9<.M:1¥O)jJljjfRiH:. 2 Ml-r"')~~1IT ~ h
i: l- '7 / A T' ::z. - +t • 7 l> l' 0)JXM~~O)f:)[*§~~ ffl ~)"'(,

t c'-")"'( < ~~~O)fll*~~iJ!JJ)E L"'(v)~ (Blackinton.

198.6). SeaMARC II t:. J: ~ H~Jt\;:tlliJf~T'-? iJs"~~ ~ ;f'Ud:7'P

-") t: t.:. 6 -C'/l, GSJ c HIG t::. J: ~~1f[{t.~ ht:. 3.5kHz

+t7';i\'!-b7°p7i1''7 • T'-?iJs"fflv)~ht:. (~O)gK~

$71').

•

To resolve bathymetry the SeaMARC II instrument

measures the arrival angle of returning echoes. using

the difference in echo phase at two transducer arrayss '

one on each side of the instrument (Blackint0n. 1986).

In areas lacking SeaMA.RCII bathymetric data. digitiz

ed 305-kHz data from the Geological Survey of Japan

and the Hawaii Institute of Geophysics were usee

(dashed lines). Collection and processing of SeaMARC II

data was funded by the United States National Science

Foundation.

Notes

BLACKINTON. G. (1986) Bathymetric mapping with Sea
MARC II: An elevation angle measuring side-scan

sonar sYsteT"'PlltPt'Wb7~ai~Ii•••• •
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BLACKlNTON, G. (1986) Bathymetric mapping with Sea

MARC II: An elevation angle measuring side-scan
sonar system. Ph.D:Diss., Univ. of Hawaii, 145pp.
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