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ABSTRACT

Nine sediment types are recognized in cores recovered by the Deep Sea Drilling Project from back-arc
basins in the western Pacific. These include submarine fan turbidites, debris flows, silty basinal turbidites,
biogenic pelagic carbonate sediments, resedimented carbonates, biogenic pelagic silica sediments, pyro-
clastics, hemipelagic clays, and pelagic clays. Most of these sediments were deposited independent of
basinal rifting (spreading) processes. The transition from biogenic pelagic carbonate sediments into overly-
‘ ing pelagic clays is the only sedimentary sequence dependent on basinal tectonic processes, through post-
- rifting subsidence associated with heat loss. Hemipelagic clays and silty turbidites are controlled by sedi-
. ment yield from continental sources and by climatic change, whereas deposition of biogenic pelagic
sediments depend on ocean circulation and on latitudinally-defined productivity zones. Coarse pyroclastics
are the product of local volcanic periodicity, whereas ash deposition is controlled by seasonal changes in
atmospheric circulation. Resedimented carbonates occur in response to slope instability caused by chemical
solution or seismicity. Submarine fan turbidites and debris flows are derived from andesitic volcanic arc and
obducted land sources. A direct correlation is established-between the frequency and periodicity of pre-
served turbidite deposition on fans and rates of known tectonic uplift and sediment yield in associated
sources. Deposition of both fan and debris-flow systems depends on large rates of tectonic uplift in sources,
followed by establishment of mature drainage systems that control the sediment yield to fan sites in back-
arc basins. Absence of such fan systems in back-arc basins implies that source terrains were characterized
by minimal rates of tectonic uplift. The nine sediment types in back-arc basins indicate deep-water deposi-
tion. Their association in the basins is governed by their depth-dependent processes of sedimentation rather
than tectonic processes per se. The degree of preservation of particular depth zones within other tectonic
domains governs the resulting association of preserved sediment types also.

INTRODUCTION gested (Dott and Shaver 1974; Dickinson
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The association of sedimentary and tec-
tonic events has been of interest to geologists
since Bertrand (1897) suggested that a corre-
lation existed “between sedimentary facies
and tectonic elements. With the advent of
plate tectonics, new relationships of sedimen-
tary facies to-tectonic domain have been sug-

'Manuscript received March 20,
July 25, 1984,

[JournaL ofF GeoLogy, 1985, vol. 93, p. 1-25]

© 1985 by The University of Chicago. All rights
reserved. ~

0022-1376/85/9301-003%1.00

Th . -
e folle ving policies apply to recruitmen

L AFF'RMATIVI‘ Alrvreana.

1984; revisedﬁ

SUMMARY of RECRUITMENT

t of academic zippointces' :

1974). Most of their examples were from
complex tectonic terrains characterized by at
least two or more tectonic events, including
superimposed and resurgent tectonic events.
Several important questions still exist re-
garding attempts to relate sedimentary facies
(and the record of their. processes of deposi-
tion and diagenesis) to tectonic events. First
and foremost, how and why do tectonic pro-
cesses influence sedimentary processes? Sec-
ond, can one establish a causative relation-

ship between seﬂimentafy:processes:aﬂd. I

mains which have been subjectéd only to a
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single cycle of tectonism and deformation?
Are sedimentary processes and associated

poral and spatial distribution on tectonic pro-
cesses, or is sedimentation independent of
tectonics and if so, why? _

This paper aims to address these problems
in a single tectonic domain that is still active
during its first cycle of development. This
tectonic domain is_the back-arc basin prov-
ince of the western Pacific Ocean. Sediment
data was obtained from observation and com-
pilation of data from cores recovered by the
Deep Sea Drilling Project (DSDP).

Back-Arc Basin History.—The develop-
ment of back-arc basins on overriding plates
of active continental margins has been
studied by workers in several geophysical
field campaigns (Karig 1970, 1971, 1975;
Hayes 1980, 1983).and in drilling programs by
the Deep Sea Drilling Program (DSDP).
These studies suggested that most back-arc
basins form by rifting, indicated mostly by a
striped magnetic anomaly pattern in the basin
center, which is typical of spreading centers
(Watts and Weissel 1975; Watts et al. 1977;
Weissel 1981; Karig et al. 1978). Transform
faulting in the basins forms a rough to-
pography and unstable spreading patterns
{Karig et al. 1978; Hussong and Sinton 1983).
Both the acoustic and real basement of the
basins consist of oceanic crust almost identi-
cal-to-mid-ocean- ridge thol€ific basalt (Haw-

—kins 1977). Rifting_processes are expressed
e ,__boms;cmmemcallyand asymmetrically in the
magnetic- anomaly pattern. The duration of

- n‘ftmg tends to range from five to 16 m.y.

nftmg events are known The basms are char-
acterized by a_ ‘history. of-Jarge heat flow

‘which a appears to correlate well with times of
'—-—‘“ﬁftiﬁg or the several million years after rifting

' DSDP Sites.— Sités "‘__anij4 (Fischer,
--——*V“—Heezen €t al_19717. Sites 203, 205, 206, and

—%GMW@ ‘Sites 285,
' 286, and 287(Andrews, Packham et al, 1975),

- 300,301, and 302 (Karig, Tngle-&t al. 1975),
Sites 442, 443, 444, 445, and 446 (Klein,
“Kobayashi et al. 1980), Sltes 449 and 450

depositional systems dependent in their tem-

el IKarlg 1971 “KaTng.e.Tar 1978)-Older

- Sites 290, 291, 292,293,294, 295, 297, 299, - -
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(Kroenke, Scott et al. 1981) and Site 453

(Hussong, Uyeda et al. 1981) were used in

this paper (fig. 1). Drilling results and their
synthesis with known regional geology are re-
viewed in the initial report citations listed
with the above sites.

The depositional history of-sedimentation

- in these basins is poorly known and was de- "

veloped on a leg-by-leg basis in an uneven
fashion because of variable rates of sediment
recovery and the interests of the shipboard
party. Thus Bouma (1975) described turbidite
deposition in the Toyama submarine fan,
Klein (19754, 1975b) described depositional
facies from the southwest Pacific, and White
et al. (1980) reported on the lithofacies and
sedimentary petrology of sediments from the
Northwest Philippine Sea. No overall synthe-
sis of sediment data exists from these 34
sites, - -

Methods.—Sediment types were defined in
DSDP cores according to their lithology, sed-
iment texture, association of sedimentary
structures, vertical sequences of structures
and lithologies, biogenic structures, and min-
erdl composition. These features were

identified from core examination by the au- -

thor on ship and on shore at the DSDP West
Coast Repository, La Jolla, California.
" Shore-based and _shipboard descriptions in
the individual Initial -Reports cited earlier
- supplemented many of the observations.
Stratigraphic intervals in which different
sediment types occur were tabulated, and
their age was recalibrated using shore-based
. and shipboard paleontological - zonations.
" Nine- sediment types occur in the back-arc
basins of the-western Pacific; their age and
depth ‘intervals by site are summarized in
Klein and Lee (1984, their table 1). -

SEDIMENT TYPES

ﬁﬁ__llebns Flows:—Debris flows : are predomi-

nantly thick- to medinm-bedded. -conglomer-

- ._-ates. ‘These -conglomerates are ' massive—

almost no stratification is- observed. Local

horizons “of parallel laminae are extremely .

~-rare- Reversé-graded bedding was observed

“'in-a few instances. Clast- size ranges - from

~~=granule to small cobbles with the mean ap-

persed in a matrix of volcanic-sand and silt
with accessory volcanic glass shards«(fig. 24,
2B, 2C). Some clasts show slight imbrication

- proximately pebble-size. The clasts are dis- . -.

e v e ot————-
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FiG. 1.—Location of Deep Sea Drilling Project Sites in back-arc basins of the Western Pacific.

and a framework fabric (fig. 2B, 2C). The
larger clasts consist primarily of basalt and
andesitic volcanic rock fragments. Accessory
clasts of granodiorite, hornblende schist, rhy-
olite, chert, limestone fragments and sand-

=g —"

—-—=stonés are also present, and intraformational

T:ﬁxgcuu_u_mudstone (fig. 24) were ob-

" ed with the clasts are frag-

SRS -water fossils including cor-
_als, tgyozoans and molluscs (fig. 24), and

E!’15ram'l_nﬁ’a‘zr(ﬁg 2B).

—DPebrisHows were observed in cores re-
--covered -from the New Hebrides Basin (Site

———386¥,~the southwest Philippine Basin (Site

290);-the—edge of the Daito Basin (Site 445),
and the west side of the Parece Vela Basin
_(Site 447). Debris flows comprise 1.2% of the
total thickness of cores recovered from back-

arc basins by DSDP (see Klein and Lee, 1984
their table 2).

Sandy debris flows, possibly of fluidized
flow origin, also were observed, particularly
at Site 445 where a medium-grained sand-
stone containing dish structures was re-
covered (fig. 2D). The dish structures have
been related to a remobilized fluidized debris
flow by Busch (1976). The boundary condi-
tions between both classes of gravity trans-
port and deposition are sufficiently transi-
tional that a continuum must be recognized
(Lawson 1982), hence the incorporation of
these particular sandstones with the debris
flows.

Submarine Fan Depositional System.—
Submarine-fan depositional systems consist
mainly of interbedded -turbidite sandstone
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and mudstone. These fans are recognized
from a combination of sediment data, mor-
phology, and seismic thickness. At Site 299 in
the Toyama Fan, fan morphology was deter-
mined from bathymetric mapping (Nash
1981), and seismic data (Karig, -Ingle et al.
1975) and sediment data (Bouma 1975; Nash
1981). In the Shikoku Basin, contour map-
ping of sediment thickness from seismic sur-
veys (Karig 1975; White et al. 1980) shows a
midfan system at Site 297 and distal fan toes
(mostly of hemipelagic clays) at Sites 442,
443, and 444. In the Coral Sea Basin, a major
fan was penetrated at Sites 210 and 297, with
morphological expression and seismic sur-
veying confirming the sedimentological inter-
pretation (Burns, Andrews et al. 1973; An-
drews, Packham et al. 1975).

Within the submarine-fan depositional sys-
tem, two subsystems were recognized which
differ in lithology, texture, sedimentary
structure associations, bedding style, occur-
rence and vertical sequence. These are the
inner and midfan subsystem and the outer-fan
subsystem. :

The- Inner and Midfan subsystem consists

“of interbedded thin- to medium-bedded

sandstones and mudstones. Locally, pebble
horizons occur. The sandstones are pre-
dominantly coarse-grained, with accessory
medium-grained layers. The sand-sized com-
ponents are sub-rounded to angular and con-
tain volcanic rock fragments of basalt, mi-
crodolerite, augite, olivine, orthopyroxene,
clinopyroxene, and plagioclase. Carbonate
fragments of shallow-water foraminifera,
pelecypods, and recrystallized limestone oc-
cur in accessory quantities. Traces of glauco-
nite and quartz were observed.

Various sedimentary structures occur in
these sandstones. They include flame struc-
tures (fig. 3F), load casts (fig. 4F, 4F), micro-
faults (fig. 3C), slump folds, micro-cross-
laminae (fig. 3B, 3D), convolute laminae (fig.
3D), in-phase waves, dewatering pipes (fig.
3E), multiple graded bedding (fig. 34), and
gradational tops of sandstone beds. Complete
Bouma sequences are rare but were observed
from several sites including 445 and 446 (fig.
3C, 3D). Partial Bouma sequences are more
common (fig. 34), the Tyqe type of sequence
being observed most frequently. Coarse-tail
graded bedding has been found also. Trace
fossils are common in this subsystem in

several sites, with Zoophycos., Chondrites,
Planolites, and Spirophycos having been re-
ported (Andrews, Packham et al. 1975; Ek-
dale 1980). Mudstones within this subfacies
are massive to parallel-bedded. Thin, well-
sorted silty laminae alternating with thin
clayey to silty-clayey laminae are most com-
mon within these parallel-laminated mud-
stones.

The Inner and Midfan subsystem occurs at
Sites 285, 286, 299, 445, and 446. This subsys-
tem comprises 6.2% of all material recovered
in back-arc basins by DSDP with the entire
submarine-fan system comprising about 20%
of the total thickness of sediment recovered.

The Outer Fan subsystem consists of in-
terbedded sandstone, siltstone, and mud-
stone distinguished from the Inner and Mid-
fan subsystem by its thin-bedded, medium- to
fine-grained sandstones. The sands and sand-
stones in this system are well-sorted, and the
grains are well-rounded to sub-rounded. Sand
clasts are composed of andesitic and basaltic
volcaniclastic fragments and plagioclase.
Sedimentary structures include parallel-’
laminae, micro-cross-laminae, and graded
bedding. Lower sandstone contacts are gen-
erally sharp, whereas the upper contact may
be either gradational or sharp. Partial Bouma
sequences are present, with the T 4. and
Tqe sequence being most common. Some of
these sequer{ces, such as at Site 299, were
deposited in the inter-channel fan region of
submarine fans (Bouma 1975). Mudstone lay-
ers interbedded with these sandstones are
medium- to thin-bedded with silty parallel

laminae.

Within this subsystem, very fine sand, silt.
and clay are organized in a cyclic fashion.
The cycles consist of a sharp base and a basal
very fine sand to silty sand, overlain by a silt
or siltstone. These silts grade upward into a
silty clay, which caps the cycle or in turn
grade upward into a clay or claystone (see
Klein 19755, his fig. 7). These cyclic alterna-
tions were observed at Sites 210 and 287 in
the Coral Sea Basin, where they were attrib-
uted to outer fan development following tec-
tonic uplift of the Owen-Stanley Range (Klein
1975a, 1975b; 1984), and at Site 299 in the Sea
of Japan (Bouma 1975), where they appear to
be of interchannel fan origin.

This subsystem is 13.9% of the total sedi-
ment thickness recovered from back-arc ba-
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sins by DSDP; the entire submarine fan depo-
sitional system comprises 20.077 of the entire
recovery of sediment cores. The Outer Fan
subsystem was observed in cores recovered
from Sites 210, 296, 287, 297. 299. 446, and
453.

Silty Basinal Turbidites.—These turbidites
are characterized by silt and siltstones, with
both sandy silt and clayey-silt present: they
are interbedded with c¢lay, claystone, and
silty clay. Interbedded volcanic ash layers
are common.

The silts and interbedded lithologies are
thin-bedded. Individual silt grains are angular
to subangular and contain plagioclase. or-
thopyroxene, clinopyroxene. magnetite,
palagonite, and zeolites. Sedimentary struc-
tures present include graded bedding. parallel
laminae, micro-cross-laminae, and bioturba-
tion.

The lithologies and structures are orga-
nized into a vertical sequence consisting of a
sharp basal scour overlain by a graded silt or
siltstone (locally sandy). which grades up-
ward into a clayey silt and is capped with clay
or claystone. Sequences of similar silty ba-
sinal turbidites were reported from a Pliocene
and Miocene back-arc basin sequence in
Hokkaido Island, Japan (Klein et al. 1979).

These turbidites comprise 5.7% of the total
volume (as determined from thickness) of
sediment cores recovered by DSDP from
back-arc basins. They were observed only in
cores recovered from Sites 293 and 301.

Hemipelagic Clays.—These sediments
consist of interbedded and mixed clay and silt
showing fair sorting, and contain illite, chlo-
nte, montorillonite, kaolinite, muscovite,
quartz, orthoclase, plagioclase, smectite, and
Zeolites (Chamley 1980a, 198056). Interbed-
ded thin ash layers are extremely common, as
are thin chert layers and thin biogenic pelagic

;carbonate and silica pelagic ooze. Some of

N Fie. 3.—(A) Multiple graded beds in sandstone, th
ew H?}Jndes Basin. 286-26-3 (7-47 c¢m). Scale in c
: faﬂ“!ed A.,.‘ interval (133 to 148 ¢m). the parallel-be
: T'"?led C" interval (127-132 cm), the inter-bedd
: f;nzglc clay “E™ interval (1 14=120 cm). Daito Basin. ¢
L‘om Sllone layer. North side of Daito Basin. 435-71-1
inlcr?/elte Bouma Sequence showing upper part ot: gr
side 0? D(S?‘63 ¢m), and convolute bedded und micrc
Hebrig aito Basin. 445-71-1 (48-66 cm). Scale in cm
Heb _des Basin. 445-71-1 (48-66 cm). Scale in cm. (F
Ndes Basin. 286-29-3 (125-133 cm). Scale in cm.
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sins by DSDP; the entire submarine fan depo-
sitional system comprises 20.0% of the entire
recovery of sediment cores. The Outer Fan
subsystem was observed in cores recovered
from Sites 210, 296, 287, 297, 299, 446, and
453.

Silty Basinal Turbidites.—Thesc turbidites
are characterized by silt and siltstones, with
both sandy silt and clayey-silt present; they
are interbedded with clay, claystone, and
silty clay. Interbedded volcanic ash layers
are common.

The silts and interbedded lithologies are
thin-bedded. Individual silt grains are angular
to subangular and contain plagioclase, or-
thopyroxene, clinopyroxene, magnetite,
palagonite, and zeolites. Sedimentary struc-
tures present include graded bedding, parallel
laminae, micro-cross-laminae, and bioturba-
tion.

The lithologies and structures are orga-
nized into a vertical sequence consisting of a

sharp basal scour.overlain by a graded silt or -

siltstone (locally sandy). which grades up-
ward into a clayey silt and is capped with clay
or claystone. Sequences of similar silty ba-
sinal turbidites were reported from a Pliocene
and Miocene back-arc basin sequence in
Hokkaido Island. Japan (Klein et al. 1979).
These turbidites comprise 5.7¢¢ of the total
volume (as determined from thickness) of
sediment cores recovered by DSDP from
back-arc basins. They were observed only in
cores recovered from Sites 293 and 301.
Hemipelagic Clavs.—These sediments
consist of interbedded and mixed clay and silt
showing fair sorting. and contain illite. chlo-
rite, montorillonite. kaolinite. muscovite,
quartz, orthoclase, plagioclase. smectite, and
zeolites (Chamley 1980q. 1980h). Interbed-
ded thin ash layvers are extremely common. as
are thin chert layers and thin biogenic pelagic
carbonate and silica pelagic ooze. Some of
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these interbedded ash layers are graded (fig.
4G).

The stratigraphic distribution of clay min-
erals at most sites is variable, except in the
northwest  Philippine Sea. Here Chamley
(1980a., 1980h) demonstrated that, since the
early Miocene, the illite content relative to
other clay mineral types has increased up 10
the present time. This increased illite content
was attributed to coeval global cooling trends
causing changes in the nature of clay mineral
weathering in the Chinese mainland which
acted as a source. Thus, in this case, climatic
change controls clay mineral content.

Sedimentary structures observed in thesc
varicolored hemipelagic clays include biotur-
bation, mottling, parallel laminae, and graded
bedding (in ash layers). Most of the clays.
however, are structureless.

Hemipelagic clays are the second-most
widespread sediment type in back-arc basins.
comprising 21.8% of the total thickness of
cores recovered from these basins by DSDP.
They occur at Sjtes 53. 206. 210. 298. 290.
291. 294/295. 297, 301, 302. 442. 443. 444.
446, 453, 454, and 456.

Pelagic Clays.—This sediment consists of
red or dark reddish brown, structureless clay.
It contains iron-mangancse micronodules.
quartz. plagioclase. orthoclase. magnetite.
volcanic glass. montmorillonite. illite. smec-
tite. foraminiferal remains. diatoms. and
sponge spicules. Ata few sites. very thin lay-
ers of volcanic ash are interbedded within
these clays.

This clay comprises 4.2% . volumetrically,
of the thickness of sediment recovered by
DSDP from back-arc basins. It was observed
only at Sites 63, 205, 285, 286. 2947295, 446.
447. 449. and 450, usually in the uppermost
part of the stratigraphic section recovered at
each site.

Biogenic Silica

Pelagic Sediments . —

FiG. 3.—(A) Multiple graded beds in sandstone. the upper one grading into parallel-bedded sandstone.
New Hebrides Basin. 286-26-3 (7-47 cm). Scale in cm. (B) Complete Bouma sequence in sandstone with
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graded "*A’" interval (133 to 148 cm). the purallel-bedded B interval (132 10 133 cm). the micro-cross-
laminated **C"" interval (127-132 cm). the inter-bedded silt and clay D™ interval (120-127 cm) and the
pelagic clay “'E"" interval (114-120 ¢m). Daito Basin. 446-39- (114-149 cm). Scale in cm. (C) Micro-faulted
sandstone laver. North side of Daito Basin. 445-71-1 (15 1o 24 cm). Scale in cm. (D) Close-up of part of a
complete Bouma Sequence showing upper part of graded interval (63 10 66 cm). parallel-laminated "B
interval (59-63 cm). and convolute bedded and micro-cross-laminated “C™ interval (46 1o 59 cm. North
side of Daito Basin. 445-71-1 (48-66 cm). Scale in em. (£) Vertical water escape pipes in mudstone. New
Hebrides Basin. 445-71-1 (48-66 cm). Scale in cm. (F) Flume structure in base of graded sandstone. New
Hebrides Basin. 286-29-3 (125133 ¢m). Scale in cm.
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These are very finc-grained radiolarian,
diatomaceous, or silicoflagellate oozes or
chert. In some instances, other components
are present including clay, pumice fragments,
quartz, nannofossils,” and plagioclase. The
cherts occur either as massive layers (such as
at Site 445) or as nodules. Interbedded vol-
canic ash layers occur and are very thin.

This sediment type comprises 4.3% of the
total thickess of cores contained by DSDP
from back-arc basins, and occurs at Sites 53,
291, 301, 302, 445, and 449.

Biogenic Pelagic Carbonates.—This is the
most dominant lithology in western Pacific
back-arc basins. It consists of fine-grained
ooze, chalk, and limestone with the principal
components being pure end members of nan-
nofossils and foraminifera or mixtures of
these two organisms. Some of the oozes are
clayey, with up to 40% hemipelagic clay.
Radiolaria, sponge spicules, and silicoflagel-
lates are subordinate components. Besides
clay minerals, quartz, feldspar, opal, and zeo-
lites occur in the clayey carbonates, as do
chert nodules and layers. Volcanic ash lay-
ers, although very thin, also occur.

The only observed sedimentary structures
consist of parallel laminae separated by larger
and small concentrations of foraminifera. or
laminae of ash interbedded with carbonate
materials. Generally, these sediments lack
distinctive sedimentary structures. Biogenic
mottling was observed, however (Ekdale
1980).

Volumetrically, pelagic carbonates com-
prise 23.8% of the total thickness of sediment
recovered by DSDP from Pacific back-arc ba-
sins. They were observed at Sites 53, 63, 203,
205, 206, 210, 285, 286, 287, 292, 297, 443,
445, 449, and 456.

Resedimented Carbonates.—Resedi-
mented carbonates consist also of nanno-

plankton and foraminiferal oozc, chalk, or
limestone and contain the identical mineral
components as the Biogenic Pelagic Carbon-
ates. The distinguishing characteristics are
the presence of reworked nannoplankton and
foraminifera and a variety of sedimentary
structures indicating resedimentation by
gravity processes. Shaliow-water foraminif-
erid. coralline algal, pelecypod, coral, and
bryozoan fragments are mixed with the
deeper-water biogenic components. Oolites
have been recovered from a few sites.
Well-developed sedimentary structures are
the chief diagnostic feature in these sedi-
ments. Several workers (Klein 19754, 19755
White et al. 1980) report graded bedding (fig.
4A), parallel bedding (fig. 4A), microfaults
(fig. 4B), distorted burrows (fig. 4C), slump
folds (fig. 4D), slump blocks, load casts, and
micro-cross-laminae. Some of these struc-
tures are organized into partial Bouma se-
quences, including T, (fig. 44) and T, ..
One such sequence was resedimented a sec-
ond time because it is traversed by slump

-faults with associated offsets (fig. 44).

These carbonates comprise 9.5% of the to-
tal sediment thickness recovered by DSDP
from back-arc basins. Although observed
only at Sites 206, 286, and 445, it is notewor-
thy that 80% of the total carbonate section at
Site 445 (White et al. 1980) and approxi-
mately 23% of the total carbonate section at
Site 206 is represented by reworked carbon-
ate, suggesting that this mode of sedimenta-
tion may be more widespread in oceanic set-
tings than previously supposed (Klein
1975b).

Pyroclastics.—Pyroclastics are composed
of volcanic ash and tuff that contain glass
shards, altered glass, vesicular glass, clay
minerals, quartz, feldspar, pyroxene, pyrite,
foraminifera, nannofossils, radiolarians.

Fi6. 4.—(A) Resedimented carbonate organized into partial Bouma Sequence with sharp base. overlain
by graded and parallel-laminated foraminiferal sand (95-102 ¢m) overlain by graded nannoplankton-
foraminiferal ooze. and capped by nannoplankton-bearing clay (62 to 80 cm). Entire sequence cut by two
slump faults. North side of Daito Basin. 445-36-4 (62103 cm). Scale in ¢cm. (B) Microfaulted beds in
resedimented carbonate. North side of Daito Basin. 445-51-4 (7-35 cm). Scale in cm. (C) Resedimented
carbonate showing bioturbation. Upper interval (28 to 35 cm) is undisturbed. whereas sediment below (35 to
45 cm) is disturbed. Lower part represents debris flow unit that has been deformed. whereas upper part
represents rigid plug on top of debris flow. North side of Daito Basin. 445-52-2 (128 to 146 cm). Scale in cm.
(D) Slump fold in resedimented carbonate. North side of Daito Basin. 445-51-3 (25-46 cm). Scale in cm. (E)
Load pocket and load cast at base of graded sandstone. New Hebrides Basin. 286-25-4 (12-18 cm). Scale in
cm. (F) Load casts at base of graded sandstone with small flame structures. New Hebrides Basin. 286-29-2
(32-37 cm). Scale in cm. (G) Graded ash bed. Shikoku Basin. 297-8-3 (78 to 87 cm). Scale in cn.
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sponge spicules, and plant debris. The ash
and tuff beds consist of ¢oarse silt to medium-
and fine-grained sand. Lithified ash and
pumice pebbles are common. Many of the
ash beds are graded (fig. 4G), with parallel
laminae, mottling, and some unidentified bur-
row features. Thick graded ash beds and
coarse pyroclastic beds such as at Sites 447
and 450 occur as aprons fringing large vol-
canic cones or active volcanoes (Rodolfo and
Warner 1980; Karig 1983).

Pyroclastics comprise 9.5% of the total
thickness of sediment cores recovered from
back-arc basins by DSDP. Accessory ash
beds are common within all sediment types,
but their thin nature makes it difficult to de-
termine their volumetric proportion. Pyro-
clastics occur at Sites 53, 54, 203, 205, 285,
286, 290, 297, 302, 442, 444, 447, 450, and
455.

RELATIONSHIP OF SEDIMENT TYPES TO
GEODYNAMIC EVENTS

Sedimentation and Rifting Processes.—
Rifting is the primary tectonic process form-
ing back-arc basins. It occurs in a mode and
scale similar to sea-floor spreading processes
in mid-ocean ridges. Magnetic anomalies are
the primary evidence -for rifting, exhibiting
symmetrical or asymmetrical striped pat-

terns which are progressively older from the--

spreading center to the basin flanks (Watts et
al. 1977; Weissel 1981). The magnetic anom-
aly ages of each of the back-arc basins drilled
by DSDP were summarized by Klein and Lee
(1984, their table 3).

Correlation diagrams were constructed to
compare the timing of sediment types, rifting
processes, and andesitic volcanism (figs. 5 to
11) in each of the back-arc basins so as to
establish a causal connection among these
processes. Examination of these diagrams
shows three relationships pertaining to tec-
tonic and sedimentary processes. First, the
presence of a large variety of sediment types
is independent of either time or tectonic pro-
cesses. Second, the upward (or younging)
transition from biogenic pelagic carbonates to
pelagic clay is controlled, as shown later, by
basin subsidence in response to heat loss.
The third relationship is among submarine
fan-systems, debris flows, and tectonic uplift
in source terrains (See Klein 1984; and dis-
cussion to follow). Figures 5 through 11 dem-

onstrate these relationships on a basin-by-
basin comparison.

In the Sea of Japan (fig. 5), rifting occurred
during Miocene time (21 to 9 MY) and then
ceased (Kobayashi and Isezaki 1976). None
of the Deep Sea sites reached basement. The
oldest recovered sediments are of Upper
Miocene age and were deposited well after
rifting ceased. Post-rifting sedimentation is
variable and included submarine fan, bio-
genic pelagic silica, hemipelagic clay, and
silty turbidite deposition.

In the Shikoku Basin (fig. 6), rifting began
in mid-Oligocene time (25 MY), whereas
sedimentation began in earliest Miocene time
(22.5 MY) in the western and northern parts
of the basin (Sites 297, 442). Here sedimenta-
tion consists primarily of hemipetagic clay,
although some submarine fan deposition oc-
curred at Site 297 in the northern Shikoku
Basin before and after rifting ceased (14 MY).
Sedimentation continues into the present,
dominated by hemipelagic clay.

Rifting in the Parece Vela Basin (fig. 6)
started in mid-Oligocene time (30 MY) and
ceased in the early Miocene (17 MY). The
oldest sediments are earliest Miocene in age
(22.5 MY) and consist of pyroclastics found
at Sites 53 and 54. Slightly younger biogenic

carbonates, interbedded and capped with

pelagic clay, were recovered at Site 449. Py-
roclastic sedimentation and biogenic sedi-
mentation occurred simultaneously with rift-
ing. The pyroclastic deposition represents
part of a regional pattern of volcanism (Ken-
nett et al. 1977) and, although this volcanism
appears to be independent of basinal rifting
events (Scott and Kroenke 1980), some argue
that it was concurrent with back-arc spread-
ing (Karig 1983). Pelagic clay deposition at
Sites 449 and 450 followed basinal rifting but
required basinal subsidence below the CCD.
This subsidence is dependent on heat loss in
the basin as the heat-flow regime shifted from
a larger rate during rifting to a normal rate
after rifting ceased. In this case, fluctuations in
the CCD produced arepeated succession(fig. 6).

Rifting in the West Philippine Basin (fig. 7)
occurred from early to late Eocene (52-37
MY). Sedimentation was coeval with the lat-
est stages of rifting at only three sites; the
other sites recovered sediment deposited af-
ter rifting. In this basin, no particular sedi-
ment type was found to be coeval with rifting.
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SEA OF JAPAN
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Fi6. 5.—Correlation diagram showing distribution of sediment types, times of rifting (Kobayashi and
Isezaki 1976) and duration of andesitic volcanism (Sugimara et al. 1963; LeBas 1982) in Sea of Japan and
Japanese Islands, respectively (B—sites penetrating basement).

In the Mariana Trough, rifting started in
late Miocene time (7 MY) and has continued
to the present (fig. 8) in an unstable mode
(Hussong and Sinton 1983). The oldest sedi-

ments penetrated- "are Pliocene (5 MY).-
Hemipelagic clays, debris flows, submarines -

fans, and biogenic pelagic carbonates occur
coevally with rifting.
Rifting in the New Hebrides Basin (fig. 9)

SHIKOKU (297.442,443,444) AND
PARECE VELA (53,54,449,450) BASINS

%, 4, % 2 9 o
[ EOCENE ] oLicocene | MIOCENE __puda]
F— —— — T
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Submarine Fan Site 442 | <,
Hemipelagic Clay Site 443
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varuclastic
Hiatus
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Fi6. 6.—Correlation diagram showing distribu-
tion of sediment types in DSDP sites and times of
rifting in Shikoku Basin (Kobayashi and Nakada
1978; Shih 1980) and Parece Vela Basin (Langseth
and Mrozowski 1981) and duration of volcanism in
adjoining arc terrains (Shiraki et al. 1978) (B—sites
penetrating basement).

began in earliest Eocene time (55 MY) and
ended in the late Eocene (42 MY).-During the
latest stage of rifting, both submarine fan and
debris flow sedimentation occurred from sed-
iment yield off New. Caledonia (Kroenke
1982). The pelagic biogenic carbonate-to-
pelagic clay transition occurs in this basin
and records a history of basin subsidence be-
low the CCD by heat loss. The middle-to-late
Miocene hiatus at this site. was attributed to
changes in ocean circulation associated with
rifting of Australia from Antarctica (An-
drews, Packham et al. 1975).

Rifting in the South Fiji Basin (fig. 10) was
limited to the Oligocene (32-26 MY), concur-
rent with times of pyroclastic and biogenic
pelagic carbonate deposition only (Site 205).
Pelagic clay and submarine fans occur also,
with the pelagic clays having been emplaced
after basin subsidence below the CCD. The
Miocene hiatus at Site 205 is attributed to
changes in ocean circulation associated with
rifting of Australia from Antarctica (An-
drews, Packham et al. 1975).

In the Lau Basin (fig. 10), rifting started in
earliest Pliocene (5 MY) and has continued to
the present. Concurrent sedimentation con-
sists of pyroclastic and biogenic pelagic car-
bonate deposition only (Site 203).

Figure 11 compares times of rifting with
sedimentation in the Daito Basin, East
Caroline Basin, and Coral Sea Basin. Data
from the New Caledonia Basin (Site 206). for
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WEST PHILIPPINE BASIN
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Fic. 7.—Correlation diagram showing distribution of sediment types in DSDP sites and times of rifting in
West Philippine Sea (Louden 1977: Watts et al. 1977: Mrozowski et al. 1982). and times of andesitic
volcanism in adjoining arc sources (Scott and Kroenke 1982: Hussong and Uyeda 1981: Meijer et al. 1983).

(B—sites penetrating basement).

which no rifting age determination exists, are
shown also. These basins are so grouped be-
cause no age determinations exist for poten-
tial volcanic arc sources adjoining the basins.
In all these basins, variable sedimentation
events may or may not be coeval with rifting
(fig. 11) because the controlling processes of
sedimentation are independent of rifting.

Summary of Sedimentation-Rifting Rela-

tions.—Even cursory examination of Figures _

5 through 11 shows that rifting events. have
occurred coevally with a large variety of
sedimentation events, but that the two pro-
cesses operated independently. In this case. a
coincidence represented by an association of
sedimentation and rifting events does not

MARIANA TROUGH
60 MYBP. 59 40 30 20 10 9
L 1 1 1 1 1 1 1 1 1 1
EOCENE | OUGOCENE ] MIOCENE puofa
U T T T T T J T T T T T
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EXPLANATION
Site 454 BE:]
Submarine Fan D Debris Flow
Site 455 0
. . Biogenic Pelagic
Hemipelagic Clay
D Carbonate Site 456 B

RIFTING YA

ANDESITIC VOLCANISM [ ]

Fic. 8. —Correlation diagram showing distribution of sediment type in DSDP sites and rifting (Hussong
and Uyeda 1981) in Mariana Trough, and duration of andesitic volcanism in adjoining arc sources (Scott and
Kroenke 1982; Hussong and Uyeda 1981; Meijer et al. 1983).
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Fi6. 9.—Correlation diagram showing distribution of sediment types at Site 286. times of rifting in New
Hebrides Basin (Lapouille 1978: Weissel et al. 1982) and duration of andesitic volcanism in New Caledonia
(Lillie and Brothers 1970) which acted as source for clastic wedges. (B—site penetrating basement).

produce a correlation of sedimentation and
tectonic processes. '

First. the role of rifting in these basins is to
provide a sink where sediment may accumu-
late. Once the rifted basin forms. sedimenta-
tion processes depend on ocean current cir-
culation. latitudinal arrangement of biogenic
productivity zones (controlling biogenic silica
and carbonate deposition). position of conti-
nental land masses. regional volcanism. and
sediment yield from tectonically-uplified arc
sources.

Second. rifting also controls the water
depth where sedimentation occurs. a factor

crucial for preservation of biogenic carbon-.

ates. If the basin floor occurs above the CCD.
preservation of biogenic carbonate systems is
favored in appropriate latitudes. However.

once rifting ceases in the basin. the heat flow

rate slows. causing basinal subsidence. in-
cluding subsidence below the CCD. and thus
favoring preservation of the younging trend
from pelagic carbonates to pelagic red clay
with small sediment accumulation rates. If
land sources occur next 1o such a subsided
basin. however, pelagic-clay deposition
would be masked by hemipelagic clayv (as in
the Shikoku Basin).

LAU AND SOUTH FIJi BASIN
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Fi6. 10.—Correlation diagram showing distribution of sediment type and times of rifting in Lau (Lawver
et al. 1976) and South Fiji (Weissel and Watts 1975: Davey 1982) basins, and andesitic volcanism in
adjoining arc sources (Ewart et al. 1977: Gill et al. 1984). (B—site penetrating basement).
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FiG. |1.—Correlation diagram showing distribution of sediment type and times of rifting in Daito Basin
(Klein and Kobayashi 1980, 1981), the East Caroline Basin (Weissel 1981), the Coral Sea Basin (Weissel and
Watts 1979) and the New Caledonia Basin (Site 206). (B—site penetrating basement).

Volcanism and Rifting Processes.—The
relation of arc volcanism to rifting (spreading)
processes in back-arc basins is controversial.
In the West Philippine Basin and the Mariana
Ridge, Scott and Kroenke (1980) concluded
that major volcanism was confined to two pe-
riods of maximum activity, one during the
Eocene-Oligocene (42—-32 MY) and the other
during the Miocene (20-9 MY). These vol-
canic maxima do not coincide with basinal
spreading events, but instead are dependent
on regional events (Kennett et al. 1977).

In contrast, Karig (1983) suggested that in-
creases in preserved volcanic material are
coeval with active rifting in the West Philip-
pine and Parece Vela Basins and the Mariana
Trough. Correlation diagrams (figs. 5-10) in-
dicate that arc volcanism preceded rifting and
continued into the early or middle stages of
rifting events in the Sea of Japan and the
Shikoku, Parece Vela, New Hebrides, South
Fiji, and Lau Basins, or occurred coevally
with rifting in the Mariana Trough.

In the West Philippine Basin, these rela-
tionships are less distinct because the rem-
nant arc that was active presumably during
basinal rifting is the Kyushu-Palau Ridge.
The only age determinations for this ridge are
by Ozima et al. (1977) using “Ar-*Ar
methods and yielding ages of 42.0 to 49.4
MY, coeval with rifting in the West Philip-

pine Basin (Karig 1983). However, Harrison
(1983) demonstrated many uncertainties in
“0Ar-* age determination, uncertainties dem-
onstrated also by Ozima et al. (1980), who
reported “°Ar-*Ar ages from intrusive sills at
Site 446 that were older than their “°K-“Ar
ages and the paleontological ages of host sed-
iments (McKee and Klock 1980). Thus the
WAr-PAr ages were not used in constructing
figure 7. In the Japanese Islands, there is ad-
ditional evidence for an increase of volcanic
extrusives (Sugimara et al. 1963) concurrent
with Miocene rifting in the Sea of Japan.
From figures 5 through 10, it appears that the
timing of both rifting and arc volcanism are
related, as Karig (1983) suggested, despite
the uncertainties posed by the Kyushu-Palau
Ridge dates on which he relied.

Volcanism and Sedimentation.—In the
back-arc basins of the western Pacific, dis-
persal and deposition of ash beds and other
pyroclastic sediments appears to be con-
trolled by three processes: (1) Regional and
tectonically-controlled volcanism (Kennett et
al. 1977; Karig 1983) accounts for the- avail-
ability of volcanic ash and pyroclastics, (2)
proximity to island arc and seamount sources
accounts for most of the thicker units pre-
served as aprons, and (3) seasonally-
controlled atmosphere circulation patterns
control ash dispersal into the basins.
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1) Pyroclastic sediments, mainly airfall ash
and submarine ejecta, depend on regional
volcanism which occurs both within and adja-
cent to back-arc basins. Pyroclastic sedimen-
tation patterns are more variable, however,
because other volcanic sources, regional pat-
terns, or other geodynamic processes are in-
volved. Figures 6, 7, 9, and 10 show timing of
pyroclastic deposition in the Parece Vela,
West Philippine, New Hebrides, Lau and
South Fiji Basins, respectively. Comparing
pyroclastic deposition in these basins with
times of andesitic arc volcanism (fig. 6, 7, 9,
10) in adjoining island arcs demonstrates that
such volcanism occurs concurrently with py-
roclastic deposition only in the West Philip-
pine Basin during the early and middle
Oligocene (fig. 7), and in the South Fiji Basin
(Site 205) during the middle Oligocene (fig.
10). Rodolfo (1981) suggested a similar corre-
lation between Site 450 pyroclastic deposi-
tion in the Parece Vela Basin and volcanism
on the Mariana Ridge. In the remaining ba-
sins where pyroclastic systems occur, no
such relationship exists (figs. 6, 9) because
these pyroclastics were derived, probably,
from sources other than adjacent island arcs,
including submarine volcanoes whose age is
not known.

Timing of pyroclastic deposition at Sites
53, 54, and 450 in the Parece Vela Basin (fig.
6) is known to be contemporary with regional
volcanic episodes in the Mariana Ridge (rem-
nant arc adjoining this basin) and elsewhere
in the West Philippine Basin (Scott and
Kroenke 1980, p. 298, their table 1; Karig
1983; fig. 7). This Miocene pyroclastic depo-
sition is contemporary also with a second
maximum of regional volcanism from 20 to
9 MY (Scott and Kroenke 1980). At Site
290 (fig. 7) in the West Philippine Basin,
Oligocene pyroclastic deposition occurred
concurrently with volcanism in Saipan,
Guam, and Palau, which may have served as
source areas. This Oligocene event occurred
concurrently with the late stage of Scott and
Kroenke’s (1980) first volcanic maximum and
the earliest stages of their first minimum of
volcanism in the West Philippine Basin.

Neogene volcanism in the Circum-Pacific
has occurred in a periodic fashion (Kennett et
al. 1977) with major episodes known from the
Quaternary and Middle Miocene and subordi-
nate episodes known from the Late Miocene

and Early Pliocene. These episodes appear to
have caused deposition of Quaternary and
Pliocene pyroclastics in the Lau Basin (Site
203), Late Miocene pyroclastics in the South
Fiji Basin (Sites 205, 285), and Quaternary
and Pliocene pyroclastics in the New Heb-
rides Basin (Site 286). Potential sources in-
clude known areas of concurrent volcanism
(Kennett et al. 1977) such as Fiji (for Sites
203, 205, 285), the New Hebrides (for Site
286), and possibly New Zealand.

2) Although ash beds occur as thin layers
throughout the back-arc basin cores, the
preservation of thick pyroclastic beds as
aprons is much rarer, being confined to five
basins, all around island arcs (Rodolfo and
Warner 1981; Karig 1983) (fig. 6, 7, 9, and 10).

3) With active volcanism occurring both re-
gionally and in adjoining arcs (Kennett et al.
1977; Scott and Kroenke 1980; Karig 1983),
some explanation is required to account for
the distribution of ash beds. In the Lesser
Antiles arc, a chance separation exists be-
tween volcaniclastic, gravity-deposited sedi-
ment (pyroclastic aprons of Rodolfo and
Warner 1981) and wind-transported ash (Si-
gurdsson et al. 1980). On the west side of that -
arc, the Granada Basin receives volcani-
clastic turbidites and debris flows only,
whereas larger volumes of ash and pyroclas-
tics occur on the eastern side of that arc only
(and gravity sediments are absent) because of
prevailing tropospheric westerly wind sys-
tems (Sigurdsson et al. 1980). Thick pyro-
clastic accumulations occur close to the arc.

Meteorological maps of the present-day
western Pacific (The Times Atlas of the
World 1977) indicate that, during January,
the back-arc basin provinces north of the
equator are dominated by cold-air outbreaks
from Siberia, whereas south of the equator,
westward-flowing trade winds (southeast
trades) occur (fig. 12). During July, the mon-
soon systems provide a northward-flowing
system of winds north of the equator,
whereas the southeast trade winds continue
to develop westerly-flowing wind systems
south of the equator (fig. 13).

These present-day wind patterns provide
some clues to potential dispersal for some air-
fall ash in the back-arc basins. Thus, the Jap-
anese Island Arc is a major source of ash into
the Shikoku Basin, the Parece Vela Basin,
and the northern part of the West Philippine
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Basin during January (fig. 12). Thicker apron-
like accumulations developed locally by a
combination of gravity flow and (perhaps)
past wind dispersal off the Kyushu-Palau
Ridge (a remnant arc), possibly accounting
for thick pyroclastics at Site 290, as would
similar dispersal off the Mariana Ridge into
the Parece Vela Basin. Thicker pyroclastic
accumulations in the New Hebrides Basin
(Site 286), the South Fiji Basin, and the Lau
Basin (Site 203) are derived from a similar
combination of gravity flow and airborne sys-
tems involving westerly-flowing air masses
over the New Hebrides (for Site 286) and the
Lau Ridge. During July (fig. 13), the wind
systems north of the equator move in a north-
erly direction, so ash from the Japanese Is-
lands would be dispersed into the Sea of Ja-
pan, whereas Guam, Saipan, and the
southern Mariana Arc would act as sources
for ash beds in the Shikoku and Parece Vela
basins and the Mariana Trough. South of the

equator, the wind systems during July are di-
rected west-northwest and, as a conse-
quence, ash derived from New Zealand and
the Tonga arc would be dispersed into the
South Fiji and Lau basins. The New Heb-
rides Basin would receive only small volumes
of ash during that season. These wind direc-
tions may be the cause of significant pres-
ent day ash accumulations in some back-
arc basin sites. During Cenozoic time while
the basins formed, it would be expected on
paleogeographic and ~ paleoclimatological
grounds (Parrish 1981, 1982; Parrish and Cur-
tis 1982; Marsaglia and Klein 1983) that wind
dispersal patterns were similar to the present
day but shifted later in response to larger-
order regional tectonic trends (cf. Kinoshita
1980).

In summary, deposition and dispersal of
ash beds and other pyroclastic sediments is
controlled by the three processes mentioned
previously: regional and tectonically-con-
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FiG. 13.—Map of DSDP sites in western Pacific back-arc basins showing present-day wind directions
during July. (Wind directions after Times Atlas of the World 1977).

trolled volcanism (Kennett et al. 1977; Karig
1983), proximity to island arc and seamount
sources, and seasonally-controlled atmo-
spheric circulation. Combination of wind dis-
persal patterns with the larger-order pe-
riodicity of volcanism reported by Kennett et
al. (1977), as well as basin rifting (Karg 1983),
eppears to explain the limited distribution of
pyroclastics in the back-arc basins.

Tectonic Uplift of Island Arc Sources and
Basin Sedimentation.—Both submarine fan
deposits and debris flows are derived from
island arc sources and their associated shal-
low-water zones, as indicated by the pres-
ence of andesitic volcanic rock fragments and
resedimented shallow-water fossils (Klein
1975a, 1975b; Karig and Moore 1975; White
et al. 1980). Deposition of these submarine
fan and debris flow systems is restricted to
the earliest stage of basin rifting (figs. 5 to 11),
though deposition of these sediments is inde-

pendent of rifting processes. Fan and debris
flow deposition is known to occur coevally
with the last stages of andesitic volcanism
(figs. 5to 11).

Three basins, the Coral Sea, Shikoku, and
the Sea of Japan, contain submarine-fan sys-
tems adjoining sediment sources whose
geological history is well known. Analysis of
these fan systems in the Coral Sea and Sea of
Japan showed a direct correlation between
rate of tectonic uplift and both the frequency
(number of events per time interval) and pe-
riodicity (number of years between events) of
preserved graded turbidite cycles recovered
in DSDP cores (Klein 1984). At Sites 210 and
287 in the Coral Sea Basin, Miogene to
Holocene terrigenous turbidites are derived
from the ancestral Owen-Stanley Range of
Papua (Burns, Andrews et al. 1973; Andrews.
Packham et al. 1975; Klein 1975a. 1975b,
1984). This range owes its origin to obduction
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of the Pacific Plate onto the Indian-Australian
Plate from Eocene to Pliocene time; max-
imum uplift was suggested for Miocene and
early Pliocene time (Davies and Smith 1971).

Table 1 summarizes the frequency and pe-
riodicity of turbidite graded cycles observed
in cores recovered from Sites 210 and 287. At
Site 210, the largest frequency and pe-
riodicity of deposition of graded turbidite cy-
cles occurred coevally with early Pliocene
uplift of the Owen-Stanley Range (Davies and
Smith 1971). The time-delay in turbidite de-
position during Miocene time is attributed in
part to the great distance of this site from
terrigenous sources, as well as a delay in es-
tablishing a mature-enough river system to
generate a sufficiently large sediment yield
into the basin. The large turbidite frequency
and shorter periodicity during early Pliocene
time is concurrent also with a high stand of
sea level (Vail et al. 1977).

A progressive change in frequency and
periodicity of turbidite deposition at Site 210
occurred during the Late Pliocene and Pleis-
tocene (table 1), indicating either a cessation
of uplift or decreasing rates of tectonic uplift
and associated decreasing sediment yields
(cf. Yoshikawa 1974) in the Owen-Stanley
Range. At Site 287, the more distal fan site,
turbidite cycles were deposited no earlier
than Late Pliocene and continue to the pres-
ent but show an increase in preserved turbi-
dite frequency and periodicity from Late
Pliocene through Late Pleistocene time. This
increase may well be caused by larger rates of
denudation and sediment yield associated
with increased relief triggered by global Pleis-
tocene eustatic sea level fall.

In the Sea of Japan, outer levee, channel,
and overbank sediments were recovered at
Site 299 (Karig, Ingle et al. 1975; Boume
1975; Nash 1981). Individual turbidites are
organized also into graded cycles (Bouma
1975, p. 494, his table 1), derived from the
Hida Range of Honshu Island, Japan, and en-
compass a time-stratigraphic interval from
perhaps as early as Late Miocene to the
Holocene.

The history of tectonic uplift, volcanicity,
and sediment yield in the Hida Range is
known since Late Miocene time. Tectonic
uplift rates for the Hida Range of Honshu
were negligible during the Miocene and
Pliocene (Sugi et al. 1983; Matsuda et al.

TABLE 1
TemPORAL DisTRIBUTION OF GRADED CycLES IN CORAL Sia Basin

SITE 287

SITE 210

Periodicity
of Turbidite

Peripdicity

Events
(in Years)

Number Frequency
of o

Events

of Turbidite
(in Years)

Frequency
of
Cycles*

Number
of

Process

Cycles”

Cycles

N

Cycles

Age

SEA LEVEL
CHANGES

15,152

50,000
100,000

33 66

17,241
13,333

11,111

58
60
126
370

244

58
50
63

Late Pleistocene

16
14
000
000

Early Pleistocene
Late Pliocene

UPLIFT,
OWEN-STANLEY

000

000

000
000

4,865
28,688

185

Early Pliocene
Late Miocene

122

RANGE

“Corrections as per Klein (1984).
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(in Years)

(in Years) Cycles Cycles”

Cycles”

Cycles

Age

SEA LEVEL
CHANGES

15,152

50,000
100,000
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OWEN-STANLEY

000
000
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126
370
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58
50
63

Late Pleistocene

Early Pleistocene
Late Pliocene

185

Early Pliocene
Late Miocene

122

RANGE

2Corrections as per Klein (1984),
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1967). During Quaternery time, however, the
Hida Range experienced tectonic uplift rates
ranging from 1.0 to 1.5 km (equivalent to up-
lift rates of 555 to 833 m per million years) in
response to collision tectonics (K. Nakamura
personal comm. November, 1983). This tec-
tonic uplift is coeval with a marked increase
in andesitic volcanism (Sugimara et al. 1963).
Surveys of sediment yield from present rivers
in Honshu show that the furthest upstream
reservoirs are largest in the Hida Range in
comparison to small sediment yields in ad-
joining areas of low relief and smaller rates of
tectonic uplift (Yoshikawa 1974; Ohmori
1978; Tanaka 1982). The post-Miocene rate of
sediment accumulation in Honshu Island ba-
sins also parallels the rate of tectonic uplift of
the Hida Range (Niitsuma 1978).

Table 2 summarizes the preserved turbidite
frequency and periodicity from the Toyama
submarine fan at Site 299. These data show a
progressive increase in preserved turbidite
frequency and decreased periodicity from
Pliocene time to Late Pleistocene time, paral-
lelling the tectonic uplift history of the Hida
Range sediment source. Deposition of Toya-
ma submarine fan sediments, therefore, cor-
relates with a time of known large rates of
tectonic uplift, andesitic volcanism, and large
rates of sediment yield in the Hida Range.
Although this time period was also a time of
lower sea level (Vail et al. 1977), the amount
of increased relief by sea level reduction in
Toyama Bay during the Pleistocene is 10% or
less of the tectonic uplift rate (Klein 1984)
and represents only a minor factor in increas-
ing sediment yield and the frequency and pe-
riodicity of preserved turbidites on the To-
yama submarine fan.

Late Early-to-Middle Miocene submarine
fan deposition was observed at Site 297 in the
northern part of the Shikoku Basin; these
sediments were derived from the southern
part of Honshu Island (Karig 1975; Karig In-
gle et al. 1975). Deposition occurred concur-
rently with a period of maximum volcanism
in Japan (Sugimara et al. 1963) and a major
period of tectonic uplift on southern Honshu
Island (Matsuda et al. 1975; Sugi et al. 1983).
Fan deposition ceased when sediment from
the Japanese Island arc was diverted into the
Nankai Trough during Early Pliocene time
(Karig 1975; Karig Ingle et al. 1975). The fan
deposition in the Shikoku Basin during a time

of known large tectonic uplift rate and in-
creased volcanism is similar to the tectonic
and sedimentary relationship observed in the
Toyama submarine fan.

Both debris flows and submarine fan sedi-
ments have been observed in DSDP sites in
the West Philippine Basin, Mariana Trough,
New Hebrides Basin, South Fiji Basin, and
the Daito Basin (figs. 7 through 11). The
sources of all these fans, except in the Daito
Basin, are known, and the timing of andesitic
volcanism in these sources is shown in figures
7 through 10. A correlation can be established
between fan deposition and andesitic volcan-
ism in source terrains in all cases except the
South Fiji Basin, where a time-lag is indi-
cated. Because no data exists on past or cur-
rent rates of tectonic uplift in these andesitic
source terrains, correlation cannot be estab-
lished between tectonic uplift rate and fan de-
position. Nevertheless, coeval fan deposition
and andesitic volcanism suggests that in-
creased relief by a volcano-building process
is a prerequisite for fan deposition in these
cases.’ .

The absence of submarine fan depositional
systems in other back-arc basins implies that
the adjoining island arcs did not undergo a
history of significant tectonic uplift. For in-
stance, Pagan Island in the Mariana Arc
reached a present-day elevation of 800 over
the past 2 m.y. (Hussong, Uyeda et al. 1981),
an uplift rate of 400 m per m.y. This rate is
half of the rate of tectonic uplift determined
for Rota Island in the Mariana Arc (Yonekura
1982, 1983). Site 456 adjoins Pagan Island,
yet no submarine fan system occurs there;
only debris flow pyroclastic aprons occur at
Site 455, which is located closer to Pagan Is-
land (fig. 8). It appears that a tectonic uplift
rate greater than 400 m per m.y. approxi-
mates the minimum rate needed to generate
the requisite sediment yield to develop sub-
marine fans.

In summary, submarine-fan and debris
flow deposition in back-arc basins requires
large rates of uplift in their source areas, with
or without associated andesitic volcanism, as
demonstrated by analysis of turbidite pe-
riodicity and timing of fan deposition in the
Coral Sea Basin, the Sea of Japan, and the
Shikoku Basin, where increased rates of tec-
tonic uplift may (Honshu Island) or may not
(Owen-Stanley Range) be coupled with vol-
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TABLE 2

TempoRAL DisTRIBUTION OF GRADED TURBIDITES, SITE 299

Periodicity
Number Frequency of
of of Turbidite
Turbidite Turbidite Events
Age Cycles Cycles® (in Years) Process
Late Pleistocene 161 161 6,211 UPLIFT,
Early Pleistocene 52 52 15.384 VOLCANISM
Late Pliocene (?) AND SEA LEVEL
Early Pliocene (?) 69 86 102,232 CHANGES

Late Miocene (?)

*Correction as per Klein (1984).

canism. A time-delay between tectonic uplift
and the onset of fan deposition is controlled
by the time required to develop a drainage
system large enough to generate sediment
yield into the back-arc basins. Most of the
sediment eroded from these tectonically up-
lifted zones is transported by means of low-
gradient, short-length streams lacking a
coastal plain. Consequently, the bulk of this
sediment accumulates on submarine fans re-
gardless of sea level fluctuations. The ab-
sence of submarine fans in back-arc basins
implies that potential sources, mostly island
arcs adjoining the basins, were not subjected
to large rates of tectonic uplift.

CONCLUSIONS

The sediment fills of the back-arc basins of
the western Pacific Ocean are characterized
by a large variety of sediment types whose
distribution is controlled by an equally vari-
able number of sediment processes. Pro-
cesses controlling deposition in these basins
include latitudinally-controlled biogenic pro-
ductivity and oceanic circulation (for bio-
genic pelagic carbonate and biogenic silica
pelagic sediments), continental sediment
yield and climate (for hemipelagic clays and
silty turbidites), regional voicanism and wind
patterns (for pyroclastic aprons and ash
beds), basin subsidence (for pelagic clays),
and either large rates of uplift in source ter-
rains or a coupling of andesitic volcanism and
large rates of uplift of andesitic volcanic arc
sources (for submarine fans and debris
flows). Figure 14 shows a schematic sum-
mary of these sediment types in a series of
back-arc basins flanking a subduction zone

extending from pole to pole; it shows also the
effect of continental land masses, latitude,
uplifting arcs and sources, and basinal subsi-
dence below the CCD to indicate the variety
of sediment combinations possible within in-
dividual or multiple back-arc basins.
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In the back-arc basins of the western
Pacific, tectonics control sedimentation in
these basins in two direct ways. First, it de-
termines the water depth of deposition,
which controls the preservation of pelagic
biogenic carbonates. Second, if tectonic up-
lift rates in source areas are large, a sediment
yield is generated which accumulates in the
back-arc basins as debris flows and sub-
marine fans. Such uplift occurs in areas of
plate convergence by obduction and colli-
sions, or areas of andesitic volcanism with
associated volcano building. In andesitic
arcs, tectonic uplift is followed by a time lag
required to generate appropriate relief and
relatively well established drainage systems
so as to provide a sufficiently large sediment
yield to develop submarine fans and debris
flows in the back-arc basins. A close correla-
tion exists between large frequency and
short-term periodicity of turbidite deposition
on submarine fans (tables 1 and 2) and large
rates of tectonic uplift in three basins (Coral
Sea, Sea of Japan, Shikoku) and demon-
strates clearly the role of tectonic uplift as a
variable on submarine fan and debris flow de-

DEPTH OF DEPOSITION

-

Filuvial. lacustrine and eohan processes
/Wave tidal. channel. storm. and jel flow processes

position. This tectonic uplift masks the role
of sea level fluctuations on fan sedimentation.
Recognition of ancient counterpart back-arc
basins requires determination of the geo-
graphic position of such a basin on the over-
riding plate of a paleo-subduction zone, a
basement of tholeitic basalt, and a variability
of sediment styles, rather than a specific sedi-
ment association.

The depth of the depositional surfaces in
the back-arc basins of the western Pacific oc-
curs within a limited deep-water range which
controls the variety of sediment processes in-
terpreted from DSDP sediment cores. The
role of water depth on sedimentation is well
known (fig. 15), but less appreciated is the
role of tectonics in controlling water depth. It
seems appropriate, therefore, to compare
briefly the water depths of sediment deposi-
tion and associated depth-dependent pro-
cesses of sedimentation with broad tectonic
settings, because identical water depths oc-
cur in different tectonic settings (fig. 15). For
that reason, nonmarine, coastal, and shelf de-
-positional systems tend to show a greater de-
gree of preservation in rifted basins, cratons,

GEOTECTONIC ELEMENT

Cratons Passive Active
Margins Margins

Tides storms and wave-generated current processes

Shides slumps debris flow
contour current and lurbidity
currenl processes

Turbidity Curreni
debns tlow.
ocean current_ air-tall.

turbid layer flow
and organic
produclivily processes

e

Fic. 15.—Comparison of depositional processes and depth zonation with tectonic setting. W_idlh of bands
for tectonic setting show relative degree of preservation of depth zones in each tectonic setting shown.
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and passive margins. Preserved slope and
continental rise systems occur in relatively
equal proportions in both passive and active
continental margins. Deep-water sediment
systems are preserved in trenches, back arc
basins, fore arc basins, mid-ocean ridges, and
deep, subsiding ocean basins. Because the
distribution of tectonic setting overlaps so
many zones of water depth (fig. 15), a large
variety of sediment systems and sediment
processes will occur with respect to tectonic
domain, and the association of variable sedi-
ment types with a specific tectonic settling
will be a function of the preserved water
depth within that tectonic domain. Thus, it is
water depth that appears to be the key link
that correlates sedimentation and tectonic
processes and, at the same time, accounts for
recurring patterns of sediment variability.
Expressed in another way, tectonic pro-
cesses control the distribution of water depth
zones in a specific tectonic domain, and this
water depth distribution controls in turn the
distribution of sediment processes and
lithologies.
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