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ABSTRACT

At Site 585 in the East Mariana Basin, a 900-m section of Aptian-Albian to Recent sediments was recovered. The
upper 590 m are pelagic components (carbonate, siliceous, and clay); small-scale graded sequences and laminations are
common. The underlying sediments are volcaniclastic sandstones with a large proportion of shallow-water carbonate
debris; sedimentary structures including complete Bouma sequences, cross-laminae, and scouring are common. These
structures indicate that the entire section was deposited by turbidity currents. The change in lithology upward in the sec-
tion reflects the evolution of the surrounding seamounts, from their growth stages during the middle of the Cretaceous
to the later subsidence phases. Several black layers containing pyritized organic debris and associated turbidite struc-
tures were cored near the Cenomanian/Turonian boundary; this material has been transported from the flanks of the
seamounts where it was deposited within a shallow anoxic zone. Seismic data extends the stratigraphy across the entire
Basin, showing the reflectors onlapping the seamounts, and indicating at least 1200 m of sediment at Site 585. The crust
is placed at 6900 m after correcting for sediment loading, and the subsidence curve indicates that the Basin has been
deeper than 5500 m since before the Aptian.

INTRODUCTION

Site 585 was drilled in the East Mariana Basin at a
water depth of about 6100 m. This Basin is encircled by
the Caroline Seamounts and the Magellan Seamounts
(Fig. 1). The crust at this site is Jurassic in age, on the
basis of its depth and the extrapolation of spreading rates
from Mesozoic magnetic anomalies (Shipley et al., 1983).

One of the significant aspects of the sediments drilled
at Site 585 is the extent of resedimented material through-
out the entire section. There is a marked change in the
sediments from basal volcaniclastic-rich turbidite sands
up to turbidites of partially winnowed pelagic compo-
nents interbedded with zeolitic clay stone. This sequence
records the growth and subsidence history of the Basin
and the numerous seamounts that surround it.

In this chapter we present a sedimentologic descrip-
tion of the turbidites. Petrographic and petrologic as-
pects are treated in greater detail elsewhere in this vol-
ume (Baltuck; Floyd; Haggerty and Premoli Silva). Our
discussion includes evaluations of both the gross mor-
phologic changes between the units and the finer-scale
changes within the basal volcaniclastic unit. We also pre-
sent an interpretation of the sedimentation history with
particular emphasis placed on the subsidence history of
the Basin and the nearby volcanic edifices.

1 Moberly, R., Schlanger, S. O., et al., Init. Repts. DSDP, 89: Washington (U.S. Govt.
Printing Office).

2 Addresses: (Whitman) Geological Research Division, A-008, Scripps Institution of Ocean-
ography, University of California, San Diego, La Jolla, CA 92093; (Baltuck) Dept, of Geo-
logical Sciences, Tulane University, New Orleans, LA 70118; (Haggerty) Dept, of Geosci-
ences, University of Tiilsa, 600 S. College Ave., Tulsa, OK 74104; (Dean) U.S. Geological Sur-
vey, Box 25046, MS 940, Denver Federal Building, Denver, CO 80225.

SITE 585 SEDIMENTS

Lithologies Drilled at Site 585
Two holes were drilled at Site 585. The first hole (585)

was washed to 256 m after one core was collected at the
sediment/water interface and then cored continuously
until drilling was impeded at 764 m. The second hole
(585A) was spot-cored in a few intervals of interest (Cre-
taceous/Tertiary boundary, the Cenomanian/Turonian
boundary), then cored continuously below 772 m until
bit failure at 893 m.

The sediments recovered at this site are divided into
six units on the basis of composition and degree of dia-
genesis and lithification (Table 1). The upper five units
(I-V) are composed primarily of pelagic components with
varying proportions of carbonate, siliceous debris, and
clay. The sediments are generally fine clays and silty clays,
with radiolarian-rich sandy layers occurring primarily in
Unit V. Unit VI is composed of volcaniclastic material
with grain sizes ranging from clay to cobble-sized clasts.

Evidence for sediment reworking exists throughout the
section. Diagnostic features include the occurrence of
shallow-water carbonate material, the discordant ages
of microfossils, internal sedimentary structures, and high
sedimentation rates.

Shallow-water carbonate material is common in the
lower third of the section (590-893 m); this debris includes
benthic foraminifers, echinoid fragments and spines, rare
algal fragments, sponge spicules, bryozoans, mdist frag-
ments, and ooids. Fauna typically associated with reefal
environments, such as mdist fragments and abundant
algal debris, are rare.

Sedimentary structures indicative of resedimentation
include partial or complete Bouma sequences, basal scour,
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Figure 1. Regional bathymetry of the western Pacific with locations of DSDP sites indicated, (after Chase et al., 1970, 1971; depths are in fathoms).
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TURBIDITE SEDIMENTOLOGY AND HISTORY

Table 1. Lithologic units at Site 585.

Unit

I

II

III

IV

VA

VB

vc

VI

Lithology

Nannofossil ooze, clay-bearing
nannofossil ooze, and clay

Nannofossil chalk, silicified
limestone, chert, and
zeolitic claystone

Zeolitic claystone, nannofossil
claystone, and clayey
nannofossil chalk and
chert

Chert and claystone

Brown and olive black clay-
stone

Dark gray claystone

Calcareous claystone, radio-
larian claystone, and
clayey limestone

Graded sequences of volcano-
genie sandstones, silt-
stones, and claystones

Cores
(hole-core range)

585-1

585-2-17
585A-1-3

585-18-20

585-21-26
585A-4
585-27-28

585-29-23
585A-5-9
585-34-37
585A-9.CC-10

585-38-55
585A-11-22

Sub-bottom
depth (m)

0-6.8

256-399

399-426

426-485

485-504

504-550

550-590

590-893

Thickness
(m)

6.8

143

27

59

19

46

40

303

Age

Recent to lower Pleistocene

Middle Miocene to Maestrichtian

Maestrichtian to upper Campanian

Campanian

Campanian

Coniacian to upper Cenomanian

Cenomanian to middle Albian

Middle Albian to upper Aptian

and graded bedding. The accumulation of carbonate ma-
terial at depths far below the calcite compensation depth
(CCD) also suggests transport from a shallower source
and rapid burial.

Unit I (585-1; 0-6.8 m sub-bottom)
Unit I represents the upper 6.8 m of sediments at this

site. The sediments of Unit I are Recent and Pleistocene
in age, with 1.5 m of brown clay overlying 5 m of nan-
nofossil ooze. The carbonate ooze was deposited at a
depth of about 6100 m in a region where the CCD is at
about 4500 m (Berger and Winterer, 1974), which strong-
ly suggests that the sediments were redeposited.

Unit II (585-2-17, 585A-1-3; 256-399 m sub-bottom)
Unit II contains middle Miocene to Maestrichtian nan-

nofossil chalk, silicified limestone, chert, and zeolitic clay-
stone. The abundant chert and silicified limestone in-
hibited coring, and recovery for the entire unit averaged
less than 18%. No sedimentary structures were observed,
and the softer lithologies interbedded with the cherts were
not recovered. Claystone beds range in thickness from
10 to 60 cm, and the nannofossil-rich layers reach thick-
nesses of greater than 3 m. The presence of nannofossil
chalk again suggests that carbonate material was trans-
ported into the Basin from a shallow site of initial
accumulation.

Unit III (585-18-20; 399-426 m sub-bottom)
The sediments of Unit III consist of Maestrichtian to

upper Campanian zeolitic claystone, nannofossil clay-
stone, and minor nannofossil chalk and chert. Claystone
dominates this unit, layered with varying amounts of
CaCO3 as nannofossils and unspecified carbonate, but
there is less carbonate material than in Unit IL Subtle
grading is observed in the thin laminae near the bases of
carbonate-rich beds. The laminae contain silt-sized ashy
material and grade up into zeolite-bearing calcareous
claystone.

Unit IV (585-21-26, 585A-4; 426-485 m sub-bottom)

Unit IV (Campanian) had the lowest recovery of all
the units (averaging about 3%), with the sediments con-
sisting of chert and claystone. There is obvious layering
in some of the larger chert fragments. Microscopic ex-
amination reveals that these cherts formed from silicifi-
cation of graded carbonate grainstones (Baltuck, this
volume).

Unit V (585-27-37, 585A-5-10; 485-590 m
sub-bottom)

Campanian to middle Albian sediments were recov-
ered in Unit V. The dominant lithology is claystone.
Varying proportions of zeolites, carbonate material, and
radiolarian sandstones were used to subdivide the unit
into three subunits. Laminations and graded beds are
common in each of the three subunits.

Subunit VA (485-504 m) is composed of Campanian
dark reddish brown and olive black zeolite-bearing clay-
stone. Most samples contain less than 10% silt (zeolite,
fledspar, volcanic glass, and iron oxide). Light green silty
laminations are common, and some of these layers ap-
pear to form the bases of graded sequences.

The Coniacian to upper Cenomanian Subunit VB (504-
550 m) is composed of dark gray claystone with variable
amounts of calcareous, siliceous, and organic material.
Laminations, graded intervals, and discrete layers or lenses
of sand can be distinguished. The sand-sized compo-
nent consists primarily of recrystallized radiolarians. In
many cases, the sand layers form the bases of fining-up-
ward sequences, some of which exceed 3 m in thickness.

Four thin black layers are present near the Cenoma-
nian/Turonian boundary. Two layers have high concen-
trations of organic carbon (up to 9.9%), whereas the
other two layers are not rich in organic carbon (Site 585
report, this volume). The uppermost layer of organic mat-
ter occurs at the silty base of a turbidite (Fig. 2). The or-
ganic-carbon content of this black layer is about 0.25%.
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Figure 2. A. Radiolarian-rich silty claystone turbidite in Subunit VB (Sample 585-32-3, 15-27 cm, 534.4 m sub-bottom depth) showing basal 2-mm-
thick, organic carbon-rich layer (at 25 cm). Pyrite flecks up to 1 cm long occur in fining-upward sequence over a 3-m interval (Samples 585-32-1,
0 cm to 585-32-3, 25 cm). B. Same turbidite, sampled slightly upsection (Sample 585-32-1, 104 cm) of the interval in 2A. Core is cut parallel to
stratification, showing pyrite flecks in plane of deposition. Bar scale = 1 cm.

Flecks of organics are oriented parallel to stratification,
and the size and abundance of the flecks increase down-
ward over a distance of about 3 m to a 2-mm-thick black
layer. The bottom few centimeters of this turbidite are
laminated, and the laminations contain recrystallized ra-
diolarians, organic debris, and rare benthic foraminifers
mixed with clay (Fig. 3). The organic debris is partially
pyritized, which probably had occurred prior to trans-
port by the turbidity current. If this organic material
had been pyritized after deposition, the particles would
not have responded as a higher-density component with
the siltstone.

The second black layer containing 5.4% organic car-
bon also occurs at the base of a turbidite. The upper di-

vision of this turbidite is a burrowed dark gray claystone.
The sequence grades downward through silt-bearing clay-
stone containing black flecks of organic matter to a dark
gray silty claystone containing radiolarians and foramini-
fers. The base of the turbidite is distinguished by paral-
lel laminations and cross-laminations (Fig. 4), contain-
ing divisions B-E of the Bouma sequence (Middleton
and Hampton, 1973).

The other two black layers were recovered in Hole
585A. The third layer is in a silty claystone containing
recrystallized radiolarians; the organic-carbon content
of the black layer is 1.45%. The bed forms the base of a
fining-upward sequence peppered with black flecks that
continues throughout Core 585A-8.

368



TURBIDITE SEDIMENTOLOGY AND HISTORY

Figure 3. Photomicrographs from base of organic carbon-rich turbidite deposit, Sample 585-32-3, 20-23 cm. Bar scale = 0.5 mm.
A. Basal portion of deposit contains abundant recrystallized radiolarians, organic detritus, and rare benthic foraminifers mixed
with clay. The clay content varies, which gives the appearance of layering. B. Area of sample immediately overlying the location
shown in 3A. Note the distinct change to a more clay-rich portion of the turbidite. The large clasts of organic detritus are elon-
gated and aligned parallel to the laminations in the silty claystone as well as in the claystone.

The last of the black layers has a very different litho-
logic association from the others recovered at this site.
The 4-mm-thick black band contains less than 0.1% or-
ganic carbon and occurs within a fragment of laminated
radiolarian-bearing siltstone. The siltstone is overlain by
fragments of brightly colored red, brown, and yellow
chert containing flecks and lenses of pyrite up to 1 mm
in largest visible dimension. The layer is not graded, and
the concentration of material in the black band may have
been produced by the chertification process.

Subunit VC (550-590 m) is composed of Campanian
to middle Albian claystone with variable concentrations
of carbonate material and radiolarians. Grain size varies
considerably within this subunit, and laminated beds con-
taining over 50°7o sand are common throughout the in-
terval (Fig. 5). The darker basal layers in several beds are
formed by concentrations of radiolarians.

In summary, the sediments of Units I through V con-
tain primarily redeposited pelagic components. Small-
scale graded sequences and laminations are common and
increase in frequency toward the base of the section. The
bases of the graded sequences are concentrated in volca-
niclastic debris and radiolarians. Radiolarian-rich turbi-
dites are particularly common in Unit V, and organic-
carbon-rich layers are unique to Subunit VB.

Volcaniclastic Turbidites—Unit VI

Unit VI (middle Albian to upper Aptian, 590-893 m
sub-bottom) contains volcaniclastic sandstone, dominated
by hyaloclastic debris in various shades of green. The
clast types include altered volcanic glass, volcanic lithic
and crystalline fragments (feldspar, olivine, clinopyrox-
ene, and other heavy minerals), celadonite, and zeolites
(Floyd, this volume).

Some beds of Unit VI contain large amounts of car-
bonate debris or mixed carbonate and volcaniclastic ma-
terial. The carbonate component of these beds is domi-
nated by shallow-water debris, which includes ooids, ben-
thic foraminifers, algae, bryozoans, and mdist fragments
(Haggerty and Premoli Silva, this volume). Some con-
tribution from pelagic microfossils is also apparent. The
concentration of the shallow-water carbonate components
at the base of these turbidite deposits is due almost en-
tirely to the coarser grain size and greater density of the
carbonate clasts.

Turbidites dominated by carbonate debris are more
common in the upper part of Unit VI, whereas below
Core 52 (732 m sub-bottom), the turbidites contain mostly
volcaniclastic material. Figure 6A displays coarse-tail grad-
ing within Bouma division A of a carbonate-rich turbi-
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Figure 4. Organic carbon-rich turbidite in Subunit VB (585-32-3, 65-
76 cm) with parallel laminations and cross-laminations in the inter-
val 69-73 cm overlying the 2-cm-thick organic carbon-rich pyritic
black layer of silty claystone at 72-74 cm (534.9 m sub-bottom
depth).

dite; the coarser-grained sediment in this example is pri-
marily ooids and skeletal debris within a mud matrix
(Fig. 6B). More typically, the basal Bouma division A
contains little mud matrix (Fig. 6C). Opaque and heavy
minerals that are concentrated in Bouma division A are
also found at the bottoms of ripples and wavy lamina-
tions in division C.

A great range of grain sizes is represented by the sedi-
ments of Unit VI. The turbidites of the upper portion con-
tain coarse sandstone and conglomeratic sandstone. The
lowermost beds (838-893 m sub-bottom, Cores 585A-16
to -22) are poorly sorted, and clast size ranges up to cob-
ble. This portion of the unit is interpreted as debris-flow
deposits (Site 585 report, this volume).

Sedimentary structures, including complete and in-
complete Bouma sequences (Figs. 7 and 8), cross-lami-
nae (Fig. 9), scouring (Figs. 8, 9, and 10), and load casts
(Figs. 11 and 12) are common. The tops of many of the
turbidites grade upward into the pelitic Bouma division
E with clay of various colors ranging from reddish brown
to very dark gray to light greenish gray. Some of the

20 r-

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35 L

Figure 5. Thinly laminated nannofossil-bearing limestone of Subunit
VC (585-34-2, 20-35 cm). Dark layers are formed by concentra-
tions of radiolarians. (Sampled at a sub-bottom depth near 550 m.)

claystone has a significant proportion of carbonate ma-
terial (unspecified carbonate and nannofossils) and there
is abundant evidence of bioturbation. The burrows are
commonly distinguished by sediment fill different from
that which surrounds them or by differential cementa-
tion. Thickness of the pelitic intervals reaches a maxi-
mum of 150 cm and bioturbation is better developed in
thicker pelitic divisions (Figs. 7 and 10).
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Figure 6. A. Photomicrograph of Sample 585-38-1, 45-50 cm displays coarse-tail grading within Bouma division
A. (Plane polarized light; bar scale = 2.0 mm.) B. Photomicrograph of same sample as in 6A. The coarser-
grained sediment is primarily ooids and skeletal debris in a mud matrix. (Plane polarized light; bar scale =
0.5 mm.) C. Photomicrograph of Sample 585-43-2, 58-60 cm. Typical basal Bouma division A of carbonate-
rich turbidite deposits with little mud matrix. (Plane polarized light; bar scale = 2.0 mm.)

Many of the coarser volcaniclastic sandstones at the
bases of turbidites contain clasts up to a few centimeters
in diameter. Clast types include basalt, claystone, vol-
canic glass, and shallow-water carbonate debris (Figs. 13
and 14).

In summary, thick, middle Albian-upper Aptian tur-
bidites are abundant between 590 and 893 m sub-bot-
tom depth, and sedimentary structures are indicative of
scouring and high velocities of transport. The thickness
of the section demonstrates that large volumes of mate-

rial were produced largely through volcanic processes,
then transported and redeposited in the Mariana Basin.

Turbidite Thicknesses

The thicknesses of the turbidites in Unit VI vary from
2 cm to almost 400 cm (Core 52, Hole 585). The average
recovery in this unit was 51%. In general, the carbonate
turbidites are thinner (less than 30 cm), whereas thicker
turbidites are composed of volcaniclastic debris. In rela-
tive terms, thinner turbidites are present throughout the
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Figure 7. Carbonate-rich volcaniclastic turbidite with all Bouma divi-
sions (A-E) present (585-39,CC [0-20 cm], Unit VI). Bioturbation
present in interval 2-7 cm (Bouma division A). Cross bedding in
interval 12-15 cm (Bouma division C).

unit, but the abundance of thicker turbidites increases
with depth (Figs. 15 and 16; Table 2). This is particular-
ly obvious in the distribution of individual turbidites
greater than 50 cm; this thickness appears to be an aver-
age cut-off between the few very thick turbidites and the
more common "background thickness" (Fig. 15). The
occurrence of very thick turbidites (> 150 cm) is scat-
tered below a sub-bottom depth of 640 m, showing a
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Figure 8. Truncated sequences of carbonate-rich sandstones and silt-
stones in Unit VI (585-39.CC [20-41 cm]). Note scoured surfaces
at 32 and 33 cm.
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Figure 9. This core from Unit IV (585A-H5-5, 20-50 cm) contains a
particularly thick interval (22-36 cm) of cross-bedding in carbon-
ate-rich volcaniclastic sandstone. The transition from the upper-
flow regime (graded division [A] and lower division of parallel lami-
nation [B]) to the lower-flow regime (division of current ripple lami-
nation [C] and upper division of parallel lamination [D]) is well
illustrated. Note scoured base at 47 cm.

slight increase in frequency with depth. The peak in tur-
bidite thickness occurs in the interval from 710 to 730 m
sub-bottom (Cores 51 and 52), where two layers of thick-
ness greater than 350 cm were recovered. Both of these
turbidites are graded from coarse volcaniclastic sandstones
up to burrowed clay stones, with intervals dominated by
laminations in silty claystone.

ORIGIN OF THE TURBIDITES
Seamounts have played a major role in the history of

sedimentation in the East Mariana Basin. The Basin is
bordered by the Caroline Seamounts to the south and
the Magellan Seamounts to the north (Figure 1). The sed-
iments of Unit VI record a growth phase of the seamounts
surrounding Site 585. The hyaloclastic debris in this unit
was produced by the explosive interaction between mag-
ma and seawater, which shows that the eruption of this
material occurred close to sea level. Debris flows in the
lower part of the unit contain large basalt clasts, sug-
gesting a rapid growth phase of the seamounts. Large
amounts of debris accumulated on the volcanic edifices
and were redeposited into the Basin. The thick, well-de-
veloped turbidites above the debris-flow deposits con-
tain primarily hyaloclastic debris. Turbidite thickness de-
creases in the uppermost part of this unit, suggesting
that the volume and rate of supply of the material may
have decreased. Sedimentation rates of Unit VI are high,
at least 40 m/m.y. (Fig. 17); this rapid rate of supply
probably corresponds to a major growth phase of the
seamounts.

Deposition of Unit VI took place during the late Ap-
tian to middle Albian (Site 585 report, this volume) over
a maximum of 9 m.y. We studied the sedimentation rate
of division E by compiling the cumulative thicknesses of
the pelitic division of Unit VI turbidites and dividing
the total by 9 m.y. Placement of the boundary between
divisions D and E was based on visual core descriptions
corroborated where possible by shipboard smear-slide
analyses; division E was restricted to sediment contain-
ing a clay fraction > 88%. The sedimentation rate so ob-
tained is 2.2 m/m.y., more than twice that of pelagic red
clay (Bouma and Hollister, 1973). Thus we conclude that
the pelitic division of Unit VI contains a significant ad-
mixture of transported material.

The number of turbidites in the recovered section is
415, which corresponds to an average of about 22 thou-
sand years between turbidity current flows. However, the
numerous scoured basal contacts and missing upper di-
visions of turbidite sequences demonstrate the erosive
nature of the turbidity flows, which could increase the
apparent length of time between flows.

Shallow-water carbonate debris recovered throughout
the unit includes ooids and biogenic debris from fora-
minifers, echinoids, bryozoans, rudists, and shallow-wa-
ter algae. The presence of ooids indicates a source that
was very close to sea level. The admixture of ooids in the
volcaniclastic sediments suggests that the volcanic sources
were topped with shallow-water carbonate deposits. At
Site 202, drilled on Ita Maitai Guyot south of Site 585
(Fig. 1), a 30- to 40-m-thick layer of oolitic limestone
older than middle Eocene was recovered (Heezen, Mac-
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Figure 10. A. Unit VI volcaniclastic turbidite (585-54-3, 27-50 cm) with scoured base (at 47 cm). Note parallel laminations beneath scoured base sug-
gesting that the underlying turbidite was truncated. B. Photomicrograph of Sample 585-54-3, 47-49 cm showing small-scale groove cutting into
the underlying sediment. These sediment particles are deposited as low-angle cross-bedding within Bouma division C. The major components in
the basal sands cutting into the claystone are volcanic fragments and ooids containing volcanic fragments in their cores. The volcanic fragments
are commonly concentrated on the underside of each cross-lamination and enhance the appearance of the sedimentary structure. (Plane polar-
ized light; bar scale = 2.0 mm.) C. Photomicrograph of same sample shown in 10B. (Plane polarized light. Bar scale = 0.5 mm.)

Gregor, et al., 1973b), indicating that this seamount was
at or near sea level when the sediments were deposited.
We envision a similar setting for the source of shallow-
water carbonate clasts preserved in Unit VI.

Many turbidites in the uppermost part of Unit VI are
composed primarily of carbonate material; the carbon-
ate sands are interlayered with dominantly volcanogenic
and mixed carbonate and volcanogenic turbidites. The
proportion of carbonate turbidites is greatest toward the
top of the unit, suggesting that the supply of volcano-

genic material decreased while the supply of shallow-
water carbonate material increased. At the same time
carbonate material derived from pelagic sources became
more important. The carbonate debris in the lower part
of this unit contains rudist and algal fragments typically
associated with reefal environments. In the upper part
of this unit, these fragments are noticeably lacking (see
discussion in Site 585 report, this volume).

In the overlying Unit V, the sedimentation rate de-
creases to about 5 m/m.y. (Fig. 17). The primary lithol-
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Figure 11. Load casts in sandstone bases of volcanogenic turbidites
(585-43-4, 52-57 cm, Unit VI) overlying claystone tops of other
turbidites (at 54 and 56 cm).

Figure 12. Well-developed load cast (at 124 cm) formed at boundary
between overlying volcanogenic sandstone and underlying claystone
(585A-13-1, 122-127 cm, Unit VI).

ogies in this unit are middle Albian to Campanian clay-
stones containing varying proportions of zeolites, car-
bonate material, and radiolarian sandstones. Graded
sequences contain radiolarians as the coarse component.
However, no shallow-water carbonate debris was recov-
ered in this unit and there is a marked decrease in the
proportion of volcanic debris.

The black layers recovered near the Cenomanian/Tu-
ronian boundary in Subunit VB yield organic carbon
values close to 10%. The pyritized organic debris in these
layers is composed of single-celled marine algae and di-
no flagellates (see the section on Organic Geochemistry,
Site 585 report, this volume), which implies that the ma-
terial was produced in the oceanic photic zone.

Several Cretaceous intervals are noted for the wide-
spread occurrence of organic carbon-rich sediments. These
layers have been found worldwide in association with the
Cenomanian/Turonian boundary, both on land and in
the major ocean basins (Schlanger and Jenkyns, 1976;
Thiede and van Andel, 1977; Arthur and Schlanger, 1979;
Jenkyns, 1980; Schlanger and Cita, 1982; and Dean et
al., 1984). The occurrence of these layers is indicative of
an anoxic environment. The recovery of anoxic sediments
from a variety of open-ocean settings (plateaus, sea-
mounts, and continental margins), as well as from smaller
restricted basins, suggests that the cause of the anoxic
conditions was global in nature (Schlanger and Jenkyns,
1976). Schlanger and Jenkyns (1976) proposed that the
Cretaceous was marked by the development of expand-
ed oxygen minimum zones that spanned depths from

Figure 13. Coarse sandstone from debris flows of Unit VI, recovered
near bottom of hole (585A-18,CC). Large (up to 5 cm) rounded
basalt clasts are present, with sand-sized grains of hyaloclastic de-
bris, claystone, and abundant shallow-water carbonate debris. Ooids
are distinguished by their light color and perfectly round shape.
Note the white zeolitic cement rims around many of the grains.
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Figure 14. Photomicrograph of Sample 585A-19-3, 15-18 cm. The car-
bonate debris (ooids, oncoids, abraded mollusk fragments, and an
orbitolinid) appears to be floating in the volcaniclastic components
of the turbidite deposit. (Plane polarized light; bar scale = 2.0 mm.)

300 to 3000 m. The oxygen minimum zone resulted from
a global transgression leading to the increased produc-
tion of organic carbon in the ocean and a synchronous
global warming trend that combined to produce a de-
crease in the renewal of oxygen in bottom waters.

Concentrations of carbonaceous material were found
at the base of graded sequences, and the concentrations
decrease upward. The association of these carbonaceous
materials with turbidites suggests that the material was
reworked and redeposited. Two scenarios are possible: In
the first, organic material was initially deposited through
pelagic settling into an anoxic basin; the material was
then disrupted by a subsequent turbidity current and in-
corporated into the base of the turbidite, but it was not
displaced appreciably from the original site of deposi-
tion. Alternatively, the organic material was initially de-
posited at a shallower depth (e.g., on the flank of a sea-
mount within an anoxic zone of the water column); af-
ter deposition, the material was eroded, transported into
the basin and redeposited at the base of a graded se-
quence.

We favor the second scenario. It is unlikely that the
oxygen minimum zone extended to the floor of a basin
that was already quite deep (>5000 m, see later discus-
sion). No organic carbon-rich or anoxic pelagic division
E was found near the Cenomanian/Turonian part of the
section or anywhere else at Site 585. The sedimentary
structures (graded bedding, cross-laminae, etc.) suggest
that the organic debris was transported and deposited
with other material in a turbidity current. If the oxygen
minimum zone extended from 300 to 3000 m (Schlanger
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Figure 15. Thicknesses of individual turbidites in Unit VI plotted
against sub-bottom depth.

and Jenkyns, 1976), the reduced layer must have been
deposited initially between these depths. It is also likely
that the organic carbon was pyritized within the anoxic
zone and transported after pyritization, producing denser
grains of hydraulic equivalence to the silt-sized clasts with
which it occurs.

Units I through IV contain pelagic claystones with
varying proportions of siliceous and carbonate material.
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Figure 16. Average turbidite thickness of recovered material in core
plotted against sub-bottom depth for Unit VI. Number in paren-
thesis represents number of turbidites in each core over which the
average was calculated.

Graded sequences are apparent in Units III and IV, indi-
cating that turbidity currents were still active. In Units I
and II, the presence of carbonate-rich sediments in a ba-
sin well below the CCD suggests continued transport and
redeposition of material even in the youngest sediments
recovered. Sedimentation rates (Fig. 17) are lower in these
units (5-10 m/m.y.), indicating that the rate of supply
of material to the Basin was still significantly lower than
during the deposition of Unit VI.

The sediments at Site 585 document the evolution of
the volcanic edifices surrounding the Basin. The lower-
most sediments record a growth phase of the seamounts.
By the Aptian, the seamounts must have been at or above
sea level. During the Aptian and Albian, turbidity cur-
rents transported hyaloclastic debris and shallow-water
carbonate debris derived from the tops of the seamounts
into the Basin. The decrease in reef-associated fauna up-
section suggests that the source environment evolved from
a reef-dominated system to a carbonate platform with-
out reefs. These sediments represent the Constructive and
Emergent Phases of Kelts and Arthur (1981). The initial

Core

Hole 585

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

Hole 585A

11
12
13
14
15
16

Sub-bottom
depth at

top of core
(m)

590.4
599.5
608.7
617.8
627.0
636.1
645.3
654.4
667.8
676.9
686.1
695.2
704.4
713.5
722.7
731.8
741.0
750.1

772.1
781.3
790.4
808.7
817.9
827.0

Length
of core

(cm)

70
233

65
32

471
698
742
482
579
662
320
863
535
730
662
288
365
830

690
999
640
707
759
691

Turbidite length in core (cm)

Longest

5
7
4

12
55

175
195
138
125
193
140
77

100
369
395
215
114
285

215
260
246
308
165
258

Shortest

2
3
3
9
3
2
8
4
2
3

122
3
4

56
3

215
3
2

2
2
2
9
2

35

Average

3.2
3.7
3.7

10.5
22.1
18.0
45.8
22.8
20.8
40.7

131.0
21.1
25.8

144.0
55.3

215.0
44.9
44.2

32.9
14.7
24.6
53.3
20.9

146.5

Number of
turbidites

in core

4
11
4
2

19
37
10
21
25
16
2

40
18
5

12
1
8

19

21
64
26
13
35

2

growth of the seamounts must have occurred prior to
the Aptian, but material attributed to this phase was not
recovered at Site 585.

The sediments above Unit VI record the Subsidence
Phase (Kelts and Arthur, 1981) of the seamounts. As
they progressively subsided, volcanogenic sediments were
no longer produced in significant amounts. Pelagic con-
stituents were deposited on the top and flanks of the
seamounts and also redistributed into the Basin by tur-
bidity currents. The contribution of siliceous material
decreased and carbonate turbidites became dominant
through time. The normal background sedimentation of
the Basin, however, consisted of pelagic clay.

HISTORY OF THE BASIN

Site 199 was drilled previously in the Mariana Basin,
70 km to the west of Site 585. The stratigraphy of the
upper 900 m of section in the Basin is derived from the
drilling results of both sites, combined with seismic re-
flection data.

Based on extrapolation of spreading rates from the
Mesozoic magnetic anomalies in the western Pacific, the
age of the crust at Site 585 was interpreted to be 170 m.y.
(Shipley et al., 1983; see Fig. 18). Paleomagnetic data
from Site 585 indicate northward motion of the Pacific
Plate since the Aptian (Site 585 report; Ogg, this vol-
ume). The lowermost volcaniclastic turbidites give a late
Aptian paleolatitude of 15.0°S ± 4°. The data at this
site indicate that the Pacific Plate moved northward rap-
idly during the Late Cretaceous, 4.5 cm/yr. from the
Aptian through the Campanian. This evidence suggests
that the site crossed the equator near the end of the Cre-
taceous, the same timing as suggested by previous au-
thors (Heezen, MacGregor, Foreman, et al., 1973; Lan-
celot, 1978, Gordon and Cape, 1981; Whitman, 1981).
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Figure 17. Sedimentation rates for Site 585 (Holes 585 and 585A combined). Sub-bottom intervals of the
lithologic units are indicated. Time scale is based on Hardenbohl and Berggren (1978), Berggren and
Van Couvering (1974), and van Hinte (1976a, b).

The present latitude of the site is 13.5°N, indicating near-
ly 35° of northward motion since the late Aptian.

Site 199 was discontinuously cored to a total depth of
456.5 m, with only 13 cores taken. Eight units were iden-
tified, labeled A to H from top to bottom (Heezen,
MacGregor et al., 1973a). The upper six units (0-275 m)
had excellent recovery and are composed of early Plio-
cene to middle Miocene brown clay, radiolarian ooze,
and ash. The upper part of this sequence contains nan-
nofossil turbidites and some graded beds. The lower units
(275-456.5 m) had poorer recovery and are character-
ized by late Paleocene to late Campanian chalk, lime-
stone, chert, and tuff (Fig. 19).

In the interpretation of Heezen, MacGregor, Foreman,
et al. (1973), Units G and H are autochthonous prod-
ucts of the site passing beneath the equatorial zone of
high productivity during the Late Cretaceous and Paleo-
cene. The chalks and limestones in these units were de-
posited on seafloor above the CCD. The upper sequence,
Units A to F, was deposited on seafloor below the CCD,
and the pelagic carbonate material in these units was
transported into the Basin by turbidity currents. This
model requires either significant seafloor subsidence or
a major change in depth of the CCD between deposi-
tion of the upper and lower sequences. The tuffs and
ash layers that were recovered at the site were interpreted
as products of nearby volcanism, particularly during the
Late Cretaceous. Based on seismic records, Heezen, Mac-

Gregor, et al. (1973a) estimated that the section contains
at least another 200 m of sediment, giving a total thick-
ness of at least 650 m.

Following the drilling of Site 585, the interpretation
of the stratigraphy at Site 199 was revised. The section
at Site 585 is dominated by material transported by tur-
bidity currents, including the pelagic carbonates that were
transported into the Basin from their initial sites of ac-
cumulation on nearby seamounts. This process elimi-
nates the need to invoke major changes in subsidence or
in the depth of the CCD. The sediments of Units G and
H at Site 199 are thus reinterpreted as redeposited mate-
rial. The increased proportion of biogenic pelagic con-
stituents in the lower sequence at Site 199 is still attrib-
uted to the passage of this region beneath the equatorial
high productivity zone; however, we believe this material
reached the Basin by a two-step process. The northward
motion of the region beneath the equatorial zone resulted
in an increased accumulation rate of pelagic constitu-
ents on the slopes of the seamounts. The sediments were
later transported into the deeper areas by turbidity cur-
rents. The combined 900-m stratigraphy of Sites 199 and
585 is therefore dominated by redeposited volcanogenic
and pelagic debris.

Seismic Stratigraphy

Seismic reflection data were digitally collected in the
western Pacific as part of the survey for possible drilling

378



TURBIDITE SEDIMENTOLOGY AND HISTORY

150° 160° 170°E

155°
15C

160°

-

AT

22b

21

22a

Ss

i

1 -

12'

Figure 18. A. Location of Anomaly M-25 (Cande et al., 1978) in the
western Pacific (thick line). DSDP sites are shown as dots with site
number, and cruise tracks for Kαnα Keoki and Glomαr Challenger
are indicated (thin lines). Bathymetry (after Iwabuchi, 1979) is in-
dicated by 4000- and 6000-m contours; area deeper than 6000 m
shaded. Modified from Shipley et al. (1983). B. Blowup of area
around Sites 199 and 585. Thick lines and numbers indicate loca-
tions of seismic profiles shown in Figures 20, 21, and 22.

sites on old Pacific crust (Petersen et al., this volume;
Fig. 18). Two 80-in.3 water guns were employed as a sound
source, and sonobuoys were used to determine velocity.
An east-west transect was made between Site 199 and
the eventual location of Site 585. Seismic reflection data
were also digitally collected during Leg 89 of the Deep
Sea Drilling Project (Whitman, this volume). The sound
source array used on the Glomar Challenger consisted
of 60- and 120-in.3 air guns. These data provide a north-
south transect through the Basin, passing through Site
585 (Fig. 18). The data from the two surveys are com-
bined to describe the three-dimensional stratigraphy with-
in the Basin.

Sonobuoy data in the vicinity of Site 199 gave a 1830
m/s interval from the seafloor to 520 m and a 2010 m/s
interval from 520 to 750 m. The underlying highly reflec-
tive interval was assumed to have a velocity of 3000 m/s.
This model (Shipley et al., 1983) predicted a maximum
thickness of the sediment at Site 199 of 1000 m. Figure
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zeolitic clay and nannofossil
ooze/ zeolitic clay with
siltstone layers (mixed
faunas)

Radiolarian ooze

Interlayered allochthonous
tuff, nannofossil-rich clay,
and silty, zeolitic clay
(mixed faunas)

Nannofossil chalk with
chert interlayers
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Age

early Pliocene
late Pliocene
middle Miocene

middle Miocene
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I. Maestrichtian
e. Maestrichtian
e. Maestrichtian
to I. Campanian

Figure 19. Summary of drilling results at Site 199. Units A-H as la-
beled by Heezen, MacGregor, et al., 1973a.

20 shows the correlation of these velocity intervals with
the seismic and drilling results from Site 199.

The acoustic reflectors at Site 199 can be traced con-
tinuously eastward to Site 585 with only slight variations
in thickness and sub-bottom depth of the surfaces. Pri-
or to drilling at Site 585, Shipley et al. (1983) predicted
the expected stratigraphy at the site. The boundary be-
tween the two shallower acoustic units (1830 and 2010
m/s) was traced to 590 m at Hole 585 and the boundary
between the two deeper acoustic units (2010 m/s and
3000 m/s) to 890 m, both slightly deeper than at Site
199. This model predicted a stratigraphy based on the
initial interpretation of Site 199: turbidites in the upper
portion of the section, and pelagic sheet drape dominat-
ing the lower portion of the sequence.

With the recovery of the section at Site 585, the inter-
pretation of the seismic stratigraphy in the Basin can be
reevaluated (Fig. 21). The sedimentary section at Site 585
is divided into five acoustic units on the basis of com-
pressional sonic velocity and density measurements of
the sediments drilled (Units VI to V5). The boundaries
of these units were determined from the lithologic units
and seismic profiles as well as from physical properties
measurements.

Discontinuous coring and poor recovery make it dif-
ficult to distinguish between the upper three acoustic units
in the section (Units VI to V3), which correlate with the
upper five lithologic units identified at Site 585 (I-V).
Reflectors in this interval (0-590 m sub-bottom), partic-
ularly between 8.1 and 8.4 s, are laterally continuous
and can be traced across the entire Basin (see also Fig.
22 for a north-south profile through the Basin). This
portion of the section is interpreted as fine-grained pe-
lagic turbidites derived from the seamounts surrounding
the Basin. These reflectors onlap the seamounts to the
north and south of the Basin (Fig. 22). Distinct reflec-
tors at 8.4 and 8.6 s are interpreted as the chert horizons
recovered in lithologic Units II and IV.
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The top of the volcaniclastic sediments at 590 m (the
boundary between Units V and VI) correlates with a con-
tinuous, high-amplitude reflector at 8.74 s. This reflec-
tor also onlaps the volcanic highs around the Basin, and
below this reflector, the sedimentary section is composed
of coarse-grained turbidites. The major change in litholo-
gy is also marked by an increase in acoustic velocity (tran-
sition between acoustic Units V3 and V4).

The prominent reflector at 8.96 s is correlated with a
marked increase in cementation of the volcaniclastic ma-
terial at 800 m. This transition is also distinguished by a
sharp increase in velocity from 2.2 to 3.2 km/s (the bound-
ary between acoustic Units V4 and V5). Thus the reflec-
tor near 9.0 s does not represent basement of Jurassic
limestone as originally proposed by Shipley et al. (1983).

Total drilling depth for Site 585 was 893 m, which ex-
trapolates to 9.06 s of two-way traveltime. However, in
the region of Site 585, air gun profiles (Fig. 22) indicate
that the section extends significantly deeper than drill-
ing penetrated and deeper than the water gun profiles
had previously indicated. The reflectors in the lower part
of the section (below the top of the volcaniclastics at
8.74 s) are not horizontal. They show structural varia-
tion and are less continuous than the reflectors in the
upper part of the section; there is also some evidence of
filling of local depressions. Penetration in the lower part
of the section was not good, but structure is evident to
at least 9.2 s at the location of Site 585. Farther to the
north (Fig. 22B), the section may extend to at least 9.5 s.

Assuming that igneous basement is not masked by
overlying layers, we initially place the base of the sedi-
mentary section at 9.2 s. Extending the lowermost acous-
tic unit (3.2 km/s) from the reflector at 9.0 s to base-
ment, we calculate a total thickness for the section of
1200 m. If, however, the lowermost acoustic unit extends
from 9.0 s to basement at 9.5 s, the total thickness for
the section is almost 1700 m. The composition of the
section between the total depth of Site 585 and base-
ment is unknown; volcanogenic turbidites may extend
deeper than 893 m, but it is unlikely that this material
extends all the way to basement because the volcanoes
are younger than the crust (see discussion later). Below
the volcanogenic material, the sediments may include
carbonates that accumulated on the Jurassic ridge crest.
Moreover, the acoustic velocity probably continues to
increase with depth, which would yield an even thicker
section of sediments. In any case, the sedimentary sec-
tion in this Basin is thicker than earlier predictions indi-
cated (Heezen, MacGregor, et al., 1973a; Shipley et al.,
1983).

Subsidence History

Given an initial basement age of 170 m.y., the subsi-
dence history of this area can be recreated by taking into
account thermal subsidence and isostatic effect of load-
ing by sediments. Figure 23 shows a subsidence curve
for the basement in this region, with the subsidence his-
tory of the sedimentary section superimposed. The back-
tracking of horizons is based on sedimentation rates (Fig.
17), the present thickness and density of the rocks in the

lithologic units, and the age-versus-depth equations of
Parsons and Sclater (1977). No corrections were made
for changes in compaction through time. This technique
yields an estimate of 3110 m for the depth of the Meso-
zoic ridge crest.

Our predicted ridge crest depth is significantly deeper
than present ridge crest depths. This supports 170 m.y.,
as a minimum age estimate for crust in this region, but
it also raises questions about the origin of the crust and
its history since formation. If the sedimentary section
does extend to 9.5 s, an initial ridge crest depth of al-
most 3400 m is required. The subsidence history of this
basin has been very different from other areas of the
oceans, beginning with creation at an anomalously deep
spreading center.

Anomalously shallow depths in the Pacific have been
attributed to many causes: the thermal effects of wide-
spread midplate volcanism (Schlanger and Premoli Silva,
1981), the emplacement of sills (Larson and Schlanger,
1981), heating of the lithosphere (Schlanger et al., 1981),
"asthenospheric bumps" caused by convection cells (Me-
nard, 1973), arches formed because of the load of oce-
anic volcanoes (Menard, 1964; McNutt and Menard,
1978), and crustal thinning produced by heating from
an underlying hotspot (Detrick and Crough, 1978).

Anomalies of excessive depth, however, have received
little attention. Moats or peripheral depressions around
seamounts have been attributed to the elastic flexure of
the lithosphere under the load of volcanoes (Walcott,
1970; McNutt and Menard, 1978). It is possible that this
mechanism has affected the Mariana Basin, but the ob-
served anomaly is greater than that generally attributed
to moats. Because the Mariana Basin is anomalously
deep, it raises the question of whether excessive cooling
may have occurred in the area.

Parsons and Sclater (1977) found that the age-versus-
depth relationship deviates from a linear square root of
age (tm) model for oceanic crust older than 70 m.y. They
proposed that heating at the bottom of the lithosphere
maintains a constant plate thickness and causes the sub-
sidence curve to flatten out and approach an asymptotic
value for older crust. To resolve this problem, they pro-
posed an expotential relationship between age and depth
for crust older than 70 m.y. Our subsidence curve (Fig.
23) uses the two separate equations that they proposed
and an isostatic correction for sediment.

Significantly, our calculations for the depth to crust
at 170 m.y. falls very close to a t1/2 curve. If the crust at
this site followed only the linear tl/2 relationship, the
implication is that the lithosphere did not receive addi-
tional heating to maintain a plate of constant thickness;
moreover, the plate continued to thicken beyond the max-
imum value of 125 km suggested by Parsons and Sclater
(1977). Pollack et al. (1981) have contoured the thick-
ness of the lithosphere, and the western Pacific is a re-
gion of greater thickness than most of the ocean basins.
Consequently, we offer the hypothesis that the crust of
the Mariana Basin is above a "cold spot"; it received
less heat from the mantle, which produced a thickened
lithosphere and excess subsidence.
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Mid-Cretaceous Volcanism

The Pacific Ocean basin was the site of extensive mid-
plate volcanism during the Late Cretaceous (Menard,
1964; Watts et al., 1980; Schlanger et al., 1981). Evi-
dence for this volcanism comes from the numerous vol-
canic edifices (Fig. 1) and from volcanogenic sediments
that have been cored (Winterer, 1973; Larson, Moberly,
et al., 1975; Moberly and Keene, 1975; Cook et al., 1976;
Schlanger, Jackson, et al., 1976; Moberly and Jenkyns,
1981; Schlanger and Premoli Silva, 1981). The volcano-
genic debris was deposited in turbidites together with
shallow-water carbonate debris, indicating that the tops
of the volcanic edifices were at or near sea level during
this time (Cook et al., 1976; Haggerty et al., 1982;
Schlanger and Premoli Silva, 1981).

In the Mariana Basin, the large volume of both rede-
posited volcaniclastic and carbonate debris and the sedi-
mentary structures of the deposits suggest that there were
numerous sources. The recovery of pre-early Tertiary
oolite on the top of Ita Maitai Guyot (Heezen et al.,
1973b) shows that this seamount was at or near sea level
at the time that these sediments were deposited. The top
of Ita Maitai is presently at a depth of 1500 m. Using
this depth as a minimum estimate for regional subsidence
since the middle Cretaceous, we create a hypothetical
physiographic map of the Mariana Basin for the late
Aptian by simply subtracting 1500 m from existing ba-

thymetry (110 Ma, Fig. 24). The Basin itself has not ac-
tually experienced this much subsidence (see curve in
Fig. 23), but this model emphasizes the abundance of
volcanoes and seamounts that were at or near sea level.

CONCLUSIONS
The sediments at Site 585, combined with those of

Site 199, record the history of the Mariana Basin since
the Aptian-Albian. The growth of the seamounts sur-
rounding the Basin is recorded in the volcanogenic sands
and resedimented shallow-water carbonate debris. The
well developed sedimentary structures of this unit indi-
cate transport and deposition by turbidity currents. The
sediments in the upper two-thirds of the section reflect
the subsidence phase of the seamounts and the accumu-
lation of redeposited pelagic material. Seismic data ex-
tend this stratigraphy across the entire Basin, and reflec-
tors onlap the surrounding seamounts.

Assuming that the subsidence history of this Basin
has followed an expected path, the 170-m.y.-old crust
must have been generated at a ridge crest significantly
deeper that modern ridge crests. The thickness of the
sediments in this Basin may be as great as 1200-1700 m,
indicating an anomalously deep crust for the Basin com-
pared to the rest of the Pacific Ocean basin.

Several events of widespread significance are recorded
in the Mariana Basin. The volcanism of the Cretaceous,
as deduced from the abundant seamounts of the western
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Figure 24. Hypothetical physiographic map of the Mariana Basin and surrounding region in the late Aptian (110
Ma). Areas in solid black are above sea level, the shaded region is the deepest part of the Basin (>4500 m)
and contour interval = 1000 m. DSDP sites are indicated by large dots. Latitude and longitude tick marks
are at 1° intervals, but no values are assigned, because the Pacific Plate has undergone northward motion
and rotation. (See text for further discussion.)

Pacific, is documented in the Mariana Basin; volcano-
genie material dominates the Aptian-Albian section and
appears throughout the Cretaceous. The growth of mid-
Cretaceous reefs in the Pacific and the reworking of shal-
low-water carbonates are also reflected in the sediments
of Site 585. Finally, the oceanic anoxic event at the Ce-
nomanian/Turonian boundary is recorded by the accu-
mulations of partially pyritized organic matter at the
bases of turbidites.
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