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ABSTRACT

A 300-m-thick, upper Valanginian to Barremian turbidite sequence, consisting of sandstone and organic-matter-rich
claystone turbidites intercalated in pelagic marl and limestone, was discovered at Site 603, on the lower continental rise
off North America.

Many of the turbidites consist of clayey sandstone beds, 1 to 1.5 m thick, containing abundant claystone clasts and
displaying no or incomplete Bouma sequences. Sedimentary structures suggest that such beds were dominantly em-
placed by viscous flows (sandy debris flows). The turbiditic sequence is topped by 40 m of clean, uncemented sands of
?Barremian-Aptian age.

The development of different turbidite facies and facies associations at Site 603 is related to regional geology, varia-
tions in the type and amount of sediment supplied, and changes in sea level. We consider that the Hauterivian-Barremi-
an lower turbidite sequence was deposited at times of high or rising sea level in a sediment-starved, channel-dominated
turbidite system. Sedimentological and seismic data favor the hypothesis of a structurally confined "channel-levee com-
plex" characterized by an efficient network of channels for distributing sand to the deep sea. High-energy turbidite fa-
cies suggest that turbidity currents might have been confined within levees of major channels while passing by Site 603.
Erosion at channel levees may explain the abundance of shale clasts within the turbidites. The claystone lithology of rip-
up clasts indicates a probable levee origin. The hummocky reflection configuration supports the channel-levee hypothe-
sis. At the same time as the lower turbidites were deposited, large amounts of terrigenous sediments were trapped on the
shelf (Wealden-type facies). The upper, unconsolidated sand unit reflects a sudden input of shelf sand, thought to corre-
spond to a phase of shelf destruction after the sea level dropped in middle Aptian time. A late Aptian-early Albian sea-
level rise terminated the turbidite deposition, caused the change from carbonate-rich to carbonate-free pelagic sedimen-
tation (CCD rise), and promoted the development of anoxic bottom waters which enhanced preservation of organic
matter ("black shales").

INTRODUCTION

The topic of modern and ancient turbidite sedimen-
tation has received much attention in recent years, since
exploration for new offshore hydrocarbon resources re-
newed interest in turbidite basins and deep-sea clastic
reservoirs.

The Deep Sea Drilling Project has provided a con-
spicuous amount of data on deep-sea clastic sedimenta-
tion (Kelts and Arthur, 1981) and has significantly con-
tributed to the understanding of turbidite deposition.
Although turbiditic fans were only rarely the primary
objectives of DSDP studies, a number of holes drilled in
different fan settings provided valuable data about the
deep stratigraphy of modern and ancient turbidite sys-
tems (Kelts and Arthur, 1981). The deep stratigraphy of
modern fans is poorly known because it is inaccessible
by ordinary piston-coring procedures. During Leg 96 of
the Deep Sea Drilling Project, cores as long as several
hundred meters were obtained from the Mississippi Fan
(Bouma, Coleman, et al., 1984), shedding new light on
passive-margin fan deposition. Furthermore, Leg 93 of-
fered a unique opportunity to study facies and sequenc-
es of an ancient, passive-margin turbidite system in the
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western North Atlantic. Facies from such types of sys-
tems are virtually unknown from outcrops, which usu-
ally expose only limited segments of active-margin flysch
sequences.

Leg 93 was originally planned to drill a single, deep
hole at the lower continental rise off North America
(Fig. 1) through the Mesozoic and into the Jurassic oce-
anic basement. It missed its main target because of tech-
nical failure, but unexpectedly recovered a thick and fairly
continuous sequence of turbidites (see Site 603 chapter,
this volume). Such an extensive turbidite succession had
not previously been recovered in any of the western North
Atlantic Basin DSDP sites (e.g, 105, 387, 99, 100, 101),
although its presence was predicted in some places on
the basis of data from seismic profiles and commercial
wells (Jansa and McQueen, 1978). The interest of the
Lower Cretaceous turbidite succession off the U.S. east
coast is sedimentological and regional: it gives new in-
sight into the previously unexplored passive-margin tur-
bidite deposition and provides constraints upon the Ear-
ly Cretaceous sedimentary history of the eastern U.S.
continental margin.

The turbidite facies and the seismic characteristics of
the turbiditic sequence will be described in Part 1 of this
chapter. The sedimentology of the Blake-Bahama For-
mation (Berriasian-Aptian) in general, and of the pe-
lagic lithotypes in particular, is covered in the compan-
ion paper by Ogg et al., this volume. In Part 2 of this
chapter, we attempt to interpret both the site of deposi-
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Figure 1. Early Cretaceous (Valanginian, ~ 125 Ma) geography of the North Atlantic, showing the location of Site 603 and selected DSDP
sites at which drilling reached Cretaceous sediments. Paleogeography and paleobathymetry (2000 and 4000 m isobaths, shown by dashed
lines) modified after McCoy and Zimmermann (unpublished data) and various other sources; facies, after von Rad and Arthur (1979)
and Robertson and Bernoulli (1982). Heavy lines are ancient coastlines, dotted lines are present coastlines, the double lines represent an-
cient spreading centers, and the arrows the estimated directions of sediment supply. A = Aquitaine Basin (Parentis and Adour basins),
BC = Baltimore Canyon Trough, CB = Cape Bojador marginal basin, CT = Cantabrian Trough, CH = Chesapeake Bay (Potomac
Formation), DK = eastern Denmark and southern Sweden, F = Fuerteventura "flysch," GB = Georges Bank Basin, H = Hatteras Fan,
IR = Iberic Ranges (Sierra de los Cameros, Maestrazgo Basin), L = Lusitanian Basin, LS = "Wealden" of Lower Saxony and Central
Germany, M = "Atlas Gulf/Moroccan Basin, MA = Maio Island, NF = eastern Newfoundland and Flemish basins, NP = North-
Portuguese-Galician Basin, P = Paris Basin, PO = Poland, S = Scotian Basin, W = "Wealden" of southeast England.

tion of the Site 603 turbidites and the main sedimentary
events with respect to sea-level changes, tectonics, and
regional geology.

1. FACIES AND STRATIGRAPHY

Turbidite Facies

In the following chapter and in the figures, the facies
classification and notations Mutti and Ricci Lucchi (1972)
have been used (Fig. 2) as a purely descriptive tool with-

out interpretative connotations. Capital letters designate
the facies, lower-case letters the Bouma sequence divi-
sions. " T " followed by subscript lower case letters desig-
nates the Bouma-sequence types (e.g., Ta, T b, . . . ) .

Shale-Clast-Rich, Clayey Sandstone Turbidites and
"Slurried Beds"

Many turbidites at Site 603 consist of clay-rich to clay-
ey sandstone beds, approximately 1 to 1.5 m thick (Fig. 3).
These beds display rudimentary or no Bouma sequences
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Facies

Facies
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Facies C

Facies C with
slurried division

Figure 2. Turbidite facies after Mutti and Ricci Lucchi (1972, 1975).
Facies D turbidites comprise sandstone beds (Dj), sandstone-clay-
stone couplets (D2) and claystone beds (D3) displaying a Bouma se-
quence that is missing the basal division a (beginning from any one
of the other divisions b, c, d, or e); facies C turbidites are sand-
stone and/or sandstone-claystone beds displaying a complete Bou-
ma sequence (including the a division). Facies C turbidites may
contain rip-up mudstone clasts, scattered or concentrated in a cha-
otic, clayey sandstone interval sandwiched between the massive di-
vision a and the current-laminated division c of the Bouma se-
quence ("slurried beds"; Marschalko, 1970; Van Vliet, 1978; Mutti
et al., 1978; Mutti and Nilsen, 1981).

and are characterized by shale clasts, scattered or con-
centrated in breccia levels. The grain size is anomalously
fine considering the thickness of the beds and ranges
from medium to fine sand. Coarse-grained sandstones
are rare.

Figure 4 illustrates four basic types of shale-clast-rich
sandstone beds recognized in the succession at Site 603,
corresponding to the facies C beds, with slurried divi-
sion, of Fig. 2.

Type 1 to type 3 deposits are approximately 1-m-thick,
disorganized beds of medium- to fine-grained sandstone,
having a clay content of 37 to 58% and showing virtu-
ally no size grading. Convolute laminations occur exten-
sively in type 1 beds, and clay stone/sandstone clasts, up
to 10 cm across, are abundant. Clasts are equidimen-
sional and elongate, rounded, flat, or irregularly shaped
and plastically deformed. Clasts are scattered through-
out the bed and do not show any preferred orientation
(Plate 12, Fig. 1). Type 2 beds commonly have convolute
and wavy lamination in their upper part. Claystone clasts
are concentrated in nests near the top of the beds to
form breccia layers (Plate 9; Plate 10, Figs. 2 and 3;

Plate 11; Plate 16 and Plate 17, Fig. 2; Plate 18, Fig. 2
right, and Plate 19, Fig. 2). Faint thick, irregularly wavy
laminae are also common in most type 2 beds. Type 3
beds are massive and uniform in texture (Plate 18, Fig. 2,
left), rarely showing faint, thick, parallel laminations.
Claystone clasts are absent or rare; when present, they
are small (1 to 2 cm across), rounded in shape, and scat-
tered.

Type 1,2, and 3 beds may all have at their base a car-
pet of clean sandstone, a few to 10 cm (exceptionally
25 cm) thick. This basal layer is commonly massive and
cemented by calcite (Plate 3; Plate 5; Plate 9; Plate 11).
Calcite cement is always associated with low clay con-
tent (see Tables 1 and 2). Type 3 beds, despite their re-
semblance to thick-bedded sandstone of facies B of Mutti
and Ricci Lucchi (massive bedding, Bouma sequence not
applicable, parallel, thick laminae) cannot be ascribed
to this category because their clay content is high and
they lack diagnostic features such as extensive dewater-
ing structures, large-scale current structures, or current-
remolded top (Mutti and Ricci Lucchi, 1975).

Beds of type 4 are thinner deposits in which the shale-
clast-rich, chaotic horizon is more consistently organized
with respect to Bouma divisions. The "slurried" level
(approximately one third or one quarter of the total thick-
ness of the bed) is in fact sandwiched between the a and/
or b divisions of the Bouma sequence and the claystone
top layer (Plate 13, Fig. 2; Plate 14, Fig. 1; Plate 16,
left; Plate 18, Fig. 1, lower right). The rippled c division
is commonly lacking. The basal sandstone may be ce-
mented by calcite. Turbidite beds including intrasand-
stone slurries are here named "slurried beds," following
a nomenclature first introduced by Mutti et al. (1978).

The lithology of rip-up clasts is in all cases vary uni-
form, being represented mostly by black claystone and
rarely by sandstone. Clasts composed of pelagic litholo-
gies are subordinate and occur in thicker beds (Plate 9,
left).

Discussion
In Figure 4 the four basic types of shale-clast-rich

turbidites and slurried beds are plotted against some of
the parameters which are thought to control facies, that
is, the volume of flows and amount of mud incorpo-
rated versus the distance traveled from the point of mud
intake. The competence of gravity flow and its capacity
to erode the seafloor are to some extent positively corre-
lated with the volume of the flow itself. High-volume
turbidity currents are expected to be more effective in
eroding and ripping up soft mud clasts. Unconsolidated
clay lumps, once incorporated into flows, are rapidly
abraded, contributing to the clay content of the suspen-
sion. Incorporation of clay increase viscoscity, which tends
to inhibit the onset of turbulence and promotes the change
from turbulent highly viscous laminar flow conditions
that is, from turbidity currents to debris flows (Fisher,
1971; Hampton, 1972). Clay, even in minor amounts,
has a "surprising stabilizing effect on the flows" (Hamp-
ton, 1972).

If the amount of mud is high compared to the vol-
ume of flow, turbidity currents may evolve entirely into
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Dusky red and greenish gray
claystone.
Interbedded siltstone laminae and
black carbonaceous claystone
(Hatteras Formation).

Turbiditic Unit 7 continued

Figure 3. Lithofacies log of the upper Blake-Bahama Formation (lithologic Unit VA) at Site 603. The width of the indi-
vidual turbidite beds varies according to grain size.

debris flows, and thus disorganized type 1 beds may be
deposited, close to the source (point of mud intake)
(Fig. 4, upper left). As motion proceeds and dilution in-
creases, clasts are sorted toward the top of the flowing
suspension because of buoyancy effects (Mutti and Nilsen,
1981), and type 2 beds are deposited (Fig. 4, upper mid-
dle). Thick, wavy laminae probably indicate the onset of

laminar flow conditions, whereas convolute bedding and
soft-sediment deformations are probably produced by
dewatering. (Convolute laminations in thick, type 1 beds
may also be the result of visco-plastic deformation.) As
distance increases, shale clasts are totally abraded and
type 3 beds are formed (Fig. 4, upper right). No sub-
stantial loss of clayey sediments is expected to have oc-

894



CRETACEOUS TURBIDITE SEDIMENTATION, SITE 603

45

46

47

48

Age

Lithology log

Sandstone

- f •=-• • •~~ ~ • ~ •

Sedimentary structures

•

• C -
ö (0 £
<o — f

if;
iis

Turbiditic Unit 7.
Unlithified sand, highly disturbed by
drilling, alternating with thin-bedded
turbidities of facies D1 and D2

(average thickness, 10—12 cm).
Virtually no pelagic sediments were
recovered.

Figure 3 (continued).

curred during motion, because highly viscous flows are
inefficient in promoting turbulence. Because of the per-
sistently high clay content, such flows are not expected
to have had high mobility; thus type 1 to type 3 beds are
presumed to have a limited areal extent and flattened
mound shape.

Sandstone-Claystone Turbidites of Facies C and D
(Dl, D2 and D3)

Classical turbidites displaying a recognizable Bouma
sequence are present from Cores 603B-52 through 603B-
67 (Fig. 3). Sandstone beds which have a complete Bouma
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Figure 3 (continued).

sequence, inclusive of the lower massive division a (Ta_b

and Ta_c; facies C), are uncommon (Plate 8, Fig. 1; Plate
18, Fig. 1, and Plate 13, Fig. 1). The beds average 30 to
40 cm thick, rarely exceeding 70 cm, and the coarsest
fraction, on average is medium sand. A black turbiditic
clay stone layer (Te), 2-3 to 10 cm thick, normally occurs

<g <N

5

III

D 1 D 2

Turbiditic Unit 7 continued.

Turbiditic Unit 6.

Sequence of facies Dg claystone
beds, avg. 25—30 cm thick,
regularly interbedded with pelagic
background sediments. Facies D1

and Dp turbidites and several clayey
sandstone beds (types 1 and 3),
approximately 1 m thick, are
randomly intercalated. Pelagic
sediments are commonly slumped.

at the top of the sandstone (sand:shale ratio is much
greater than 1).

Sandstone-claystone couplets displaying a Bouma se-
quence missing the base (Tb_e and Tb/e, rarely Tc_e, Td_e,
facies Di and D2), are common from Sections 603B-67-1
to 603B-44-3 and are dominant at certain intervals (e.g.,
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Turbiditic Unit 6 continued.

Turbiditic Unit 5.

Shale-clast-rich, clayey sandstone
beds (type 1) and facies C turbidites
with slurried division (types 2
through 4), intercalated within
pelagic limestone/turbiditic
claystone (Dg) sequence.
Turbidites of facies Dg, from < 10.
to 20 cm thick, are present in the
lower part of the unit. Pelagic
sediments are scant and show
slumping.

Turbiditic Unit 4 continued.

Figure 3 (continued).

Cores 603B-44 and -49, Fig. 3; Plate 7 and Plate 15,
Fig. 2). Facies D! beds are composed mainly of sand-
sized sediment (sandrshale ratio 1 to much greater than 1);
their coarsest fraction averages medium to fine sand.
Facies D 2 beds are composed chiefly of black silty clay-
stones rich in organic matter, usually with a thin hori-
zon of siltstone or very fine sandstone at the base (sand:
shale ratio less than 1 to much less than 1). Both types

vary in thickness from 10 to 20 cm; values from 25 and
up to 40 cm are less common. Sandstone beds are com-
monly cemented by calcite at the base (Plate 3, Fig. 5;
Plate 5). Grain size and bed thickness are positively cor-
related in facies C, D b and D 2 turbidites.

Black, organic-matter-rich (silty) claystone beds, mas-
sive or faintly laminated at the base (Te; facies D3), rep-
resent a sort of background sedimentation throughout
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Turbiditic Unit 4.

Sequence of amalgamated, clayey
sandstone beds (types 2 and 3),
approximately 1 — 1.5 m thick.
Facies C turbidites are rare (i.e., at
Sections 603B-58-1, 603B-56-2,
and 603B-56-3). Pelagic sediments
are present in negligible amounts.
Synsedimentary disturbance and
slump folding of pelagic sediments
are visible.

CSl'C1

Turbiditic Unit 3.

Random sequence of "slurried beds",
sandstone turbidites of facies C and
D1, and very thin-bedded claystone
turbidites of facies D2 and D,
(< 10 cm thick). "Slurried beds"
(types 2 and 4) are present in the
lower part of the unit; thick,
amalgamated clayey sandstone
units (types 1 and 3) occur in the
upper half. Pelagic sediments
decrease upward.

Figure 3 (continued).

the succession, from Sections 603B-76-1, to 603B-44-1.
Claystone beds are sedimentologically identical to the
top layers of sandstone turbidites. Terrestrial organic mat-
ter is present in amounts up to 30%. Thicknesses vary
from 2-3 to 80 cm; the average is 20 to 40 cm, decreas-
ing up-section. Black clay stones are also present from
Core 603B-44 upward. They are sedimentologically sim-
ilar to those of the Blake-Bahama Formation, although
their organic matter is more marine in character (Meyers

et al., this volume), and characterize the "black carbo-
naceous claystone" Unit IV (Hatteras Formation), of Al-
bian age, at this site.

Slumped Beds and Synsedimentary Deformations

Pelagic sediments show synsedimentary deformations
in the interval between Sections 603B-58-1 and 603B-
53-3. In all these cases slump folding is observed in ei-
ther the laminated marl or the bioturbated chalk. Soft-
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Figure 3 (continued).

sediment deformation seems to be less common in the
black clay stones, although it is certainly less easy to de-
tect. No X-radiographs have been performed because ship-
board sampling was inadequate; furthermore, shipboard
radiographs were unsuccessful. At 603B-60-3, 11 cm, a
small-scale, hooklike isoclinal fold was observed below

Turbiditic Unit 3 continued.

Turbiditic Unit 2.

Sequence of (i) "slurried beds" and
shale-clast-rich, clayey sandstone
turbidites, (ii) thin-bedded turbidites
of facies D1 and D2 and (iii) thin-
bedded claystone turbidites of
facies Do, interbedded with pelagic
sediments. Groups i and ii are
organized in a single, dilute,
thinning-upward sequence; group iii
is part of the background
sedimentation. Pelagic sediments
become dominant in the topmost
core (603B-63). Several shale-
clast-rich, clayey sandstone beds
(types 1 and 3) are intercalated.

a sandstone turbidite (Plate 13, Fig. 1). Such a structure
is interpreted as a drag effect on soft sediments caused
by a suspension flowing over it.

Slumped horizons are usually less than a meter thick
and show tight, disrupted isoclinal folding. Folded bed-
ding surfaces can be smooth; more frequently, they show
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Turbiditic Unit 2 continued.

Figure 3 (continued).

extensive microfaulting and crenulation (Plate 10, Fig. 1)
depending upon the degree of induration of the sedi-
ment at the time it was deformed. Crenulation of bed-
ding planes is interpreted as being derived from a com-
bination of plastic and brittle deformation, along shear-
ing bedding planes, in partially lithified, carbonate-rich
sediments.

Composition of Turbidites and Intercalated Pelagic
Sediments

Data on the composition of the Lower Cretaceous
turbidites between Cores 603B-36 (Cenomanian) and
603B-73 (Valanginian) are compiled in Tables 1 and 2.
These tables summarize our qualitative and semiquanti-
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tative results from thin-section and X-ray diffraction anal-
ysis of 40 samples, subdivided into three groups accord-
ing to grain size and turbidite facies.

Facies C turbidites are characterized by dominant
quartz (25-45%) and feldspar (1-5%), and by plant de-
bris in amounts as great as 5%. Clay content is very low
(5 to 10%) and calcite cement is present in all samples.
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Turbiditic Unit 2 continued.

Turbiditic Unit 1.

Regular alternation of black
claystone turbidites (facies Dg) with
pelagic limestone and marl. Several
very thick clayey sandstone beds
(type 3 and 2) are randomly
intercalated (Interval 603B-73-5,
15 cm through 603B-70-1, 140 cm).

The medium- to coarse-grained sandstones (mean about
100-300 µm, maximum grain size 300-1000 µm) are mod-
erately to very poorly sorted. Sandstone grains are angu-
lar.

Thick-bedded sandstones bearing shale clasts and slur-
ried beds have all been placed in a single group, because
their composition is fairly uniform (Plate 2, Figs. 3, 4,
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Turbiditic Unit 1 continued.

Figure 3 (continued).

and 5). The maximum grain size is 400-1000 µm. The
poorly to very poorly sorted sandstones are commonly
polymodal, with modes around 30-60 µm, 60-120 µm,
and 200-500 µm. Major detrital components are quartz
(20-50%), feldspar (traces to 10%), and muscovite (3-
10%). Particularly remarkable is the occurrence of do-
lomicrite (or siderite?) pebbles, a few millimeters across,
in amounts up to 5% (Plate 5, Fig. 1). Terrestrial plant
debris (Plate 4, Figs. 3 and 4) is present in amounts as

much as 7%. Clay content is high (40-55%), dropping
to 0-5% if the basal parts of turbidites are cemented by
calcite (Plate 5, Figs. 2 and 3). Common to rare constit-
uents are pyrite (1-3%), rock (shale) fragments, glauco-
nite, fish debris, mollusk fragments (Plate 4, Fig. 1) and
pyritized radiolarians (Plate 5, Fig. 4).

Facies D} and D2 turbidites are similar in composi-
tion to coarser facies C, whereas silt-sized layers of the
Hatteras Formation (lithostratigraphic Unit IV, Cores
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Alternating, white, bioturbated
nannofossil limestone to chalk and
light gray brown, laminated
nannofossil marl, containing aptychi
and rare ammonites.

Legend

Sedimentary structures

D Carbonate-cemented ~)

Pelagic sediments (limestone/marl
rhythms, red/green claystone
(facies G).

Mudstone turbidites (parallel-laminated
to massive, black, carbonaceous
claystone) (facies Do).

Sandstone turbidites (developing
complete [facies C] and
base-missing [facies D] Bouma seq).

• Massive
• Clayey

= Parallel and ripple
—TZ. Slumped/convolute
S 5 5 Faint, parallel, thick

\ Dewatering

Thickens upward

\

Sandstone

Laminae

• Facies sequence

Thins upward

Slurried beds (facies C turbidite
beds including rip-up-clast-rich,
clayey sandstone horizon between
massive div. a and current-laminated
div. c of the Bouma seq.).

Sandy debris-flow deposits
(clayey, massive to faintly laminated
sandstone beds. No Bouma seq.
developed).

Figure 3 (continued).

603B-36 through-42) show enrichment of quartz (up to
60%), mica (up to 15%), glauconite (2-5%), and pyrite
(10%). In general, these turbidites contain 30-60% quartz,
up to 8% feldspar, 5-15% mica, and 2-10% plant mate-
rial (Plate 3, Figs. 3-4). If they are calcite-cemented (40-
55%), they contain only 0-7% clayey matrix (Plate 3,

Fig. 5). In general, these sand layers are fine-grained (max-
imum grain size 120-300 µm; mean about 30-200 µm)
and moderately to well-sorted. Co r g content is 0.3-2%;
the CaCO3 content of those layers which are not calcite-
cemented is only 0.5-5%. One single ripple-laminated
bed in Sample 603B-43-5, 63-72 cm has an anomalous
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Table 1. Composition, texture, and XRD data (H. Rösch, Hannover), with CaCθ3/C o r g values of turbiditic litho-
types of the Blake-Bahama Formation (BGR data), Hole 603B.
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Table 1 (continued).
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Calcite-cemented, clayey qtz.-
arenite

Clay-rich qtz.-sandstone (qtz.-
graywacke)

Calcite-cemented, (fsp.-rich qtz.-
graywacke)

Pebbly, qtz.-rich mudstone,
partly calcite-cemented

Mod.-sorted, calcite-cemented
qtz.-arenite

Partly calcite-cemented, clay-
rich, qtz.-graywacke

V. poorly sorted, fsp.- and clay-
rich qtz. sandstone

Calcite-cemented, fine to med.
qtz. sandstone

fsp.- and qtz.-rich, medium Hauterivian
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qtz.-siltstone; dark-colored, Aptian/Albian
qtz.-, mica-, glauc-, plant-
material-rich, silty claystone
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micrite-rich, homogeneous
claystone/marlstone

Qtz.- and mica-rich, silty clay-
stone Hauterivian

Org.-matter-rich, silty claystone

Lithostra-
tigraphic
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Unit VA

Unit IV

Unit VA
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Figure 4. Basic types of shale-clast-rich beds and "slurried beds" (facies C turbidites with slurried division) recognized at Site 603. The four bed
types are plotted against parameters which are thought to control their facies: volume of flow and amount of incorporated mud versus distance of
travel from the point of mud intake. Types 1 to 3 are disorganized, clayey sandstone beds in which the Bouma sequence is largely not applicable.
Shale clasts are randomly distributed in type 1 beds, are concentrated toward the top of type 2 beds and are virtually absent in type 3 beds. Type 4
beds are commonly thinner layers in which the chaotic, clayey sandstone horizon is more consistently organized with respect to the Bouma se-
quence, being sandwiched between a massive division a (sometimes the laminated division b) and the claystone top layer. Ordinary turbidites are
represented in the lower right. Symbols as in Fig. 3 legend.

Table 2. Generalized composition of different types of turbidite facies,
in percent.

Mineral phase

Quartz
Feldspar
Mica
Undiff. clay
Spar, calcite
Undiff. rock fragments
Dolomicrite pebbles
Heavy minerals
Pyrite
Pyr. radiolarians
Glauconite
Org. matter/plants
Fish debris
Mollusk shells
Nannomicrite
Rads. + diatoms
C org

C

40
3-10
2-3
5-10
30-40 (ccm)
1-3

T-l
1-2

T
1-5

T

CS1

25-50
2-8 (10)
2-5
0-5 (ccm), 36-58
36-48 (ccm), 0-5
T-5
T-5

T-3
T
T
1-7
T
T
0-5 (10)

D ! - D 2

35-40
5-8
5
7 (ccm), 35
41 (ccm), -

T

1-5

T
3-10

T

D 3

3

1-15 (35)
0(5)
0-3 (15)
(15) 30-40

1-5 (20)

T
5-30
T-l

0-25 (50-67)
T-5
1.2-2.7

Note: C s] = facies C turbidites with slurred division and/or thick, structureless sandstone
beds, ccm = carbonate-cemented. T = trace.

a Extreme values given in parentheses before (min.) and after (max.) the ranges.

composition showing enrichment in mica, glauconite, and
plant fragments—possibly indicative of mechanical sort-
ing.

Facies D3 turbiditic claystones contain much less de-
trital mineral (1-10% quartz, traces to 5% feldspar, 3-
15% mica). They consist of varying proportions (15-80%)
of undifferentiated clay minerals (abundant smectite, com-
mon kaolinite, traces of chlorite) and nannomicrite. Py-

rite (1-5%, maximum 20%), pyritized radiolarians (3-
5%), and fine-grained plant material (3-10%, maximum
30%) are also very common (Plate 5, Fig. 5).

Scanning electron micrographs (Plate 6, Figs. 3 and 4)
show that the coccoliths and rhabdoliths are exception-
ally well preserved. Rapid burial after redeposition prob-
ably protected these particles from the corrosion typi-
cally observed in slowly deposited pelagic sediments of
the outer rise.

The maximum grain size of these clay- to silt-sized
turbidites is 120-180 µm. Co r g contents range from 0.5
to 2.7%, CaCO3 contents from about 14 to 53%.

Pelagic sediments. Bioturbated, homogeneous, white
limestones, cyclically alternating with laminated brown
marls, are the pelagic background sediment between the
turbidites. The white limestones are composed of nan-
nofossil micrite and contain calcified radiolarians in
amounts as great as 25%. Quartz, mica, clay minerals,
and organic matter are present in amounts ranging from
traces up to 5%. The laminated brown marlstones have
a CaCO3 content of 30-80% and comparatively high or-
ganic carbon values (0.5-3% Corg). Montmorillonite is
the dominant mineral; chlorite and kaolinite are present
in trace amounts. Fish debris (1-3%) and plant materi-
al, up to 10% (Plate 1, Figs. 3 and 4) are other common
constituents. Radiolarians (3 to 10%) are commonly cal-
citized and pyritized.
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A detailed account of the composition of the lower
Cretaceous pelagic sediments is given by Ogg et al., (this
volume).

Age, Sedimentation Rates, and Frequency of Turbidity
Currents

Age determination of the Lower Cretaceous turbidit-
ic succession is based chiefly on calcareous nannofossils
and dinoflagellates (see Biostratigraphy section in the
Site 603 chapter; Habib and Drugg, this volume). Ages
and turbiditic units referred to in the text are indicated
in the same figure. Dinoflagellate dates are slightly old-
er, but stage boundaries are apparently better defined.
No Aptian-Albian boundary could be defined by nan-
nofossils, because only carbonate-free sediments occur
above Section 603B-44-1, 107 cm. An accurate early Ap-
tian date has, however, been provided by nannofossil as-
semblages in four samples located between Sections 603B-
44-1, 107 cm and 603B-44-2, 137 cm.

According to these data, redeposition of black carbo-
naceous clayey sediments at Site 603 began in the late
Valanginian, whereas redeposition of substantial sand
occurred in Hauterivian and Barremian time. Sandstone
Unit 4 is (late Hauterivian->Barremian in age. The thick,
uncemented sand Unit 7, which has autochthonous pe-
lagic sediments of middle to late Aptian age above it, is
presumably early Aptian in age, whereas the base of the
unit is supposed to be Barremian. According to dinofla-
gellate dates, the top of the Blake-Bahama Formation
virtually coincides with the Aptian-Albian boundary.

Sedimentation Rates. Using dinoflagellate dates (Ha-
bib and Drugg, this volume), we calculated sedimenta-

tion rates uncorrected for compaction. Tentative results
are listed in Table 3. The geologic time scale used in that
of Harland et al. (1982).

In the Valanginian, low sedimentation rates (—10.2 m/
Ma) reflect pelagic deposition, whereas in the Hauterivi-
an values jumped to approximately 22.9 m/Ma as turbi-
dite deposition began. Rates of pelagic deposition in the
same interval, once the succession was "compacted" for
turbidites, average 9.6 m/Ma. Curiously, in the Barre-
mian-Aptian interval, average values drop to 11.0 m/
Ma and the figure becomes even lower, 8.8 m/Ma (close
to rates of purely pelagic deposition), if the unconsoli-
dated sand (turbiditic Unit 7, Fig. 3) is considered alone.

Sedimentation rates for the Valanginian and Hauter-
ivian are consistent with pelagic and turbiditic sedimen-
tation, but are anomalously low once we consider the
upper part of the succession, which comprises most of
the sand. Since it is unlikely that turbiditic sands were
deposited at rates comparable to those of pelagic oozes,
we have to postulate either a dominant pelagic contribu-
tion in the unrecovered portions of Cores 603B-45 through
-50, or a major stratigraphic gap in the succession. The
second possibility is preferred, although it is not con-
firmed by biostratigraphic data. Reflection Horizon ß,
coinciding with the base of turbiditic Unit 7, is in fact a
regional unconformity that locally shows truncating char-
acter. Horizon ß might therefore represent a stratigraph-
ic gap of regional significance.

The location of the Barremian/Aptian boundary,
drawn at a sub-bottom depth of 1241 m between Cores
603B-46 and -47, is questionable because it falls in the
middle of redeposited sands (Sections 603B-45-1, 0 cm

Table 3. Bulk sedimentation rates of the upper Blake-Bahama Formation (lithostratigraphic
Unit VA).

Turbidite
unit

Time
scale

(Ma)a
Dinoflagellate Core-Section Sub-bottom

age no. depth (m)

Sedimentation
rates

(m/Ma)

Top
Unit 7

Base
Unit 7

(max. age of -
unconformity)

113

-115

119

-122.5

Albian/
Aptian

Middle to 1.
Aptian

Aptian/
Barremian

125

131

Base
Unit 1

Barremian/
Hauterivian

Hauterivian/
Valanginian

Valanginian/
Berriasian

43-1
43-4

44-1
44-2

46-4
47-1

51-1,
0 cm •

56-3
57-6

71
72

76-1
76-2

79-7
80-1

-1208

1215.9

-1241

1281.6

1549.2

Note: * Accumulation rates for pelagic sediments without turbidites.
U time scale used after Harland et al. (1982).

The maximum age of unconformity ß comes out as 2.5 Ma younger than the age of the Hauterivian/
Barremian boundary, if one assumes that the Hauterivian sedimentation rates of 22.9 m/Ma persist into
the earliest Barremian, resulting in a lowermost Barremian section of 58.4 m.
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through 603-48-1, 110 cm). Floral assemblages in the vi-
cinity of this boundary have been reworked (Habib and
Drugg, this volume). Therefore, this chronostratigraph-
ic boundary has not been taken into account in our cal-
culation. We speculate that emplacement of the sands of
turbiditic Unit 7 might not have begun in the Barremi-
an, but significantly later (Aptian?).

No quantitative study was made of the amount of in-
terbedded pelagic sediments. However, the average thick-
ness of pelagic interbeds occurring in the lower succes-
sion (turbiditic Units 1 through 3, 5, and 6) indicates
that most of the siltstone and sandstone turbidites were
deposited at a frequency of one event every 30,000 to
60,000 yr. Amalgamated sands of Unit 4 were probably
deposited at higher rates. These figures are at least one
order of magnitude lower than those of most modern
and ancient fans (Stow et al., 1983/84).

Seismic Characteristics of the Turbiditic Sequence

Figure 5B illustrates a segment of the Conrad 2101-77
multichannel seismic profile, at the seaward end of the
New Jersey Transect. The seismic trackline map and the
stratigraphic interpretation of Figure 5B are reported in
the Site 603 chapter (this volume, Figs. 4 and 30). Seis-
mic reflection horizons drilled at Site 603, along with
their characteristics, are listed in Table 6 of the same
section.

DSDP Site 603 is located on the landward edge of the
lower continental rise hills, above a pronounced trough
in the acoustic basement. This depression, 20 km wide
along the section shown, is bordered by basement swells
draped by the Jurassic seismic Horizons Jj and J2
(Fig. 5B).

Kb is the deepest seismic reflection horizon drilled at
DSDP Site 603 (see Site 603 chapter, this volume), drap-
ing basement topography over most of the Conrad 2101-77
profile (Fig. 5B). This reflector was penetrated at a sub-
bottom depth of 1525 m, corresponding to the base of
the turbiditic portion of the Blake-Bahama Formation
(Jansa et al., 1979; lithostratigraphic Unit VA). The seis-
mic unit below Kb (lithostratigraphic Unit VB in Hole
603B) is Berriasian-Valanginian in age and is character-
ized by pelagic deposition. The pelagic signature is con-
firmed by the draping nature of its internal reflectors.
Horizon Kb is underlined by a few discontinuous, paral-
lel reflectors in the trough area, and truncates the un-
derlying unit at a few local basement highs.

Horizon ß is a prominent, high-amplitude seismic re-
flection horizon of regional significance. It coincides with
the boundary between the Neocomian limestone of the
Blake-Bahama Formation and the overlying argillaceous
succession (Hatteras Formation) at many western North
Atlantic DSDP sites (Lancelot et al., 1972; Tucholke and
Mountain, 1979; Jansa et al., 1979). At Site 603, Hori-
zon ß has been identified as the base of the unconsoli-
dated sand unit (turbiditic Unit 7; see Seismic Stratigra-
phy section in the Site 603 chapter, this volume) and was
penetrated at the sub-bottom depth of 1265 m, Horizon
ß is conformable over most of the Conrad 2101-77 pro-
file, but is truncating in character at several places over
basement highs (Fig. 5B). Above ß, the acoustically trans-

parent seismic Unit 6 topped by Reflector Km corresponds
partly to the unconsolidated sands of Cores 6O3B-51
through -44 and partly to the "black carbonaceous clay-
stone" Unit IV (Hatteras Formation). We believe that
the unconsolidated sand body probably corresponds to
the lowermost layer of seismic Unit 6, showing a bundle
of a few discontinuous, parallel reflection horizons.

Horizons Kb and ß enclose a stratigraphic interval
designated as "reflection Unit 7" in the Seismic Stratig-
raphy section of the Site 603 chapter (this volume). Re-
flection Unit 7 corresponds to the turbiditic portion of
the Blake-Bahama Formation. Unit 7 is thicker above
the basement trough at Site 603, where turbidites were
deposited and where there exists a prominent, crenulat-
ed, hummocky reflection configuration that changes lat-
erally to a more parallel internal pattern. Reflection Unit 7
thins laterally over basement highs by progressive onlap
of internal reflectors onto Kb. Onlap fill proves that tur-
bidite sedimentation was guided by the seafloor topog-
raphy and that the general distribution of redeposited
sediments was controlled by the structure of the base-
ment.

U.S.G.S. multichannel seismic line 25 corresponds to
the landward sector of the New Jersey Transect (Fig. 5A),
having approximately the same direction as Conrad line
2101-77. U.S.G.S. line 25 terminates about 130 km sea-
ward of DSDP Sites 604 and 605; a gap in seismic data
exists between this point and Conrad line 2101-77 (Fig. 6).
Figure 5A shows the location of the Upper Jurassic-
Lower Cretaceous shelf edge and the transition to the
basin, as interpreted by Klitgord and Grow (1980). Be-
cause none of the four DSDP sites drilled along the New
Jersey Transect during Leg 93 and 95 penetrated the Lower
Cretaceous succession, seismic ties must be made land-
ward, across the paleoshelf edge to the COST B-2 and
B-3 wells (Scholle, 1977; Schlee and Grow, 1980; Scholle,
1980). If the correlation between reflection horizons in
U.S.G.S. line 25 and the Conrad 2101-77 profiles is cor-
rect, then Horizon Kb on U.S.G.S. line 25 marks the
boundary between a disrupted parallel reflection config-
uration and a more discontinuous, "crenulated" hum-
mocky pattern above, similar to that observed at DSDP
Site 603. Horizon Kb does not show any truncating char-
acter; it is conformable over flat-lying reflectors under-
neath. The overlying crenulated reflecting unit onlaps
onto Kb landward of Sites 604 and 605. In Klitgord and
Grow's (1980) interpretation, Reflector ß represents the
boundary between an interval with low-amplitude, strong,
parallel reflectors and an acoustically transparent zone
above. We believe that the transparent unit above ß may
well be the argillaceous succession of the Hatteras For-
mation, topped by Km, which normally has such a seis-
mic expression. The unit showing a parallel-reflection
pattern below ß in Figure 5A may, instead, compare to
the unconsolidated sand unit (turbiditic Unit 7) of Site
603. The turbiditic nature of the seismic unit below B is
suggested by its onlap fill geometry and pinch-out to-
ward the slope. In our opinion, there may, therefore, be
a discrepancy in the identification of Reflector ß by Klit-
gord and Grow (1980) and the Leg 93 shipboard party.
In the two profiles of Figure 5, Reflector ß may in fact
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Figure 5. Seismic cross section of the New Jersey Transect (for location of profiles see Site 603 and Site 604/605 chapters, this volume). A. Landward segment (U.S.G.S. line 25) crossing the conti-
nental slope and upper continental rise, with Sites 604 and 605 shown (interpretation of reflection horizons partly after Klitgord and Grow, 1980). B. Seaward segment (Conrad line 2101-77)
crossing the outermost continental rise, with Site 603 shown. The disrupted, hummocky reflection configuration above Horizon Kb (see Fig. 8A) is interpreted as the response of localized sand
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be interpreted as designating the top and the base of the
same unit.

2. INTERPRETATION OF FACIES AND
SEDIMENTATION HISTORY

In the analysis of deep-sea cores, only a limited range
of sedimentological criteria is available to infer the envi-
ronment of deposition. Because the cores are narrow,
virtually none of the medium- to large-scale features ob-
servable in outcrops and instrumental in facies analysis
in the field are detected. Furthermore, only a limited
number of widely spaced drillsites is usually available
for each sedimentary basin, so that successions, even if
complete, are not directly comparable and the facies are
hard to correlate.

The data bases for the study of ancient turbidite sys-
tems in oceanic basins or in the subsurface are sketchy
and insufficient for studies on a regional scale. A single-
site approach to the study of turbidite basins and at-
tempts to apply existing fan models based on the inter-
pretation of the facies both proved to be unsatisfactory
(Normark et al., 1983/84; Shanmugam et al., 1985). How-
ever, using data collected from Site 603 in conjunction
with seismic profiles, we can impose a few constraints
on Early Cretaceous turbidite sedimentation in the area
of the outer New Jersey Transect, and also discuss a pos-
sible model of sedimentation.

Interpretation of the Lower Turbidites, Interbedded
with Pelagic Limestone and Marl (Turbiditic Units 1
through 6)

Distinctive features of the lower turbidites at Site 603
are (1) the occurrence of thick, clayey sandstone beds,
containing rip-up shale and sandstone clasts, and (2) the
abundance of interbedded pelagic sediments. Addition-
al elements to be taken into account to constrain the
sedimentation model are (3) the relevant distance from
the inferred Early Cretaceous base-of-slope (Fig. 6) and
(4) the hummocky, "crenulated" reflection pattern seen
in the seismic profiles.

Occurrence of Shale-Clast-Rich Beds
In modern deep-sea fans, shale-clast-rich beds are pref-

erentially found in upper- and mid-fan areas, associated
with channel and channel margin deposits (Bouma, pers.
comm., 1985). In ancient turbidite sequences from ac-
tive margins, the same type of beds occur in one of two

ways. Either they are in channeled sequences and are in-
terpreted as the result of channel migration and local ero-
sion (Kodiak Island, Bouma, pers. comm., 1985; South-
ern California, Walker, 1985; Alpes Maritimes, Bouma
and Coleman, 1984), or they occur in nonchannelized
sequences. In the flysch terrains of the Mediterranean
Tertiary basins (Hecho Basin, Estrada, 1982; northern
Spain, Van Vliet, 1978; Marnoso Arenacea and Laga
Formation, Apennines, Mutti et al., 1978; Ricci Lucchi,
1978; 1983/84) and Carpathian Mountains (Marschal-
ko, 1970), shale-clast-rich beds are typically associated
with outer-fan-lobe sandstone (Mutti and Nilsen, 1981).
In such settings the process of ripping up mud is thought
to have taken place at local highs (e.g., the top of depo-
sitional sand bulges) and the deposition of slurried beds
to have occurred in adjacent depressions (Mutti et al.,
1978). Chaotic deposits containing outsized mud clasts
and slumped masses are also common at the base-of-
slope, resulting from slope failure and mass movements
or erosion within the slope canyon (Shepard et al., 1969;
Arthur and von Rad, 1979; von Rad and Arthur, 1979).
In abyssal areas, the occurrence of the shale-clast-rich beds
is not reported, although they are thought to be formed
where an uneven seafloor (e.g., headless canyons along
fracture zones) may cause local and temporary acceler-
ation of flowing suspensions (Normark, pers. comm.,
1984).

Significance of Thick-Bedded Sandstone Bearing Shale
Clasts at Site 603

The occurrence of shale and sandstone clasts in most
of the thick-bedded turbidites at Site 603 indicates that
extensive erosion of a soft mud substratum took place
during transport. The scarcity of sedimentary structures
and the lack of internal organization of the beds (Fish-
er, 1971; Hampton, 1972; Enos, 1977) indicate that the
ultimate transport mechanism was viscous flow result-
ing from incorporation of clay. Features diagnostic of
turbulent flow conditions are unimportant or absent.
Highly viscous clayey suspensions are not favorable to
long-distance transport of sediments by density currents,
especially in areas of flat-lying seafloor. The rapid abra-
sion commonly experienced by unconsolidated clasts
transported within a sandy suspension suggests that in
our case the distance travelled after mud intake must
have been fairly short. Therefore, we conclude that most
thick-bedded, shale-clast-rich clayey sandstone beds at

Baltimore Canyon Trough
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Figure 6. Schematic cross section of the New Jersey Transect (modified after Jansa and Wiedmann, 1982). HOR = Hatteras Outer Ridge.
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Site 603 may have a limited areal extent, and we envis-
age a local source of mud (e.g., from a channel breach
or channel levee; see below) rather than a direct slope
supply. Evidence for localized sand beds rather than ex-
tensive tabular sand sheets seems to be provided by the
discontinuous reflection configuration of the seismic re-
cord (Fig. 5B and 8A).

Pelagic Interbedding

The occurrence of pelagic interbedding in turbiditic
sequences from modern fans and ancient basins seems,
to a large extent, not to be diagnostic of any specific en-
vironment (e.g., Van Vliet, 1978). The abundance of pe-
lagic sediments seems to be chiefly related to the intensi-
ty of clastic supply, and ultimately controlled by the size
and degree of confinement of the sedimentary basin in-
to which elastics are introduced.

In the late Cretaceous and Tertiary flysch sequences
of the Apennines and Pyrenees (Mutti and Ricci Lucchi,
1972; Mutti, 1978; Mutti et al., 1978; Ricci Lucchi, 1978;
1983/84), pelagic sediments are virtually absent from
large parts of mid- and outer-fan sectors. The structural
confinement and the small size of the basins (compared
with the volume of clastic sediment supplied) probably
played a major role in overwhelming the pelagic compo-
nent. In larger oceanic systems, past and present, even
in active margins, pelagic sediments seem to be more
common in proximal areas (California Borderland, She-
pard et al., 1969; Nelson, 1983/84; Von der Borch, Scla-
ter, et al., 1974; Van Vliet, 1978), depending upon the
degree of tectonic confinement, the frequency of turbid-
ity currents, and the dispersal pattern of elastics. Pelag-
ic interbeds are seldom reported from sandstone lobe se-
quences (Van Vliet, 1978), but they are subordinate or
absent where sand deposition is dominant.

Passive-margin turbidite systems are poorly studied and
evidence is inconclusive. The Mississippi Fan has very
little interbedded pelagic sediment, but it is confined to
a enclosed basin and the sediment supply is enormous (6
to 12 km/Ma sedimentation rates; Bouma, Coleman, et
al., 1984). Packages of pelagic ooze are only deposited
there at times of high-standing sea level, for example,
the Holocene (Bouma, Coleman, et al., 1984), when clas-
tic sources are extinguished. Interestingly, at these times
sedimentation rates drop to values of 3 to 30 m/Ma,
comparable to those of the lower turbidite succession at
Site 603.

At DSDP Site 603 pelagic background sediments are
conspicuous throughout the lower turbiditic succession
and virtually dominant at certain intervals. Bulk sedi-
mentation rates and frequency of turbiditic events are at
least one or two orders of magnitude less than those of
most modern and ancient turbidite systems (Stow et al.,
1983/84; Nelson, 1983/84), suggesting highly diluted re-
deposition and fewer pulses in the delivery of sand.

Sedimentation Model

Low sedimentation rates (largely dominated by pe-
lagic sediments) and low frequency of turbidites indi-
cate that redeposition of clastic sediments was subdued
at Site 603 during Hauterivian-Barremian time. We spec-
ulate that clastic sediment starvation might be the result

of an actual low sediment supply or it might be an indi-
cation that most turbidity currents were confined into
levees of major channels while passing by Site 603. We
do not believe that distance from clastic source (i.e., the
slope canyon) was a controlling factor because, in that
case, sedimentological and seismic evidence of distal, ba-
sin-plain deposits should be expected. The presence of
disorganized, shale-clast-rich clayey sandstone beds as-
sociated with thin-bedded classical turbidites instead sug-
gest that deposition might have occurred sporadically in
a sediment-starved interchannel plain, under the influ-
ence of channel activity. The abundance of rip-up clasts
is taken as an indication of the vicinity of a mudstone
source. The uniform lithology of the rip-up clasts, that
is, dominantly black turbiditic claystones, may indicate
a levee origin.

Slumping of sediments is a common feature in turbi-
ditic Unit 5, implying the existence of local topography.
Channel margins and levees can have slopes as steep as
several degrees (Stow, 1981), sufficient to support exten-
sive mass movements. Sediments were not slumped in
flat-lying interchannel settings. Turbiditic Units 4 and 5
(Fig. 1), which are sand-rich and are virtually devoid of
pelagic sediments, were interpreted as being deposited in
the vicinity of, if not within, an active channel and re-
lated levee slopes. The limited width of the cores does
not provide any clue from which to infer the channeled
or unchanneled geometry of these sands. The diluted
thinning-upward and thickening-upward sequences of
Units 2 and 5-6, and Unit 3, respectively (Fig. 3), might
be related to lateral channel migration, with a thinning-
upward sequence indicating channel migration away from
the depositional site and vice versa. Channel migration
and breakthrough of the levees is the mechanism envi-
sioned to produce the rip-up mudstone clasts at Site 603.
A similar mechanism is inferred by Bouma and Cole-
man (1984) and Walker (1985).

The "hummocky" reflection pattern in seismic Unit 7
(Figs. 5B and 8A) might indicate channel-levee struc-
tures and/or the presence of beds of limited lateral ex-
tent. Such a reflection style is rather indicative of chan-
nel-leveed units, either in modern fans (Kolla and Buf-
fler, 1983/84; cf. their fig. 6), or in ancient subsurface
systems (Mitchum, 1984). The scale of reflection mounds
(Fig. 5B and 8A) is comparable with that of channels
and channel-related features of modern and ancient tur-
bidite systems (Barnes and Normark, 1983/84). A "cren-
ulated" reflection configuration persists landward, in seis-
mic Unit 7, which is enveloped between Kb and ß reflec-
tors (Fig. 5A), up to the base-of-slope. Such evidence
could indicate the landward extension of the same chan-
nel-leveed unit to the base-of-slope, although more seis-
mic profiles must be studied.

We speculate that turbidity currents reached Site 603
endowed with sufficient kinetic energy to produce chan-
nel migration and levee erosion. Such processes are ac-
tive at meander bends, where flows are forced to deviate
and are usually "stripped" of a substantial part of their
load (Normark et al., 1979; Piper and Normark, 1983).
Flow stripping at levee breaches might control the for-
mation of new channel branches and might predetermine
new sites of sand deposition (Fig. 7). We suggest that the
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Flow stripping:
progressive discharge
of turbidity-current load
at meander bends

Crevasse sand lobe:
shale-clast- and clay-rich
turbidite beds

Interchannel plain:
turbiditic and pelagic muds

Figure 7. Block diagram showing an idealized, mid-fan setting, possible site of deposition of the lower turbiditic sequence at Site 603. Chan-
nel-related, flow-stripping sands are shown at meander bends.

massive sandstones of Unit 4, which closely resemble
lobe sequences exposed on land, may be interpreted as a
sand lobe produced by a "crevasse" (Fig. 8A). Thin-bed-
ded classical turbidites composed of fine sand and silt,
so common at Site 603, have been interpreted as over-
bank deposits in channel margin and interchannel se-
quences (Mutti, 1978; Walker, 1985).

According to the model proposed, turbidity currents
are envisioned as having bypassed the Site 603 area and
discharged their sediment load seaward. Seismic evidence
of a sand depocenter (convex-upward units with diver-
gent downlapping internal reflectors: Mitchum, 1984),
corresponding to the outer-fan sandstone lobes of an-
cient turbidite systems or the "suprafan" of modern
fans (Normark, 1970), is actually lacking. Ancient tur-
bidite systems at times of high-standing sea level and
most modern, passive-margin fans (e.g., Mississippi Fan),
do not display outer-fan sand lobes, depending upon the
type of sediment supplied. Mud-laden turbidity currents
favor the development of extensive, lobefree chann-el-levee
systems (Mutti, 1984; Bouma, Coleman, et al., 1984).

Interpretation of the Unconsolidated Sand of
Turbiditic Unit 7

Because of the poor recovery and intense drilling dis-
turbance, sedimentological criteria offer no clues to the

environment of deposition of the unconsolidated sands
of Unit 7. Seismically, turbiditic Unit 7 is thought to
correspond to the few parallel reflection horizons which
overlie Horizon ß in Figure 5B. The same parallel reflec-
tors are traceable landward and are seen to overlie the
"crenulated" reflecting unit in Figure 5A. Therefore, we
are tempted to conclude that the turbiditic Unit 7 repre-
sents a massive sand sheet extending landward to the
base-of-slope. Seismic reflection horizons are seen to on-
lap onto the base-of-slope (Fig. 5A), giving credibility to
this inference. The volume of the sand, according to the
most conservative estimates, would be approximately 900
to 950 km3. The time lapse involved in its emplacement
is not known, because an erosional unconformity of un-
known duration is postulated to exist at the base of the
unit. Assuming minimum sedimentation rates of 100 m/
m.y., effective in modern and ancient outer fans (Stow
et al., 1983/84), deposition of the unconsolidated sand
Unit 7 should have had a duration of less than 1 m.y.

Sedimentation History and Sea Level Changes (Fig. 8).

Early Cretaceous turbidite sedimentation off the Bal-
timore Canyon Trough has been controlled chiefly by
basin morphology, rates and type of sediment supply,
and changes in sea level. Enhanced sediment supply from
continents seems to have begun turbiditic deposition in
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Valanginian time. Lowering of the sea level is thought to
have controlled the release of substantial sand in Aptian
time.

In Valanginian to Barremian times, restricted areas of
the lower continental rise off North America were sites
of redeposition for shelfal sands and muds (Sheridan,
Gradstein, et al., 1983; Benson, Sheridan, et al., 1978;
this chapter). In the Site 603 area, turbidites fill a trough
(Fig. 5B), but they are lacking over nearby morphologic
highs, where carbonate-rich, biogenic sediments domi-
nate (e.g., at DSDP Site 105; Hollister, Ewing, et al.,
1972). We interpret the turbidites at Site 603 as having
been deposited in an elongate channel-levee-type fan sys-
tem, structurally confined in its distal portion (Fig. 5B).
Low sedimentation rates and frequency of turbidites sug-
gest that the input of clastic sediments was rather low,
although the confinement of turbidity currents within
levees of major channels is expected to have contributed
to sediment starvation in the adjacent interchannel plains.
The lack of outer-fan sands, if confirmed, might signify
that not enough sediment was available to build up lobes
at those times. In the western North Altantic, no major
resedimentation is known to have occurred in Valangini-
an to Barremian times, although enhanced sediment sup-
ply from the continent is recorded from various areas of
the North Atlantic Basin (see later). Some sequences in
the western North Atlantic contain substantial turbidites
(e.g., Sites 603, 534, Robertson and Bliefnick, 1983; Site
391), but most of the other DSDP sites do not record
any significant redeposition. The absence of Lower Cre-
taceous deep-sea sands from vast areas of the North
American continental margin has been related chiefly to
the barrier effect of Early Cretaceous carbonate plat-
forms. Carbonate banks are thought to have been devel-
oped as a continuous belt along the edge of the North
American continental shelf (Schlee et al., 1976; Folger
et al., 1979; Tücholke and Mountain, 1979. The devel-
opment of extensive carbonate platforms has been ques-
tioned (Jansa, 1981), and their age is still poorly con-
strained (?Late Jurassic, ?Early Cretaceous). After tur-
bidites were discovered at a few DSDP sites, the possibili-
ty of breaches in the platform barrier was postulated, in
order to account for local turbidite deposition (Jansa,
1981; Wise et al., this volume). Schlee (1981) has de-
scribed Early Cretaceous elastics overflowing a shelf-edge
barrier, thus restricting the age of the postulated car-
bonates to the middle and late Jurassic. In our opinion,
reefs might not have acted as extensive barriers against
clastic sediments, because reefs hardly develop in regions
of intense terrigenous sediment supply. Alternatively, we
suggest that redeposition was generally subdued because
clastic sediments were largely deposited on the shelf, un-
der the influence of a rising or high-standing sea level.
Sea-level rise is expected to accommodate sediments in
the shallow-water domain, so little is available to be dis-
placed beyond the shelf edge.

Shelf upbuilding and outbuilding is a regional event
that occurred in different basins around the North and
central Atlantic during a Hauterivian to Barremian sea-
level rise (e.g., the Baltimore Canyon Trough, Schlee,
1981; the Wealden terrains of northwest Europe, Allen,
1975; the deltaic systems of the Northwest African con-

tinental margin, off Morocco, Lancelot and Winterer,
1980; von Rad and Einsele, 1980; Wissmann, and von
Rad, 1979; Wiedmann et al., 1978; see later); the Sco-
tian shelf Jansa and Wade, 1975). Associated high-stand
turbidite systems show evidence of sediment starvation
and a suite of features which seem to be related to chan-
nel-interchannel deposition (e.g., Site 603). Shelf con-
struction and development, at the same time, of sedi-
ment-starved channel-levee complexes is documented from
Tertiary basins of northern Spain, and related to periods
of high sea-level stands (Mutti, 1984). This model seems
to be applicable to the ancient turbidite systems in off-
shore basins (Mitchum, 1984) and to the Early Creta-
ceous turbidites off the Baltimore Canyon Trough.

The upper unconsolidated sands were emplaced be-
fore mid-Aptian time, over a period which might have
lasted less than 1 m.y. We speculate that they correspond
to an extensive sand sheet extending to and onlapping
onto the base-of-slope. Because of the considerable vol-
ume of sediment involved, we interpret the unconsoli-
dated sands of turbiditic Unit 7 (Fig. 3) as the product
of a phase of intense shelf erosion (Fig. 8B), rather than
enhanced river supply of lateral migration of a sand-
prone fan subenvironment. Interestingly, no material de-
rived from carbonate platforms is associated with the
terrigenous sands, suggesting either that carbonate build-
ups were absent or not exposed in the source area or
that carbonate debris was deposited landward. Shelf dis-
mantling and major release of clastic sediments into ba-
sins occur when the sea level is lowered (Vail et al., 1977;
Shanmugam and Moiola, 1982; Mitchum, 1984; Bouma,
Coleman, et al. 1984). A number of independent lines
of evidence (Vail et al., 1977) suggest an Aptian drop in
sea level; the unconsolidated sands of mid-Aptian age at
Site 603 are taken as its expression. In the Tertiary ba-
sins of northern Spain, extensive channel-detached sand
lobes were formed at times of lowered sea level and are
physically correlated with unconformities on the shelf
(Mutti, 1984). This proves that major resedimentation co-
incided with phases of shelf destruction and vice versa.

The redeposition of coarse-grained, clastic sediments
at the Aptian/Albian boundary ceased suddenly. Its end
coincided, in the basin, with the change from carbon-
ate-rich to carbonate-free pelagic deposition and with
the extensive development of organic-matter-rich "black
shales." Changes in sea level are thought to result in
consistent changes in the depth of carbonate dissolution
levels, affecting pelagic deposition in the deep ocean.
Transgressions over shelves and enhanced productivity
probably favored the development of anoxic waters and
the preservation of organic matter (Schlanger and Jen-
kyns, 1976). Flooding of shelves is also expected to have
virtually extinguished terrigenous supply to the deep ocean
and favored the dominance of pelagic sedimentation. A
rise in sea level at the Aptian/Albian boundary (Vail et
al., 1977) might explain the coincidence of the three events
(Haggerty et al., this volume).

Comparison with Other Deep-Sea Fan Deposits
Around the Early Cretaceous Atlantic Ocean

During the Late Jurassic, the narrow North Atlantic-
Tethys Seaway was bordered by large carbonate platforms,
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Figure 8. Facies model and sedimentary history for the Early Cretaceous turbidites of Site 603. A. Generalized cross-section of the vi-
cinity of Site 603. Leveed channels (mound symbols) and related "crevasse"/overbank turbidites are shown to be deposited within
a large-scale structural trough, seen in the seismic profiles. B. Four palinspastic profiles showing the postulated evolution of the
outermost continental rise near Site 603, between Berriasian and Albian times (modified after Mutti, 1984). Section 1 shows a pre-
Hauterivian situation. The lower turbidites were deposited when the sea level was rising or high-standing (Hauterivian-Barremian)
(Section 2). The massive, unconsolidated top sands follow a mid-Aptian lowering of the sea level (Section 3). In late Aptian/Albi-
an time, turbidite sedimentation ceased, possibly after a rise in the sea level (Section 4). For explanations, see text.

especially along the continental margins of the Tethys,
Northwest Africa, and eastern North America, south of
a paleolatitude of about 25°N. During Berriasian to Val-
anginian times an important change toward a more ter-
rigenous clastic sedimentation occurred (Figs. 1, 9). The
Valanginian proto-Atlantic-Tethys Seaway was an east-
west-trending ocean basin, 1000-1500 km wide and no-
where deeper than 4000 m. Along the southern and north-
ern margins of this "seaway," large "Wealden-type: del-
taic systems were built out, shedding huge amounts of
terrigenous clastic sediments on alluvial plains, into fresh-
water lakes, brackish inland seas, and on the adjacent
shelves (von Rad and Arthur, 1979). The "Wealden" (s.str.)
is a facies designation for a 200-500-m-thick sequence
of fluviatile, lacustrine, or brackish lignite-rich sand-
stones, siltstones, and shales which were deposited dur-
ing the latest Jurassic to Barremian early-rift stages of
the northeastern Atlantic (Allen, 1959, 1975; Anderton
et al., 1979). Well-known Wealden deposits occur in south-
eastern England, the Paris Basin, Lower Saxony and cen-
tral Germany, Poland, and Denmark, as well as in the
Parentis and Adour basins in southwest France and the

Cantabrian Trough and Iberic Ranges in northern Spain
(Fig- 1)

More or less during the same time, we observe turbi-
dites in the basins along the Northwest African and Ibe-
rian continental margins, between Cape Bojador and
northwestern Spain, and along the eastern North Amer-
ican margin between Cape Hatteras and Newfoundland
(see Fig. 1; von Rad and Arthur, 1979; Jansa et al., 1979;
Jansa and Wiedmann, 1982; Emery and Uchupi, 1984;
von Rad and Sarti, 1986).

In the Aaiun Basin, a very thick (1-3 km) pile of del-
taic sediments prograded over the Tithonian to Berria-
sian carbonate platform and produced a seaward-thick-
ening clastic wedge with an upward and seaward facies
transition from continental elastics to a major delta sys-
tem (von Rad and Arthur, 1979; von Rad and Wissmann,
1982). This widespread Hauterivian to Barremian Weal-
den-type delta system can be traced from the onshore
Aaiun Basin and shelf wells (alluvial to shallow nonma-
rine facies; Ranke et al., 1982) to distal prodelta mud-
stones on the upper rise (Site 397; Einsele and von Rad,
1979; von Rad and Einsele, 1980). The seaward continu-
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Figure 8 (continued).

ation of this facies can be studied in the 1500-m-thick
Valanginian to Hauterivian section of the uplifted and
deeply eroded turbidite sequence on the island of Fuer-
teventura (Robertson and Bernoulli, 1982), which was
deposited in a distal deep-sea fan environment. At the
nearby offshore section of the northern Tarfaya Basin,
the Upper Jurassic carbonate platform is buried by a
seaward-thickening wedge of deltaic to prodeltaic Weal-
den-type elastics, the Tan-Tan Formation, which is 1 to
> 3 km thick (Mitchum and Vail, 1977; von Rad et al.,
1985).

The Upper Jurassic to Berriasian carbonate platform
of the Mazagan Plateau, Escarpment, and Slope at the
sediment-starved central Moroccan continental margin
has been thoroughly studied by seismic surveys (Hinz et
al., 1982), deep-sea drilling (Winterer and Hinz, 1984)
and the CYAMAZ diving campaign (von Rad et al., 1985).
Figure 9 summarizes the facies evolution in the Maza-
gan area between mid-Jurassic and Cenomanian time,
and correlates it with global sea level, a regional regres-
sion-transgression curve, and major blockfaulting events.
A "Wealden-type" bioclastic turbidite facies is restricted
to a paleocanyon-fan system, discovered to the south of
the Mazagan Plateau, which might have been active dur-
ing a regional Hauterivian regression (von Rad et al.,

Core 76

Limestone/marl cycles

1985). At Site 416, to the southwest of the Mazagan Pla-
teau, 750 m of distal turbidites and pelagites were de-
posited on a distal deep-sea fan. The change from cal-
careous to siliciclastic composition recorded the drown-
ing of the carbonate platform and enhanced sediment
supply in the latest Jurassic-Hauterivian (Schlager, 1980;
Lancelot and Winterer, 1980). The thick, hemipelagic,
late Aptian to Albian nannofossil marls at the lower Ma-
zagan Slope were deposited during the late Aptian-Al-
bian sea-level rise (Vail et al., 1977), in a similar fashion
to the coeval black shales at Site 603.

Discussion

During Valanginian to Barremian time, outbuilding
of shelves and emplacement of turbidites in basins around
the North Atlantic Ocean were influenced by a variety
of factors (tectonics, climate, physiography of the basin
and geography of the hinterland, sea-level fluctuations)
whose relative importance is different for each individ-
ual case. The exact timing of delta formation and deep-
sea fan progradation varied from place to place, being
largely controlled by the interference of local factors.
The effects of the changes in sea level are difficult to es-
tablish at times of high sediment supply, and difficulties
arise from the lack of detailed stratigraphic information
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Figure 9. Time-stratigraphic summary of the results of the CYAMAZ campaign, DSDP Legs 50 and 79 in the area of the Mazagan Plateau
and Escarpment and the Moroccan Basin (modified after von Rad et al., 1985). Sea-level fluctuations after Vail et al. (1977) and Vail et
al. (1984). Transgression/regression curve (T-R) of Moroccan coastal basins refers to relative sea-level changes, also influenced by tec-
tonics, subsidence, accumulation, and erosion rates. Note the presence of Wealden-type deltaic complexes of Valanginian to Barremian
age (southern Mazagan Escarpment, El Jadida Canyon, southeastern Mazagan Plateau horst) and coeval turbidites (DSDP Sites 370/
416 and lower Mazagan slope [shading]). For discussion, see text.

in these largely unfossiliferous or fossil-poor sequences,
However, the loading of the shelves by Wealden-type del-
tas seems to have occurred chiefly during a Valanginian
to Barremian sea-level rise or high-stand, while sand-
and mud-laden turbidity currents spilled down beyond
the shelf edge and fed turbiditic systems. Hence, it seems
to be necessary to re-evaluate the Northwest African
and similar turbidite systems. The facies, age, and accu-
mulation rates of those turbiditic sequences must be
checked in detail, like Site 603. The occurrence of sandy
formations of Aptian age, coeval with unconsolidated
sands of Site 603, has to be evaluated in order to prove
whether or not the model is generally applicable.

SUMMARY AND CONCLUSIONS

Conflicting evidence renders it difficult to apply any
of the proposed models of turbidite fan deposition (see

Howell and Normark, 1982) to the succession at Site
603. Sedimentological and seismic data favor the hypoth-
esis of an elongated, structurally confined channel-levee-
interchannel complex, developing from Valanginian to
Barremian times and extending seaward from the base-
of-slope to the lower continental rise (Figs. 5, 8A). Such
a hypothesis does not conflict with recent findings about
modern passive and active margin fans which document
the existence of extensive channel-levee-interchannel com-
plexes extending many hundreds of kilometers seaward
of the feeding slope (Bouma and Coleman, 1984; Nel-
son, 1983/84; Kolla and Buffler, 1983/84; Damuth and
Flood, 1983/84; Emmel and Curray, 1983/84. Channeled
areas form approximately 40 to 80% of the surface of
most modern fans (Barnes and Normark, 1983/84). Tur-
bidite systems with a low sand:shale ratio, typical for
most passive-margin fans, favor the development of sand-

918



CRETACEOUS TURBIDITE SEDIMENTATION, SITE 603

efficient feeder systems with extensive channel networks
(Bouma, pers, comm., 1985; Bouma and Coleman, 1984;
Mutti, 1979; 1984). In such systems outer-fan sand bodies
are poorly developed or absent.

Recent research on fan sedimentation has focused on
channel formation and migration and on the mechanism
of meandering. Although the evidence is still inconclu-
sive, a mechanism which involves lateral migration and
vertical aggradation has been proposed (Bouma, Cole-
man, et al., 1984; Walker, 1985). Thinning-upward and
thickening-upward sequences, as well as sand-rich units,
are interpreted to be a result of changes in channel activ-
ity (activation, switching and migration, breakthrough
of levees) rather than of actual changes in the volume of
sediment delivered.

The turbidites of Site 603, which formed at times of
high-standing or rising sea level, are small-volume, len-
soid sand bodies enclosed within clayey facies. Their high
clay content leads to a low primary porosity, unfavor-
able to the accumulation of significant oil and gas. The
"sea-level low-stand" topmost sands, instead, fulfill the
requirements for good hydrocarbon reservoirs in their
porosity and volume. Not all sand-rich turbidite sequenc-
es have to be regarded as possible oil-bearing formations,
but different turbidite facies may have different hydro-
carbon potential. Many hydrocarbon productions are
from sand-prone outer (lower) fan sands (Mitchum, 1984),
rarely from upper-fan (channel-fill) sands (Webb, 1981).
Seismic data may help in recognizing structural and mor-
phologic settings where turbidites are deposited and are
instrumental in the interpretation of facies. The analysis
of seismic profiles and facies may help to predict where
large masses of sand (lobe belt) were deposited. Seismic
stratigraphic studies in the area of the lower continental
rise off North America have suggested that extensive sand-
lobe belts might not be developed when the sea level is
high and that substantial sands were released only dur-
ing lowering of the sea level. In our opinion, changes in
sea level and structural-physiographic setting were more
important elements in controlling turbiditic deposition
off the New Jersey slope than local factors (climate, sed-
iment supply, etc.) or fan subenvironments.
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Plate 1 Photomicrographs of bioturbated and laminated pelagic limestone to marlstone. 1. Sample 603B-69-2, 59-61 cm; radiolaπan-bearmg,
bioturbated, nannofossil limestone; the ?radiolarian ghosts are slightly compressed and mostly calcite-filled, sometimes pyπtized (Hauteπvi-
an) 2 Sample 603B-77-2, 43-46 cm; detail of micritic, bioturbated nannofossil limestone with recrystallized, calcitized radiolarians (Valangmi-
an) 3. Sample 603B-44-2, 43-47 cm; laminated organic-matter-rich nannofossil marlstone; note large fish vertebra and streaks of organic mat-
ter (Barremian) 4. Sample 603B-49-4, 17-21 cm; organic-matter-rich, nannofossil marlstone with laminae of concentrated organic matter
(mainly plant debris) and yellowish fish debris (center right), small circular fossils (ghosts of foraminifers, ?radiolaπans, ?calcispheres) (Barremi-
an).
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Plate 2. Photomicrographs of Early Cretaceous laminated marlstones and coarse-grained turbiditic sandstones. 1. Sample 603B-80-2, 143-145 cm;
large mollusk (llnoceramus) fragment in laminated marlstone (Valanginian); secondary collophane fills voids. 2. Sample 603B-63-4, 38-40 cm;
laminated marlstone with streaky, lensoidal "lamination" (?horizontal Planolites burrows) (Hauterivian). 3. Sample 6O3B-51-1, 58-62 cm; very
poorly sorted, medium sandstone (clay-rich quartz graywacke) with large mollusk fragment (redeposited from shallower water), quartz, feldspar,
organic matter, and pyrite (Barremian). 4. Sample 603B-54-3, 58-60 cm; clay- and plant-material-rich, mica-bearing, poorly sorted, fine to me-
dium quartz sandstone (Barremian). 5. Sample 603B-53-3, 82-84 cm; marlstone with scattered quartz grains, overlain by very poorly sorted tur-
biditic sandstone (Ta) containing large mollusk and plant fragments (Barremian).
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Plate 3. Photomicrographs of laminated and massive turbiditic sandstones. 1. Sample 603B-65-3, 118-120 cm; well-sorted, laminated, mica-rich
quartz siltstone (Tb); dark layers contain more mica, clay, and plant fragments (Hauterivian). 2. Sample 603B-36-2, 12-15 cm; laminated, mi-
ca-rich quartz siltstone (Tb/c); light-colored layers contain angular quartz and mica, and traces of glauconite, pyrite, and clay; dark laminae con-
tain more clay than mica and pyrite, and only traces of quartz (Aptian-Albian). 3. Sample 603B-36-2, 12-15 cm; parallel- and ripple-laminated
quartz siltstone (Tb/c); dark layers rich in clay, mica, pyrite, and organic matter. 4. Sample 603B-53-5, 13-15 cm; silty turbidite overlain by lam-
inated quartz-rich marlstone; note the distinct lower boundary and imperceptible size grading (Barremian). 5. Sample 603B-55-3, 65-68 cm;
calcite-cemented, moderately sorted quartz arenite with quartz, feldspar, crystalline rock fragments, muscovite, ?chert, and claystone fragments
(Barremian).
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Plate 4. Photomicrographs of redeposited shallow-water components in turbiditic sandstones. 1. Sample 603B-60-4, 51-54 cm; moderately sort-
ed, calcite-cemented quartz arenite (Ta) with large pelecypod fragment (Barremian). 2. Sample 6O3B-57-3, 128-130 cm; coated grain with dolo-
mite nucleus surrounded by clay matrix and coated by pyrite (Barremian turbiditic quartz graywacke). 3. Sample 603B-60-4, 47-51 cm; partly
pyritized wood fragment in pebbly mudstone (debris-flow unit at the top of thick sandy turbidite); note the elongate mudstone fragments and
fine-grained quartz and mica in clayey-calcitic matrix (Barremian). 4. Sample 603B-61-2, 93-95 cm; large pyritized plant fragment (cell struc-
ture) in very poorly sorted, mica-bearing, feldspar- and clay-rich quartz graywacke (Barremian).
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Plate 5. Photomicrographs of turbiditic sandstones and mudstones. 1. Sample 603B-68-1, 44-49 cm; base of poorly sorted sandy turbidite; note
the large micritic siderite/dolomite (?) pebble (top and base), mica flakes, and quartz grains in mostly calcitic (largely clayey) matrix (Hauterivi-
an). 2. Sample 603B-68-1, 44-49 cm; moderately sorted, calcite-cemented, mica-rich fine to medium quartz sandstone with ?dolomicrite and
shale fragments (Hauterivian). 3. Sample 603B-73-4, 78-80 cm; moderately sorted, calcite-cemented medium quartz sandstone with large echi-
noid (top) and many shale fragments (Hauterivian/Valanginian). 4. Sample 603B-66-4, 112-114 cm; poorly sorted, plant-material-rich, clayey
quartz siltstone with large pyritized (center) and unpyritized (cell structure) plant fragments (Hauterivian). 5. Sample 603B-69-2, 59-61 cm; or-
ganic-matter-rich, carbonate-free turbiditic claystone; note the pyritized plant material and radiolarians (?) (Hauterivian).
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Plate 6. Scanning electron micrographs of laminated and turbiditic marlstones. 1, 2. Sample 603B-44-2, 43-47 cm; laminated clay-rich nannofos-
sil marlstone (Barremian); (1) SEM 1620/7, 5000 × ; poorly preserved coccoliths in a micrite matrix (calcite and smectite flakes), (2) SEM 1620/8,
5000 × ; pyrite concretion (minute cubes) in a micritic-clayey matrix. 3, 4. Sample 603B-59-1, 26-28 cm; turbiditic, homogeneous nannofossil
marlstone (Barremian), (3) SEM 1641/1, 4000 × , and (4) SEM 1641/4, 4000 × , show well-preserved coccoliths and rhabdoliths in a micritic (and
slightly clayey) matrix with much pore space.
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Plate 7. Aptian-Albian siltstone turbidites (Hatteras Formation). 1. Sample 603B-36-2, 5-17 cm; siltstone/claystone turbidite displaying a base-
missing Bouma sequence (Tb through Te; facies Dj); black laminated claystones (bk cy; "black shale") with siltstone laminae occur above and
below turbidite; above 3 cm, dark greenish-gray bioturbated hemipelagic claystone (gy gn cy). 2. Sample 6O3B-36-3, 42-45 cm; very fine sand-
stone/siltstone layer showing climbing ripple laminae at the base and parallel laminae at the top, enclosed in parallel-laminated black turbiditic
claystone ("black shale"); note scour at the base of siltstone. Triangles indicate bases of turbidites.
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Plate 8. Turbidites and related debris-flow units (Barremian). 1. Sample 6O3B-53-1, 40-55 cm; graded turbidite layer of facies C, showing struc-
tureless, medium-grained sandstone at base (Ta), and a parallel- to ripple-laminated fine sandstone at top (Tb and Tc); black claystone above 41
cm is Te. 2. Sample 603B-55-2, 10-28 cm; detail of debris-flow layer present at the top of a sandstone bed approximately 1 m thick; contorted
layers of pelagic limestone and marl and claystone clasts are included in clayey sandstone matrix; note the crenulated appearance of folded bed-
ding planes, pig mrl = hemipelagic marlstone.
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Plate 10. Slump and debris-flow units in Barremian turbidites. 1. Sample 603B-58-1, 16-49 cm (detail of Plate 11); slump fold in pelagic lami-
nated marlstone; note the microfaulting and the crenulated geometry of folded bedding planes in the upper half of the photograph; large wood
fragment at 22 cm. 2. Sample 6O3B-58-1, 100-130 cm; detail of a shale-clast- and wood-fragment-rich layer resting at the top (122 cm) of a
structureless, clayey sandstone bed with a total thickness of 80 cm. 3. Sample 603B-56-1, 28-53 cm (detail of Plate 9, Fig. 1); matrix-supported
breccia interval; large, rounded clasts of claystone and pelagic marlstone (laminated) are included in a clayey sandstone matrix.

Plate 9. Thick-bedded sandstone turbidites of facies C, with slurried division (type 2); Sections 603B-56-1 and 603B-57-1 through 4 (Bar-
remian). Sequence of clayey sandstone beds, approximately 1 to 1.5 m thick, containing shale and sandstone clasts, scattered (Sample
603B-57-4, 80-150 cm) or concentrated in breccia layers (Sample 603B-56-1, 25-55 cm; Sample 603B-57-4, 0-10 cm). Note the massive
(Sample 603B-57-2, 0-60 cm) or chaotic appearance of sandstone beds (Sample 603B-57-4, 80-150 cm); the parallel, thick laminae
(Samples 6O3B-56-1, 80-110 cm and 603B-57-3, 100-120 cm), and the ripple-laminated layer at top (Tc) (Samples 603B-57-3, 30-33 cm
and 130-133 cm). A calcite-cemented sandstone layer, massive (T.J and parallel-laminated (Tb), may be present at the base of turbidite
beds (603B-57-4, 70-80 cm). Triangles indicate bases of turbidites.
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11. Facies C turbidites, with slurried division (type 2). Core 603B-58 (Barremian); note the sequence of clayey sandstone beds, approximately
1 m thick, entirely massive or faintly parallel-laminated and bearing claystone clasts at the top (Samples 603B-58-1, 0 cm to 603B-58-3, 76 cm;
603B-58-4; 603B-58-6, 65-100 cm); massive sandstone beds are interbedded with bioturbated limestone/laminated marlstone cycles; thin, homo-
geneous, "black" claystone turbidites (facies D3) are present in Section 603B-58-5, lower half. Triangles indicate bases of turbidites.

Plate 12. Chaotic breccia beds and debris-flow deposits (type 1). 1. Sample 603B-64-1, 9-82 cm; disorganized, matrix-supported brec-
cia bed containing large, streaked-out, and plastically deformed clasts of black claystone; the matrix is clayey sandstone to sandy clay-
stone; note the massive sandstone layer (Ta) at base (70-83 cm). 2. Sample 603B-70-2, 10-46 cm; detail of the base of clayey sand-
stone bed displaying a massive texture with locally convoluted bedding; plastically deformed clasts of sandstone are present at the base;
note the parallel laminae in the lowermost layer, probably related to viscous laminar flow; total thickness of bed is 60 cm. 3. Sample
603B-59-3, 45-75 cm; close-up core photograph of a slumped horizon consisting of a package of alternating pelagic nannofossil marl-
stone, black claystone, and sandstone layers that are intensely folded and locally highly disrupted; note the small-scale slump folding
and the crenulated geometry of folded layers; the slumped horizon rests on a bed of massive sandstone, whose top appears at the bot-
tom of the photograph (74-75.5 cm), blm = bioturbated limestone; plm = hemipelagic laminated marlstone; bk cy = black clay-
stone.
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Plate 13. Core 603B-60. Close-up photographs. 1. Sample 603B-60-1, 80-110 cm; fine sandstone turbidite showing parallel laminae in the lower
half, grading upward into structureless black claystone (facies Dj); bioturbated pelagic marl (pig) occurs at 82-86 cm. 2. Sample 603B-60-4, 40-
65 cm; thin-bedded turbidite of facies C, with slurried division (type 4), showing a chaotic, clayey sandstone interval that contains scattered clasts
and flakes of black claystone and that rests on a layer of massive, fine sandstone (Ta; 50.5-57.5 cm); a black claystone layer (Te) occurs at the top
of the photograph (above 41 cm). 3. Sample 603B-60-3, 0-35 cm; tight isoclinal fold ("drag structure") at the base of a clayey sandstone turbi-
dite; sandstone bed above is 120 cm thick; note the fine-grained, clayey texture of the sandstone and the flattened, streaked-out clast of pelagic
marlstone at the base. Triangles indicate bases of turbidites.
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Plate 14. Thin-bedded turbidites of facies C, with slurried division (type 4), (Hauterivian). 1. Sample 603B-61-1, 58-82 cm; typical, chaotic,
shale-clast-rich interval (slurried bed [si]) included between structureless, locally faintly laminated fine sandstone (Ta) and parallel-laminated silt-
stone (Tb), respectively, at the base and the top. Facies D, turbidite at 50-58 cm. 2. Sample 603B-61-5, 22-50 cm; thin slurried bed showing a
chaotic, clayey sandstone horizon rich in pyritized plant fragments (at the base) and streaked-out shale clasts (at the top); this chaotic interval is
sandwiched between a layer of fine-grained sandstone, massive or faintly laminated and cemented by calcite (41-47 cm), and black claystone (bk
cy) at top (28-30 cm); laminated hemipelagic marlstone (pig mrl) is seen at the top of the photograph. Triangles indicate bases of turbidites.
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Plate 15. Hauterivian thin-bedded turbidites. 1. Sample 6O3B-63-3, 35-50 cm; thin, coarse-grained slurried bed (37.5-44 cm) showing a struc-
tureless sandstone layer at the base overlain by a horizon, 3 cm thick, rich in small claystone clasts and coalified plant fragments; the sandstone at
base contains streaked-out clasts and flakes of marlstone; convolute, "wavy" lamination at base (viscous flow lamination deformed by drag ef-
fect) indicates flow toward the left; parallel-laminated fine-grained sandstone (Tb) grading upward to claystone (Te) occurs in the topmost 2 cm;
laminated nannofossil marlstone (pig mrl) occurs above 37.5 cm. 2. Sample 603B-65-4, 72-105 cm; claystone turbidite of facies D3 and ripple-
laminated siltstone/claystone couplet of facies D, (81-87 cm), included in pelagic bioturbated limestone (blm) below and laminated nannofossil
marlstone above. Triangles indicate bases of turbidites.

Plate 16. Total core photograph, Core 603B-62. Sequence of thin slurried beds, type 4 (Sample 603B-62-1, 22-32 cm and 62-78 cm) and
thicker units of type 2 (Samples 603B-62-2, 107 cm through 603B-62-3, 33 cm and 603B-62-4, 103-150 cm); note the chaotic, or shale-
clast-rich intervals at the top of massive sandstone beds; turbidites of facies D, occur at 603B-62-3, 95-111 cm and 111-125, and at
603B-62-4, 23-38 cm. pirn = hemipelagic laminated marlstone. Triangles indicate bases of turbidites.
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Plate 17. Close-up core photographs of Plate 16, Core 603B-62. 1. Sample 603B-62-2, 45-60 cm; detail of the base of a turbidite (45-53 cm); note
the massive texture (Ta) and a lack of size grading; small-scale scouring and load deformation at the base of the turbidite. 2. Sample 603B-62-4,
101-116 cm; detail of the top of the sandstone bed at 603B-62-4, 103-150 cm (Plate 16); a thin, chaotic horizon of clayey sandstone rests at the
top of massive sandstone and is overlain by hemipelagic, laminated, nannofossil marlstone; the clayey sandstone horizon contains disrupted and
plastically deformed fragments of layers, and marlstone clasts (slurried bed, type 2).

Plate 18. Turbidites of facies C and slurried beds, type 2, 3 and 4. Cores 603B-67 and 603B-71 (Hauterivian/Valanginian). 1. Sections
603B-67-1, 2, and 3; turbidites of facies C, approximately 1 to 1.2 m thick, composed of medium- to coarse-grained massive sandstone,
and grading upward to structureless claystone; intervals b and c of the Bouma sequence are missing. Sections 603B-67-3 and -4 (parts
only); slurried bed, type 4, showing distinct chaotic, clayey sandstone layer sandwiched between structureless sandstone and black clay-
stone (cy). 2. Section 603B-71-1, thick, homogeneous, medium-grained clayey sandstone bed displaying no structures and, locally,
convolute bedding; massive to convolute, calcite-cemented sandstone (Ta) is present at the base (Sample 603B-71-2, 0-10 cm) (bed type
3). Section 6O3B-71-3; thick, homogeneous, medium-grained clayey sandstone bed bearing tiny claystone clasts scattered and concen-
trated in a breccia layer at 20-35 cm (slurried bed, type 2; see Plate 19, Fig. 2); a thick, black claystone turbidite (facies D3) is present in
the interval from 603B-75-2, 30-65 cm. Triangles indicate bases of turbidites.
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Plate 19. Close-up core photographs of Cores 68 and 71. 1. Sample 603B-68-2, 80-100 cm; detail of the base of a 50-cm-thick sandstone bed with
no size grading and convolute bedding; note the fine grain size and the clayey texture. 2. Sample 603B-71-3, 10-40 cm; detail of the slurried
division of a turbidite bed of facies C, type 2, shown in Plate 18, Fig. 2; a shale- and sandstone-clast-rich breccia horizon (20-36 cm) occurs at the
top of a homogeneous, massive sandstone (36-40 cm); scattered marlstone flakes and wood fragments are present in the upper half of the photo-
graph; the breccia is supported by a clayey sandstone to sandy claystone matrix.
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