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ABSTRACT

At DSDP Sites 534 (Central Atlantic) and 535 and 540 (Gulf of Mexico), and in the Vocontian Basin (France),
Lower Cretaceous deposits show a very pronounced alternation of limestone and marl. This rhythm characterizes the
pelagic background sedimentation and is independent of detritic intercalations related to contour and turbidity
currents.

Bed-scale cycles, estimated to be 6000-26,000 yr. long, comprise major and minor units. Their biological and miner-
alogic components, burrowing, heavy isotopes C and O, and some geochemical indicators, vary in close correlation
with CaCO3 content. Vertical changes of frequency and asymmetry of the cycles are connected with fluctuations of the
sedimentation rate. Plots of cycle thickness ("cyclograms") permit detailed correlations of the three areas and improve
the stratigraphic subdivision of Neocomian deposits at the DSDP sites.

Small-scale alternations, only observed in DSDP cores, comprise centimetric to millimetric banding and millimetric
to micrometric lamination, here interpreted as varvelike alternations between laminae that are rich in calcareous plank-
ton and others rich in clay. The laminations are estimated to correspond to cycles approximately 1,3, and 13 yr. in dura-
tion.

The cyclic patterns appear to be governed by an interplay of continental and oceanic processes. Oceanic controls ex-
press themselves in variations of the biogenic carbonate flux, which depends on variations of such elements as tempera-
ture, oxygenation, salinity, and nutrient content. Continental controls modulate the influxes of terrigenous material,
organic matter, and nutrients derived from cyclic erosion on land.

Among the possible causes of cyclic sedimentation, episodic carbonate dissolution has been ruled out in favor of cli-
matic fluctuations with a large range of periods. Such fluctuations are consistent with the great geographic extension
shown by alternation controls and with the continuous spectrum of scales that characterizes limestone-marl cycles. The
climatic variations induced by the Earth's orbital parameters (Milankovitch cycles) could be connected to bed-interbed
alternations.

INTRODUCTION

The most striking character of Cretaceous pelagic suc-
cessions consists of a bed-scale lithologic cyclicity named
"limestone-marl alternation." This framework has been
described on land in sequences of various ages (Gig-
noux, 1950; Bruckner, 1953; Carozzi, 1955; Lombard,
1956; Ziegler, 1958; Schwarzacher, 1964; Beaudoin, 1977;
Le Doeuff, 1977; Weissert et al., 1979; and Fischer, 1980),
as well as at many oceanic sites (for Cretaceous succes-
sions, see Hollister, Ewing, et al., 1972; Winterer, Ewing,
et al., 1973; Simpson, Schlich, et al., 1974; Barker, Dal-
ziel, et al., 1977; Dean et al., 1978; Bolli, Ryan, et al.,
1978; Tucholke, Vogt, et al., 1979; Montadert, et al.,
1979; Sibuet, Ryan, et al., 1979; Donnelly, Francheteau,
et al., 1980; Ferry and Schaaf, 1981; Sheridan, Grad-
stein, et al., 1983).

Recently a research team at Université Claude Ber-
nard, Lyon, studied cyclic sedimentation in Cretaceous
sequences of the Vocontian Basin (southern subalpine
ranges, southeastern France) and characterized the sedi-
ments by stratonomy, mineralogy, organic and inorgan-
ic geochemistry, and micropaleontology (Cotillon et al.,
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1979, 1980; Darmedru et al., 1982). Cyclic variations,
partly in phase partly out of phase with each other, af-
fect mineralogic, microfaunal, and geochemical contents
of the deposits with periodicities corresponding very of-
ten to the limestone-marl alternation.

Comparable cyclic variations have been recognized in
bed-scale alternating deposits of many oceanic basins,
with periods of 15,000-40,000 yr. everywhere. Besides, a
conspicuous basin-wide continuity is the main character
of pelagic alternating layers, even in a centimetric scale
(Cotillon et al., 1979, 1980).

For these reasons, the climatic variations, among oth-
er causes, seem most appropriate to explain all forms of
the cyclicity observed in the bed-interbed succession, par-
ticularly the continental terrigenous influx (clays) and
the biogenic calcareous one, mainly controlled by the
planktonic production.

Aboard Glomar Challenger during the extension of
Leg 76 and during Leg 77, P. Cotillon investigated typi-
cal pelagic cyclically bedded sequences drilled in the Lower
Cretaceous of the Blake-Bahama Basin in the western
Atlantic (Site 534; Sheridan, Gradstein, et al., 1983) and
of the southeastern Gulf of Mexico (Sites 535 and 540)
(Fig. 1). These sediments were analyzed by the same
methods applied in the study of the Vocontian sequenc-
es. The Valanginian and Hauterivian intervals, the best
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Figure 1. Location map of studied oceanic sites.

recovered in the two Atlantic sequences, were compared
to the Vocontian coeval sequence to test the climate hy-
pothesis of previous studies (Cotillon et al., 1979). The
Cenomanian(?) of Site 535 and the Albian of Site 540
have provided additional data on cyclic sedimentation.

Studied material consists of core samples (Sites 535
and 540), core photography (Sites 534, 535, and 540),
and samples from two land sequences in the Vocontian

Basin—the parastratotype of the Valanginian at Angles—
and a Hauterivian section at Vergons, both in the vicini-
ty of Castellane (southern subalpine ranges) (Fig. 2).

The comparison of the sections drilled at Sites 535,
540, and 534 with those at Angles and Vergons is based
on the study of lithologic sequences and their limestone-
marl cycles (Table 1), as well as on petrographic, miner-
alogic, micropaleontologic, and geochemical data.

LITHOSTRATIGRAPHY AND
BIOSTRATIGRAPHY

Lithostratigraphy
Figure 3 summarizes the sequences in the Vocontian

Basin and at DSDP Sites 534, 535, and 540. For the
DSDP sites, 100% recovery is assumed. In spite of con-
siderable differences in thickness, all sections show the
same trends: from Berriasian to lower Aptian, the sedi-
mentation changes from highly calcareous to marly to
more calcareous again, forming the Eocretaceous mega-
cycle (Cotillon, 1971). There is a lithologic break, often
sharp and sometimes outlined by a stratigraphic gap (Site
535, Angles), at the transition between lower and upper
Aptian ("El event" of de Graciansky et al., 1982). It cor-
responds to the deposition of marly facies (black shales
in the Atlantic, "blue marls" in the Vocontian Basin) on
pelagic limestone; at Site 535, it is probably represented
by a gap encompassing the entire upper Aptian.

Despite these common trends, the three sequences do
differ. (1) Sites 535 and 540 are generally more calcare-
ous. Particularly during the Albian at these sites, almost

4- 4 + +

~| Vocontian Basin according to the average
extent of pelagic facies

Hemipelagic and platform realm

Vocontian Basin boundary
Angles (A) and Vergons (V) sequences

-+- Le Toulourenc (LTR) and
Villebois-les-Pins(VLB) sequences

Figure 2. Vocontian Basin (southeastern France) and location of Angles and Vergons sequences.
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Table 1. Comparison of three Lower Cretaceous sequences (Holes 534A and 535,
and Angles-Vergons).

Common
characteristics

Eocretaceous with one megacycle
limited by two calcareous
formations corresponding to
Berriasian and Barremo-
Bedoulian

Series with autochthonous marl-
limestone alternations

Allochthonous intercalations
(turbidites, debris flows,
contourites) with silicoclastic
and skeletal materials

Differences

Albian facies

Bioturbation of
sediments

Mean oxygenation
of bottom
water

Water depth of
the deposition
(m)

Total thickness
(m) (Valangin-
ian to Albian)

Hole
534A

Black shales

Hole
535

Calcareous with
skeletal silt
and sand

Partial—calcareous layers more
bioturbated

Rather
deficient

>3000

431

Slightly defi-
cient

1500-1700

557

Angles-
Vergons

"Marnes
bleues"

Total

Normal

500-1500

795

purely calcareous cycles occurred that have not been seen
in the Atlantic, except at very localized points such as
Site 369, off the Spanish Sahara (Lancelot, Seibold, et
al., 1978) and Site 386, Central Bermuda Rise (Tucholke,
Vogt, et al. 1979). Sedimentary condensations existed
during the Barremian and Bedoulian. Conversely, at
Site 534 more marly series occurred, particularly during
the Barremian and Bedoulian, when sedimentation rates
were higher than in the Gulf of Mexico. (2) At Angles-
Vergons, the lithology is the most diverse. Highly cal-
careous intervals occur in the lower Hauterivian (Acan-
thodiscus radiatus Zone) and upper Hauterivian. Con-
versely, marls are abundant in the upper Valanginian,
and they contain pyritic fossils in the lower and upper
Valanginian and middle Hauterivian.

Limestone-marl alternation dominates all three se-
quences; even in a monotonous lithology such as the Vo-
contian Aptian-Albian "blue marls," a weak cyclicity
has been observed (Darmedru et al., 1982). These alter-
nations, which are characteristic of autochthonous and
pelagic deposits (see Discussion section), are often dis-
turbed by sediment gravity-flow deposits with material
from carbonate platforms or from their slopes. This al-
lochthonous material is very common at Hole 534A (Sher-
idan, Gradstein, et al., 1983), where millimetric siltstone
layers exist in the Hatteras Formation and where calcar-
eous claystones, graded siltstones, sandstones, and de-
bris flows have been described (particularly in the upper
part [Hauterivian] of the Blake-Bahama Formation). Re-
deposited materials are mostly siliciclastic, rarely skele-
tal; generally, they are associated with marly and more
or less carbonaceous layers and are interpreted as turbi-
dites from the continental slope or (within lower Barre-
mian) from carbonate platforms. Small slumps and mi-
crobreccias occur in Lithologic Subunit Vd of Hole 534A.
At Site 535, Cenomanian(?) deposits reveal two succes-
sive intercalations of silts, skeletal sand, or even rubble.
Detritic layers are millimeters to decimeters thick and
contain current structures. These are also the result of
gravity transport from platforms. In the same way, skel-
etal wackestones occur in the lower Valanginian and up-
permost Berriasian (Cores 535-68 to 535-79), as well
as synsedimentary or syncompactional flowing of sedi-
ment. At Site 540, Albian deposits are commonly pol-
luted by skeletal material in the form of silty and sandy

millimetric layers, often lenticular and ripple structured,
sometimes graded (Units IV, Vb, VI). Massive debris in-
tercalations are encountered in Unit VI only. At Angles-
Vergons, only the lower Berriasian contains some calci-
turbiditic and skeletal interlayers. But slump deposits
are common, particularly in the Berriasian, lower Val-
anginian, lower Hauterivian, and Barremo-Bedoulian.

Interlayerings of allochthonous materials in the three
sequences rarely obliterate bed-scale limestone-marl al-
ternations of the pelagic background sedimentation. How-
ever, the allochthonous input often destroys the cyclicity
on a laminar scale (millimeters).

Biostratigraphy

The Angles-Vergons section is representative of the
Lower Cretaceous Vocontian sequences, the basis of
many stratigraphic studies that have led, during the past
2 decades, to the modern Tethyan biozonations. As pre-
viously mentioned, the Valanginian sequence at Angles
considered here was designated a parastratotype (Bus-
nardo et al., 1979).

At Site 534, where stratigraphic subdivisions are based
on foraminifers, nannofossils, calpionellids, and pol-
lens (Sheridan, Gradstein, et al., 1983), boundaries are
not always firmly identified.

At Site 535, the Berriasian and lower Valanginian are
subdivided by calpionellids. Because of the absence of
age-diagnostic organisms, the lower /upper Valanginian,
Valanginian/Hauterivian, and Hauterivian/Barremian
boundaries could be located only approximately (Buf-
fler et al., this vol.). Subdivisions of the Barremian-Al-
bian interval are based essentially on planktonic fora-
minifers and nannofossils.

Other Elements of Comparison

Common biostratigraphic markers (calpionellids and
planktonic and benthic foraminifers) and typical Vocon-
tian ammonites (Site 535) indicate open communication
between the three sites. However, differences in the spec-
trum of microfauna as well as intensity and distribution
of bioturbation suggest some differences in the deposi-
tional environments.

Intensive bioturbation is observed in the Angles-Ver-
gons sequence; thus, delicate structures such as lamina-
tions are completely destroyed. Benthic microfaunas are
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Figure 3. Lower Cretaceous sequences at three locations of the Tethyan realm. A. Southeastern Gulf of Mexico (Sites 535 and 540). B.
Blake-Bahama Basin, off Florida, Central Atlantic (Site 534, DSDP Leg 76). C. Vòcontian Basin (Angles-Vergons sequence), sub-
alpine ranges, southeastern France.
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abundant and diversified (Moullade, 1966). This indi-
cates an oxygenated environment with normal benthic life,
even though boron titrations by Porthault (1978) indi-
cate that the bottom water was slightly hypersaline as a
result of some confinement of the basin. During the
Barremo-Bedoulian, the sea was estimated to be 500-
1500 m deep (Ferry, 1976).

At Sites 534 and 535, only the very calcareous inter-
vals were bioturbated, whereas marls and black shales
were delicately laminated (Fig. 4). Overall, the data seem
to indicate a more confined deep-water body at the DSDP
sites, compared to the Vocontian Basin; in fact, the ben-
thic microfauna is impoverished or totally absent in some
levels at Site 534. Another cause for the poor microfau-
nal fraction is the water depth in the Blake-Bahama Ba-
sin during the Early Cretaceous (more than 3000 m ac-
cording to Sheridan, Gradstein, et al., 1983) which also
explains the poor preservation of many calcareous shells.
At Site 535, the environment was intermediate between
the Blake-Bahama Basin and the Vocontian Basin. Cal-
culated depth was 1500-1700 m (site chapter, Sites 535,
539, and 540, this vol.). Calcareous benthic microfossils
are scarce, little diversified, and small, but they are not
corroded and are always present. The preservation of
microfaunas and nannofloras is worst in the Albian;
this may be connected to the shallowing of the calcite
compensation depth (CCD) postulated for this time in-
terval in the Atlantic. Site 535 has another peculiarity:
the presence of black shales in the alternations of Units
III and V, i.e., in the lower and upper part of the Eocre-
taceous section.

All of the described sequences are representative of
large areas. The Angles-Vergons sequence may be viewed
as the pattern of the Lower Cretaceous in the Vocontian
Basin, nearly 10,000 km2 in area. Indeed, the alternat-
ing layers that constitute this sequence are exactly the
same throughout the Basin, except for their thickness.
They interfinger only locally with materials redeposited
by gravity processes (Ferry, 1976). The Blake-Bahama
Formation (Berriasian to Barremian) at Site 534, the
typesection of which has been described at Site 391
(Jansa et al., 1979), covers large areas in the Central At-
lantic with no important variations. It exists on the Ber-
muda Rise (Site 387, Leg 43) and in the Cat Gap area
[Sites 4 and 5 (Leg 1); Holes 99A and 100 (Leg 11)]. At
Site 534, it is thickest and most detritic (Sheridan, Grad-
stein, et al., 1983). The Lower Cretaceous at Sites 535
and 540, with very detritic and calcareous Albian de-
posits, is similar to sequences described in provinces of
west and central Cuba (Pardo, 1974).

CYCLIC SEDIMENTATION IN THE EARLY
CRETACEOUS AT SITES 535 AND 534 AND AT

ANGLES-VERGONS

Cycles on the Scale of Beds

The cyclic pattern of the deposition appears at many
scales, from submillimetric laminations up to layers of
tens of centimeters. The most obvious cyclicity in the
three sites is on a scale of tens of centimeters (bed-inter-
bed alternation). Bed-scale alternations correspond to
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Figure 4. The most common distribution of bioturbation in the lime-
stone-marl alternation [Cenomanian(?), Core 535-42]. 535-42-2,
87-92 cm, laminated marl; 75-87 and 92-117 cm, laminated marly
limestone; 117-150 cm, burrowed limestone.

all sequential associations of layers thicker than 5 cm,
with a calcareous and a marly end-member. Below the
threshold of 5 cm, meteoric agents cannot differentiate
beds and interbeds in land sequences when the differ-
ence in their CaCO3 content does not exceed 10%; fur-
thermore, the two extreme components of a cycle may
be mixed by a moderate burrowing.
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Sedimentologic Analysis

Limestone-marl alternations are characterized by a
cyclic renewal not only of the same lithologic sequence
but also of the same faunistic, mineralogic, and geo-
chemical one. Lithologically, the alternations consists
of a repetition of binary or ternary sequences with units
differing from each other by at least 5% CaCO3 and
displaying the pattern of succession: a-b-a-b or a-b-c-b-a.
Facies encountered are: limestone (>80% CaCO3), marly
limestone (60 to 80%), and marl (<60%) (Fig. 5). The
calcareous unit of a cycle may be either a limestone or a
marly limestone, whereas the marly unit may be either a
marl or a marly limestone. Generally, the carbonate
content varies gradually, and no sharp boundary sepa-
rates cycle units (Fig. 6).

A cycle is described at first by its thickness, which is
the distance separating two successive bottoms of the
most argillaceous units. Other variables are (1) the pro-
portions of each of the two or three units inside a cycle
and (2) the asymmetry index of ternary cycles (ratio of
the thicknesses of units separating the most calcareous
unit of a cycle from the most argillaceous and immedi-
ately adjacent ones) (Fig. 7).

In the Vocontian Basin, Neocomian alternations con-
sist generally of three bioturbated micritic units. In the
upper Berriasian-lower Valanginian, the middle Hauter-
ivian, and the lower Barremian intervals, cycles are
divided in the same proportion in light gray or beige
calcareous beds and dark gray marly interbeds (Fig. 8).
In the lower Berriasian and Barremo-Bedoulian, where
limestones prevail, interbeds are often reduced to thin,
black, shaly centimetric layers distinctly separating lime-
stone beds (Fig. 9). In the upper Valanginian, the cycles
are thicker, and the more calcareous unit is a marly lime-
stone or a fissile calcareous marl. Although homoge-
neous at first sight, upper Aptian and Albian "blue
marls" show a weak alternating pattern, made up of
subtle changes of color and hardness that are both re-
lated to a cyclic distribution of CaCO3 in the sediment
(Darmedru et al., 1982).

At Site 535, the Lower Cretaceous is a sequence of
light-colored limestone layers and darker layers of lime-
stone or marl richer in clay and organic matter. Biotur-
bation affects mainly the most calcareous part of the
deposits, whereas marly limestones are medium biotur-
bated and marls are laminated with little or no biotur-
bation (Fig. 4). This pattern is statistically true. The to-
tal percentages of light-colored limestone, gray marly
limestone, and dark marl sections bioturbated at Site
535 are as follows: for the Hauterivian, 39, 13, and 3%,
respectively; for the Valanginian, 90, 59, and 11%, re-
spectively. However, fully bioturbated cycles or cycles
with no bioturbation may be encountered. In Cenoma-
nian(?) bed-scale limestone-marl alternations are faint
in Core 535-18; they appear gradually through Cores
535-19 and 535-20 but become really distinct only in
Cores 535-21 and 535-22. Cycles are generally short and
binary, highly calcareous and bioturbated. The ternary
cycle appears only in Core 535-31. In Cores 535-22 to
535-24 and Core 535-39, alternation is partially masked
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Figure 5. Binary and ternary sequences of alternating cycles. Valan-
ginian Core 535-63. Burrowing in limestones (light) and the lami-
nated structure in marls (dark gray), as well as in marly limestones
(gray).
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by influx of shallow-water debris and coarse bioturba-
tion. In Cores 535-34 to 535-36, enigmatic structures re-
sembling microcross stratifications are observed in mar-
ly calcareous units of cycles (Fig. 10). The possible sig-
nificance of these structures will be discussed later (see
section on Overregional Control). The sequence from Ber-

Cycle N + 1

n-1

Cycle N

Cycle N-1

Figure 7. Conventions for cycle characterization: A, limestone unit;
B, marly limestone unit; and C, marly unit. Cycle N asymmetry =

Bn . An, Bn, Cn are units of Cycle N. B^ and B£ are mar-
i 2Bi + ß

ly limestone units of Cycle N above and below the limestone unit.

Im

Figure 8. Alternating Hauterivian sequence at La Charce (Drome, Vo-
contian Basin). Equal average proportions between beds and inter-
beds.

riasian to Aptian consists of ternary cycles, symmetrical
or asymmetrical, with rather highly bioturbated lime-
stones and laminated marls. Microcross-bedding is pres-
ent in Lithologic Unit IV, particularly in Cores 52, 56,
57, and 58 of Hole 535. Binary cycles, such as in the Ce-
nomanian(?), reappear in Unit V.

At Site 540, cycles are comparable to those of the Ce-
nomanian(?) at Site 535; bioturbation is often very strong,
destroying small cycles but sparing the thickest (Cores
540-71 to 540-77). However, cyclicity is never masked by
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Figure 9. Upper Barremian at Angles (eastern Vocontian Basin, southeastern France). Al-
ternation with prominent limestone beds; interbeds reduced to centimetric black-shale
layers.

skeletal influxes even where they are volumetrically sig-
nificant, as in Unit IV.

In Sites 535 and 540, light-colored limestones are less
compacted than dark marls and black shales (burrows
of the same organisms are more flattened in marls than
in limestones) (Fig. 11). Also, light-colored limestones
are often denser than marls; this may be related to a
selective cementation in limestones. GRAPE diagrams,
especially those for Cores 535-42 and 535-50 (Fig. 12),
show this density relationship.

At Site 534, the nonredeposited sediments of the Blake-
Bahama Formation are nannofossil-radiolarian micritic
limestones or chalk, marly nannofossil chalks, and marls
in an alternating sequence (Sheridan, Gradstein, et al.,
1983). Marls and marly chalks are finely laminated and
unburrowed. Nannofossil chalk and limestone are mod-
erately to very highly burrowed. The more calcareous
layers are also the more cemented.

Common Lithologic Features
Cyclic alternations on the scale of beds (tens of cen-

timeters) are common to these three Early Cretaceous
series; they affect fine-grained sediments, including
limestones, marly limestones, and marls. Chalks, marly
chalks, and black marls such as "black shales" must be
added for sequences of Sites 534 and 535. These fine-
grained and cyclic deposits may be regarded as the pe-
lagic background sediment (here called "autochthonous"
material).

The bioturbation is not uniformly distributed in the
lithologic cycles at the DSDP sites. Burrowing is most
intensive in limestones and least common in marls which
are mostly laminated. At Angles-Vergons, the bioturba-
tion in all lithologies of a cycle is sufficient to destroy all
lamination.

Allochthonous material from sediment gravity flows
is inserted in autochthonous deposits at the DSDP sites.

They include current-deposited silt and sand, often skel-
etal in nature. At Sites 535 and 540, these materials do
not destroy the cyclic pattern in the pelagic background;
the situation is similar at Site 534, where many redepos-
ited layers have been described (particularly from the
Hauterivian), but where true calcareous turbidites with
platform materials are relatively scarce (Cores 534A-53
to 534A-55). Contour-current deposit would result from
either a redeposition from relatively close areas (conti-
nental slope or Blake-Bahama Basin margins) or a win-
nowing of autochthonous muds by contour currents.

Distribution of Biota
Previous studies on the distribution of biological re-

mains in the Vocontian cycles concluded that the biota
varies in a cyclic pattern that commonly follows the car-
bonate content (Cotillon et al., 1980; Darmedru et al.,
1982; Darmedru, 1982). As a consequence, limestones,
marls, and marly limestones can be distinguished by their
microfauna. Limestones and marls contain the most
specialized associations; benthic species are predomi-
nate in marls and planktonic species in limestones. Mar-
ly limestones, on the other hand, yield the most diversi-
fied populations and are particularly rich in planktonic
foraminifers. The highest nannoconid concentrations
are observed in limestones, whereas coccoliths prevail in
marly interbeds (see also Noel, 1968; Manivit, 1979).

The Neocomian and Albian at Sites 535 and 540 have
been studied in the same way as the Vocontian sections
(disaggregation, using cryothermostat for separating lime-
stones). The main results are the following.

1. Microfossils were counted in washed residues and
gathered into 20 variables. For each site, data were ana-
lyzed by factor analysis. Results are very similar for the
two sites and are summarized on Figure 13. Argilla-
ceous samples cluster around the "benthic pole;" cal-
careous samples plot near the "radiolarian pole" (80%
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Figure 10. Cross-bedding-like structures by piling of "pseudoripples,"
here interpreted as compaction features. Cenomanian(?), 535-34-2
90-150 cm.
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Figure 11. Differential crushing by compaction of burrows (dark) in
limestones and marly limestones. Albian, 540-68-1, 80-105 cm.

CaCO3 for Site 535, 95% for Site 540). In slightly more
clayey limestones, foraminifers dominate the planktonic
populations, especially Hedbergella in the Albian and
Caucasella in the Valanginian and Hauterivian. Obser-
vations in thin sections confirm these conclusions. The
results are consistent with those obtained by Darmedru
(1982) for the Vocontian Lower Cretaceous and by Dean
and others (1978) concerning the distribution of radio-
larians and planktonic foraminifers in Eocene cycles at
Site 366 (Leg 41) off Western Africa.

2. Nannofossil distribution at Site 535 was studied
by scanning electron microscopy. Above 90% CaCO3,
micritic facies show almost exclusively nannoconids. In
argillaceous facies (<65% CaCO3), the most part of the
bulk carbonate is made of coccoliths. Nannoconids and
coccoliths are in nearly the same proportions in interme-
diate facies.

Mineralogy

In the Vocontian Basin, the sinusoidal variation of
clay in the limestone-marl alternations is followed by
that of siliciclastic silt, which may be 10 times more
abundant in marls than in limestones (Cotillon, 1971).
Furthermore, transition from a calcareous bed to a mar-
ly interbed, or vice versa, also shows a change in clay
composition; illite and kaolinite are more abundant in
marls than in limestones. Smectite minerals follow an
inverted trend (Cotillon et al., 1980).

At Sites 535 and 540, marly layers are enriched in de-
trital quartz (Fig. 14) and mica. The layers richest in
clay and organic carbon also contain pyrite, fish debris,
and sometimes thin lenses of CA-phosphate. Small rhom-
bic crystals of dolomite are often observed, with pro-
portions up to 40%. Their average frequency is higher
in marls than in limestones (Fig. 15), particularly from
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Figure 12. Distribution of density through an alternating sequence as shown by a GRAPE density dia-
gram, Section 535-50-2.

Cores 535-40 to 535-68. Dolomite crystals formed be-
fore sediments were totally compacted (Fig. 16). X-ray
diffractometry of 64 samples did not show a correlation
between concentration of clay minerals and carbonate
content. However, the crystallinity of illite (half-height
width of 001 peak) is slightly higher in marls than in
limestones (Fig. 17).

Geochemistry
Geochemical differences have been found between beds

and interbeds of the "faisceau du Toulourenc," an up-
per Valanginian marker sequence that is 6-16 m thick,
traced over the whole Vocontian Basin (Cotillon et al.,
1980). Calcareous beds are enriched in Fe, Mg, and Sr,
whereas marly interbeds are enriched in K, Li, and Zn
(in calcareous bulk) and in Zr, Nb, Rb, and Ni (in ter-
rigenous bulk) (Jouchoux, 1982).

Oxygen and carbon isotopes. In Valanginian deposits
of the Vocontian Trough, oxygen and carbon isotopic
ratios are different for limestones, marls, and marly lime-
stones. Limestones are statistically richer in 18O and 12C
than are marls. Weissert et al. (1979) obtained a similar
result, especially with 12C in the upper Majolica Forma-
tion (Barremian), Lombardian Alps, Italy; and de Boer
(1982) did so in Umbrian middle Cretaceous.

In the southeastern Gulf of Mexico, analysis of 113
samples shows a difference between beds and interbeds

in most of the cores at Site 535, interbeds being enriched
with 18O (Fig. 18). This trend is not observed for the Al-
bian section at Site 540 (Fig. 19). Furthermore, 18O con-
tents decrease with burial at Site 535. At the same site,
many calcareous beds are slightly enriched in 13C. On
the other hand, the average value of 13C, calculated for
four stratigraphic units, may be positively correlated with
the corresponding sedimentation rates (Fig. 20).

Calcareous beds of the upper Valanginian are deplet-
ed in 18O and slightly enriched in 13C compared to those
of the Vocontian Basin (Fig. 21).

Organic matter. Thirty-nine samples collected from
various lithologies at Site 535 were analyzed by Deroo
and Herbin (Institut Français du Pétrole) to determine
their organic carbon contents, hydrogen indexes, and
oxygen indexes (Deroo et al., 1978). Figures 22 and 23
summarize the main results of this analysis. Figure 22
clearly shows a negative correlation between organic car-
bon and CaCO3 content. For Valanginian sediments, or-
ganic carbon decreases through the following lithologic
suite: dark gray laminated marl, gray laminated marl,
gray laminated marly limestone, laminated beige lime-
stone, and beige limestone (above 94% CaCO3). Figure 23
shows a nearly total separation between beige lime-
stones (with generally small hydrogen indexes and large
oxygen indexes) and the marls and marly limestones;
laminated beige limestone data are more scattered through
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Figure 14. Detrital quartz abundance estimated in thin sections.

the diagram. Organic matter is essentially of marine
origin.

Statistical Analysis of the Limestone-Marl Cycles

Because of poor recovery (21%) and drilling distur-
bances in the Barremian and Aptian deposits at Site
535, only the Valanginian-Hauterivian sequences of Sites
535, 534, and Angles-Vergons will be considered in this
study. The Cenomanian(?) of Site 535 and the Albian of
Site 540 will also be discussed.

Frequency of cycles. At each site, we counted the
number of cycles in all stratigraphic units mentioned
above, distinguishing major cycles and minor cycles. Con-
ventionally, major cycles are at least 10 cm thick, with
lithologic members well differentiated and each thicker
than 2 cm. Minor cycles are at least 5 cm thick, have
poorly differentiated lithologic components, and are in-
cluded in major cycles. In the Angles-Vergons series,
only Valanginian and Hauterivian major cycles have
been counted, because weathering is not always able to
reveal the subtle differences in CaCO3 content that char-
acterize the minor cycles. We can estimate the mean du-
ration of cycles if we assume that they accumulated con-
tinually with the pelagic rain (Table 2). For comparison,
some durations calculated by different authors for the
Lower and middle Cretaceous pelagic deposits are listed
in Table 3.

For intervals with good recovery of sediments in DSDP
sites, such as the Valanginian, the number of major cy-
cles is nearly the same in each sequence. In turn, the
number of minor cycles calculated for different strati-
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graphic units varies greatly according to sites and corre-
lates positively with the sedimentation rates (Fig. 24).

Furthermore, we constructed curves showing the var-
iation of the frequency of cycles per core, corrected for
recovery (per intervals of 15 m for the Angles-Vergons
succession), (Figs. 25-27). Each of them reveals large-
scale variation ("megacyclicity"). The curves of major
cycles reveal similar evolutions for the three sites until
the late Valanginian {Himantoceras trinodosum Zone of
the Angles-Vergons succession) and for the entire Neo-
comian in the two DSDP sites. In addition, peculiar
points appear at the same levels in the three sites; they
are situated at changes in evolutionary trends. The one
(A) at the lower/upper Valanginian transition, the other
(B) just above the Valanginian/Hauterivian transition
(Fig. 25). Likewise, curves for the Albian of Site 540 and
the Cenomanian(?) of Site 535 have some parallel trends
along the path XYZ (Fig. 26).

As noted above, the curves of minor cycles are ex-
pected to express variations of the sedimentation rate.
For Sites 534 and 535, these curves outline rather similar

0.125 mm

Figure 16. Early diagenetic dolomite rhombs in a marly limestone.
The crystal formation was achieved before a total compaction as
demonstrated by the deformation of dark laminae around the do-
lomite (Valanginian, Sample 535-57-4, 53-54 cm).

•

• Beds
-|- Interbeds

50
CaCO3

Figure 17. Illite crystallinity in beds and interbeds in the Lower Creta-
ceous at Site 535. Crystallinity is expressed as half-height width of
001 peak of illite of glycolled samples.

evolutions for the Neocomian (see correlation points C
to H, Fig. 27) and are composed of megacycles covering
6, 8, or 10 cores. There is no evident correlation between
these curves and the lithologic variations in the sequences.

Curves of minor-cycle frequency and burrowing in-
tensity in the Valanginian-Hauterivian and Cenomani-
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an(?) at Site 535 show a negative correlation. This agrees
with the negative correlation generally observed between
sedimentation rates and intensity of burrowing. Besides,
parallel trends at some levels of the curves prove that
minor cyclicity is certainly not masked by burrowing
(Figs. 27 and 28).

Major and minor cycles curves for the Cenomanian(?)
(Site 535) and Albian (Site 540) also show a high range
of fluctuation.

Asymmetry of cycles. Ternary cycles have been char-
acterized by their asymmetry index. According to the
terminology proposed in Figure 7, the index varies from
0 to 1. A symmetric cycle has a value of 0.5.

We calculated asymmetry index for the major cycles
of each core (of intervals of 15 m for Angles) and drew
curves of their vertical variations (Figs. 29-30). Like the
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curves in Figures 25-28, these also reveal some large-
scale variations. For the Valanginian, global variations
are nearly opposite at Sites 535 and 534; they are rather
similar at Site 535 and Angles-Vergons, despite an in-
complete curve for this last site. Curves are comparable
for the Hauterivian of the three sites (taking into ac-
count the hiatus at the top of the Hauterivian sequence
at Site 535, see Stratigraphic Implications section).

Asymmetry index is generally not as available for the
correlations as is the frequency of cycles. The mean in-
dex calculated for each stage at each site (Table 2) is less
than 0.5, indicating that the limestones in a cycle show a
more rapid transition to marly limestone upward than
downward. This result is consistent with the distribution
of organic carbon throughout the alternating cycles (Her-
bin et al., this vol.). Moreover, several authors have dis-
cussed the same type and sign of asymmetry [Dean et
al., (1978, 1981) in Tertiary cycles off the coasts of north-
west Africa; Arthur (1979) in North Atlantic Neoco-
mian cycles; and Kauffman (1982) in limestone-shale
rhythms in the Cretaceous of North America]. But Mc-
Cave (1979) described asymmetries with opposite signs
in Albian cycles of the western North Atlantic.

We must finally mention that the values of asymme-
try plotted in Table 2 are negatively correlated with the
sedimentation rates (Fig. 31). Thus the curves of asym-
metry-index variations are expected to express the fluc-
tuations of the sedimentation rate, as do the curves of
minor cycles, but in the opposite way. Actually, the two
kinds of curves often show opposite trends, particularly
for Site 534.

Variation of cycle thickness: cyclograms, harmonic
analysis. Cyclograms illustrate the thickness variation
with time of major cycles (Fig. 32). The latter are repre-
sented at each site by equidistant segments perpendicu-
lar to a vertical axis, the lengths of which are proportion-
al to each cycle thickness. Some biostratigraphic bound-
aries have been added along the axis.

Variation of cycle thicknesses is cyclic itself (megacy-
cles), but these changes are interrupted by many discon-
tinuities. These variations, together with a biostrati-
graphic control, form the basis of the "cyclostrati-
graphic" correlations we propose between the three sites.

The main elements used for the correlations are the
following: (1) general evolution of the thickness for bed-
interbed cycles (long, isolated cycles, which are frequent
in series rich in thick limestone beds—Site 535, Angles-
Vergons—not taken into account); (2) discontinuities,
previously noted, and particularly their type, frequen-
cies, and situation along the sections; (3) particular groups
of bed-interbed cycles; for instance, cycles with similar
length following each other; and (4) proportions and
distribution of long cycles with regard to short ones.

Accompanying the cyclograms for Sites 535 and 534
is a mention of the interval corresponding to the "fais-
ceau du Toulourenc," the Vocontian marker sequence
quoted previously (see Geochemistry section).

Based on these criteria, plus the biostratigraphic bound-
aries, we propose certain ties among Angles-Vergons,
Site 534, and Sites 535 and 540. These ties are shown on
the three cyclograms (Fig. 32).

Considering the large-scale trends and the thickness
of bed-interbed cycles, we have divided the sections into
correctable cyclozones:

Cyclozone 1 (Thurmanniceras otopeta and [part of]
T. pertransiens Biozones), well-developed megacycles.

Cyclozone 2 (T. pertransiens and [part of] T. campy-
lotoxum Biozones), alternation of sequences with many
and with few discontinuities.

Cyclozone 3, fluctuating evolution broken by discon-
tinuities, Subzone 3a (top of T. campylotoxum Biozone),
long bed-interbed cycles not composing very thick sets
(two to three units generally); Subzone 3b (nearly the
whole upper Valanginian), long bed-interbed cycles com-
posing important sets (10 to 40 units).

Marls Marly limestones Limestones

30 40 50 60 70 80 !

Equivalent CaCO3 (%)

Figure 22. Correlation between total organic carbon content and lithologic types at site 535 shown by
equivalent CaCO3 percentages. (Analyses of samples was done by G. Deroo and J.-P. Herbin.)
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Figure 23. Characterization of organic matter by pyrolysis assay for the Neocomian at Site 535. Hydrogen
versus oxygen index (van Krevelen diagram; analyses of samples was done by G. Deroo and J.-P. Herbin).

Cyclozone 4 (uppermost Valanginian and a large part
of the Hauterivian), like Cyclozone 2.

Cyclozone 5, like Cyclozone 3.
We have drawn histograms (Fig. 33) showing lengths

(expressed as numbers of constitutive bed-interbed cy-
cles) of megacycles. The distributions are generally po-
lymodal. A megacycle commonly consists of 4 to 6 cy-
cles, less commonly of 5 (approximate durations from

65,000 to 100,000 yπ). Parallel evolution of cycle thick-
ness in different sites is also shown by harmonic analy-
sis. We adapted the program proposed by Davis (1973)
for a microcomputer (HP85) and used only the minor
cycles, because their thickness determinations are easier
than those for the major ones. The computation con-
cerned 672 cycles for Site 534 (Cores 67 to 79) and 651
cycles for Site 535 (Cores 58 to 71). They all belong to
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Table 2. Major characteristics of alternating cycles at four sites: 534, 535, 540, and Angles-Vergons.

Site and
age

Site 535

Cenomanian(?)
Hauterivian
Valanginian

Site 540

Albian

Site 534

Hauterivian
Valanginian

Angles-Vergons

Hauterivian
Valanginian

Thickness
(m)

237.5
59.5

195

370.5

99
153

178
242

Sedimentation
rate (m/Ma)

30
17
27.85

39

19.8
21.85

35.6
34.5

Observed

479
103
339

341

158
395

232
413

Major cycles

Calculated
for a full
recovery

645
133
440

931

302
443

247
438

Mean
length

(m)

0.36
0.44
0.44

0.39

0.32
0.34

0.72
0.58

Mean
duration

(yrs.)

12,250
26,000
16,000

10,000

16,500
15,800

20,250
16,000

Asymmetry

0.39
0.47
0.40

0.32

0.48
0.44

0.34
0.32

Observed

1283
232
958

746

317
896

Minor cycles

Calculated
for a full
recovery

1688
296

1222

2285

578
1004

Mean
length

(m)

0.14
0.20
0.16

0.16

0.17
0.15

Mean
duration

(yrs.)

4,700
10,750
5,800

4,100

8,650
7,000

Note: Geochronologic scale used is from Kennedy and Odin (1982). Thicknesses of Valanginian and Hauterivian at Site 535 take into account the correlations
proposed between the sequence at Site 535 and Angles-Vergons (see Statistical Analysis section).

Table 3. Examples of limestone-marl cycle durations in pelagic Early
and middle Cretaceous.

Location

Site 367 (Cape Verde
Basin)

Site 463 (mid-Pacific
mountains)

Sites 386 and 387 (west-
ern North Atlantic)

Sites 399 and 400 (Bay
of Biscay)

Site 398 (North
Atlantic)

Western Interior, USA
Umbria (Italy)

Age

Early Cretaceous (Core 26)

late Aptian to early Albian

Albian

Albian
Aptian

Aptian-Albian

Cretaceous
middle Cretaceous

Duration
of cycles

(thousands
of yr.)

37

14-38

17 and 20

36-44
21-29

30-100

30-50
23.4

Authors

Dean et al., 1978

Ferry et al., 1981

McCave, 1979

Montadert, Rob-
erts, et al.,
1979

Arthur, 1979

Kaufmann, 1982
de Boer, 1982

I 40
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20 30 40
Sedimentation rate (m/Ma)

Figure 24. Correlation between the average number of minor cycles
per core, calculated for some stratigraphic intervals at Sites 534,
535, and 540, and the sedimentation rate.

the same Valanginian interval, which is also the best re-
covered.

Harmonic analysis must be based on measurements
equally spaced in time or space; we have no proof that

this is true here. However, our first goal was to compare
the two sections, not to determine the duration of the
different components or the harmonics of them.

The list below summarizes the results expressed as
"number of cycles." A certain similarity between the
two series is evident. So, we can say that deposition of
the two series probably reflects the same periodicities.

Site
534

29

8.1
6.7
4.8

3.7

2.7
2.4
2.1
2

Site
535

26
11

6.5
4.5
4.2
3.5
3.3
2.8
2.5
2.2
2

Stratigraphic Implications of Cycle Correlation

clicity (frequency, asymmetry, and thickness of bed-in-
terbed cycles) improve notably the stratigraphy of the
Neocomian at oceanic sites.

1. The lower/upper Valanginian and Valanginian/
Hauterivian boundaries, which are, at best, only ap-
proximately fixed at Site 535 (Buffler et al., this vol.),
may be set up more accurately by cyclograms. The first
boundary is situated at the bottom of Core 64, thus
more nearly the top of the calpionellid Zone E than in
the Angles series. The second (higher than supposed) is
in the lower part of Core 54.

2. The biozonation of Angles parastratotypic succes-
sion has been applied to the Valanginian of Sites 534
and 535.
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Hole 535 Hole 534A Angles-Vergons
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Figure 25. Variations in the number of major cycles per core (Holes 535 and 534A) or per 15 m of deposit (Angles-Vergons) across
Valanginian-Hauterivian interval. A and B are two correlated trend reversals. Horizontal dashed lines are stratigraphic boundaries.
Vertical dashed lines are smoothed curves to facilitate comparisons.

3. A hiatus corresponding approximately to three cores
is observed on top of the Hauterivian. This gap is shown
in the cyclograms but also indicated by a comparison of
minor-cycle and major-cycle asymmetry curves for Sites
534 and 535 (Figs. 27 and 29). It precedes the gap or
condensation affecting the lower Barremian (Buffler et
al., this vol.).

4. Another condensation or gap is indicated between
Core 60 and Core 62 at Site 535 by cyclograms for Site
535 and Angles-Vergons.

5. Comparison of the minor-cycle curves suggests that
the Valanginian/Hauterivian boundary at Site 534 should
be located further uphole (Cores 63 to 62).

6. According to major-cycle curves, the Cenomani-
an(?) of Site 535 and Albian of Site 540 would probably
overlap. Indeed, Cores 535-25 to 535-36 seem to correlate
with Cores 540-26 to 540-36 (Fig. 26). Using other means,
Debrabant and others (this volume) reach the same
conclusion.

General Features of Bed-Scale Cycles
The number of major bed-scale cycles proceeding from

limestone-marl alternations is fairly comparable in the
Valanginian of the three studied series, in spite of the
lithologic differences previously noted. For the Hauter-
ivian, a notable difference in the recovery at the two

oceanic sites may be the cause of the variability of these
numbers. The cycles are 20,000-25,000 yr. long for Hau-
terivian, nearly 16,000 yr. long for Valanginian. The
mean asymmetry of cycles is always below 0.5 (i.e., the
calcareous unit in the cycle appears generally more ab-
ruptly than it disappears). The sedimentation rate for a
given interval is negatively correlated with the mean
asymmetry index and positively correlated with the mi-
nor-cycle frequency.

Frequency, asymmetry, and thickness variations of
limestone-marl cycles through the Valanginian-Hauter-
ivian and Albian intervals are megacyclic. Some paral-
lel trends are observed at the three sites, as shown in the
cyclograms. They lead to detailed correlations between
the three sites (for the Lower Cretaceous), then to an im-
proved stratigraphic subdivision and to a perception of
stratigraphic gaps. One of them, situated in uppermost
Hauterivian, has been already noted along western Afri-
ca continental margin (Pflaumann and Cepek, 1982).

Small-Scale Alternations at Sites 535 and 540

Banding
This rhythmicity appears as a succession of alternat-

ing dark and light-colored bands, several millimeters or
a few centimeters thick. Generally, banding is superim-
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Figure 26. Variations in the number of major cycles per core [Albian at Hole 540, Cenomanian(?)
at Hole 535]. X, Y, and Z are possible correlated points. Dashed lines are smoothed curves to
facilitate comparisons.

posed on bed-interbed cycles, already defined, but it
may be absent [Site 535, Cores 30, 35 36, 38 (part), 46,
and 47]. Bands, in turn, are composed of sets of dark
and light-colored laminae, but there are homogeneous
bands that represent either a thick lamina or a bundle of
several weakly visible laminae of identical composition
(Fig. 34). As the sets of laminae form banding, sets of
bands form bed-scale alternations of limestone and marl
noted before.

The most calcareous bands may be skeletal (with ben-
thic debris), homogeneous micrite, layers richer in cal-
careous plankton (foraminifers, nannofossils), or layers
of rhombic dolomite crystals. The dark bands are the
most clayey but also contain more pyrite, organic mat-
ter, phosphate, quartz, and mica than the light-colored
bands. Contact between bands may be plane, irregular,

or sometimes stylolitic. The proportions of light-colored
and dark bands are quite variable.

Lamination

Laminations form the background alternation within
all the lithologic facies encountered in cores and are gen-
erally a millimeter or less in thickness. At Site 535, we
observed laminae of skeletal debris deposited by trac-
tion-currents. These units are 0.070-1 mm thick and ir-
regular; they sometimes have a ripple structure. In Cores
535-23 to 535-28, traction-current laminae coexist with
other units that may be autochthonous. The latter form
cycles 30-350 µm thick, with an alternation of (1) light-
colored micrite, abundant foraminifers, radiolarians, and
pelagic pelecypods and (2) dark micrite with more clay,
iron oxide, and organic matter. Evidence for traction-
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ber of minor cycles per core, expressing the variations in sedimen-
tation rate.

current is again found in Cores 535-75 through 535-78.
In Cores 535-42 through 535-74, we observed an alterna-
tion of more calcareous light-colored laminae and darker
laminae in which clay and organic matter are concen-
trated.

The laminations belong to three orders of scale at
least. The first order (often destroyed and deformed by
compaction) corresponds to cycles 0.008-0.025 mm thick
(Fig. 35) with thin dark laminae (concentration of iron
oxide and clay) and larger light-colored laminae (con-
centration of nannofossils) (Fig. 36). In some layers, the
calcareous laminae grow into ovoid white specks, well-
outlined and often aligned, which are accumulations of
well-preserved nannofossils (Figs. 37 and 38). The pel-
letic nature of these specks has been assumed by several
authors. They correspond certainly to the "stringers of
white specks" observed in Aptian-Albian laminated marls
of the Central Atlantic (Donnelly, Francheteau, et al.,
1980). In higher orders of laminations (Fig. 39), light-
colored, calcareous units, 0.05-1 mm thick, may be
groups of flattened white pelletic(?) specks (in marls)
(Fig. 37A) or groups of lens-shaped amygdaloid and
unraveled micritic areas, separated by a thin brown ar-
gillaceous film (in marly and argillaceous limestones)
(Fig. 40). Dark clayey units, 0.010-1 mm thick or more,
contain more organic matter, fish debris, iron oxide, de-
trital quartz, and mica. Coccolites are the most frequent
among planktonic calcareous remains.
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Figure 29. Variations in Valanginian and Hauterivian average asymmetry indexes of major cycles either per core (Holes 534A and 535) or per 15 m of
sediment (Angles-Vergons) across Valanginian-Hauterivian interval. J marks a possible correlation point. Horizontal dashed lines are stratigraph-
ic boundaries. Vertical dashed lines are smoothed curves to facilitate comparisons.

In limestones, we assume that the lamination may be
represented by parallel alignments of alternatively large
and small radiolarians (Fig. 41).

The origin of micritic specks and of amygdaloid patch-
es is problematic. They are either pellets, detrital ele-
ments, or the result of a disruption of continuous layers
into microlenses by compaction (Figs. 40, 42). When
specks are sparse and made of packed nannofossils, the
pelletal origin is highly probable; but when these micro-
lenses or specks are pressed on each other, deformed
and stretched, they may be the result of a boudinage by
compaction. A same constricted aspect, simulating a
flaser-bedding structure, has been noticed by Jansa and
others (1978) in the Cretaceous succession at Site 367
(Central Atlantic); by Lancelot, Winterer, and others
(1980) in Paleocene sediments at Site 415 (eastern Atlan-
tic off northwestern Africa); and by Thiede, Valuer, and
others (1981) in Aptian-Albian deposits of the Central
Pacific. Compaction is also responsible for stylolitic
seams. Sometimes present between laminae in dark lev-
els, these seams are outlined by black and concentrated
organic matter.

The Albian at Site 540 shows the same small-scale al-
ternations, albeit more often disturbed by burrowing or
intercalations of allochthonous material. In limestones,
the microplanktonic components are generally gathered
in laminae; radiolarians are especially present, with more
than 90-95% CaCO3, in the sediment, and foraminifers

occur in more clayey deposits. In marly limestones, con-
stituted by an alternation of light-colored and dark lam-
inae, planktonic foraminifers are essentially located in
the latter (Fig. 43). Similar plankton-rich laminae have
been mentioned by Jenkyns (1976) in the Aptian of South
Pacific.

We attempted to estimate durations for the different
orders of laminations, by use of sedimentation rates cal-
culated at different levels of the bed-interbed cycles. Mean
deposition times obtained for first-order, second-or-
der, and third-order couplets are respectively 1.2, 4, and
16.3 yr. Considering the approximations used for calcu-
lation, we estimate that the first value fits with an annu-
al cycle; the others, corrected in the same proportions,
would be 3.3 and 13.6 yr., respectively. In the Valangini-
an at Site 534, a duration of 10-50 yr. has been pro-
posed for laminae of unspecified thickness (Sheridan,
Gradstein, et al., 1983). At Site 391, in the same basin
and for coeval sediments, Freeman and Enos (1978) count-
ed 67 laminae per cm and deduced a duration of 6 yr. for
the deposition of each unit.

DISCUSSION
As indicated above, much of the cyclicity encoun-

tered in Cretaceous deposits is very uniform in both south-
eastern France and the southeastern Gulf of Mexico, es-
pecially regarding the lithologic and microfaunal char-
acteristics. But, some variables, like clays or C and O
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heavy isotopes, are different within the limestone-marl
cycles at different sites. Local conditions may explain
the differences.

The most conspicuous fact is the nearly worldwide
correlations made possible by the cyclicity. During the
Early Cretaceous, pelagic sedimentation cycles were gov-
erned by factor(s) beyond the scale of a single basin.

Before discussing global phenomena that may have
controlled the alternating sedimentation, we have to dif-
ferentiate, among all analysis data previously exposed,
those corresponding to general causes and those related
to local sedimentary or diagenetic events.

Evidence for Overregional Control of the Cycles

Bed-scale alternations. The fact that these cycles can
be correlated over 5000 km in the Tethyan belt leads us
to rule out gravity processes to explain limestone-marl
alternations. We concluded similarly for Valanginian lime-
stone-marl cycles of the Vocontian Basin (Cotillon et

al., 1980). Nevertheless, the autochthonous alternating
sedimentation may be affected and polluted by winnow-
ings, redepositions, or skeletal sand supplies. These are
widespread in Albian and Cenomanian(?) deposits of
Sites 535 and 540 as well as in the Hauterivian at Site
534, and they are the result of local events. But in spite
of numerous detritic layers (graded siltstones and sand-
stones, debris flows) interfingered in the Hauterivian
succession at Site 534 (Sheridan, Gradstein, et al., 1983),
the deposits keep a basic alternating pattern, allowing
accurate correlations between Sites 534 and 535 (Figs.
25 and 27). Therefore, intercalations of many redeposit-
ed layers in a pelagic alternating section do not neces-
sarily indicate a fatal obliteration of its original cyclic
constitution.

Lamination. Cretaceous laminated sediments are as
widespread as bed-scale alternations in pelagic deposits
of oceanic sites. According to their aspect, structure,
shape, and possible association with graded detritic lay-
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ers, pelagic laminae of fine-grained sediments have been
considered either as autochthonous deposits or as ele-
ments of distal turbidites (for the latter interpretation
see particularly de Graciansky and Chenet, 1979; Mon-
tadert, Roberts, et al., 1979; Thiede, Valuer, et al., 1981).

If laminae and alternating beds constitute a back-
ground sedimentation resulting mainly from a vertical
flux of particles, the former may be compared to the
varvelike deposits described in the Black Sea Quater-
nary section (Ross and Degens, 1974; Ross, Neproch-
nov, et al., 1978); the Aptian-Albian deposits of the
Central Atlantic (Donnelly, Francheteau, et al., 1980);
and the Cretaceous of North America (Kaufmann, 1982).
But a varvelike aspect and deposition do not necessarily
imply an annual duration for the couplets of dark/light
laminae.

The comparison with varves is straightforward when
laminae are plane, parallel, and nannofossil rich and
show well-preserved coccospheres, making improbable a
significant horizontal transport of sedimentary particles
on the sea bottom (Noel and Manivit, 1978). However,
other examples need explanation.

Laminae containing remains of planktonic tests (for-
aminifers, radiolarians) are often viewed as resulting from
a winnowing of Hedbergella or radiolarian oozes (Ryan,
Hsü, et al., 1973; Leclaire, 1974; Cronan et al., 1974).
However in our samples, an alternation occurs between
laminae with abundant and often large radiolarians and
laminae with small and scattered radiolarians (Fig. 41).
In each of these units, calcitized radiolarians are Unsort-
ed and "float" in the micrite matrix. Sometimes, they still
have their long, fine spines in connection; besides, radi-
olarians are often partially or totally replaced by pyrite,
testifying to the connection of some organic matter to
the siliceous skeletons at the beginning of burial. These
characteristics make the transport by current rather un-

likely. Alternation between periods of high and low ter-
rigenous influx may explain the changes in radiolarian
size; indeed, a positive correlation has been established
in Vocontian Basin between the size of spheric radiolari-
ans and CaCO3 content of deposits (Darmedru, 1982).
Radiolarian layers of North Atlantic black shales were in-
terpreted as plankton-bloom deposits by McCave (1979).

Laminae with pellets undoubtedly indicate sedimen-
tation by current; indeed, pellets and varvelike laminae
are exclusive mutually, the former being produced by a
bioturbation that destroys delicate structures such as lam-
ination. Besides, many pellet-bearing laminae are lentic-
ular and formed by ripplets, particularly in the Ceno-
manian(?) and Albian at Sites 535 and 540.

The term "flaserlike" or "flasered" lamination has
been used by some authors to characterize certain struc-
tures also described in this paper (Figs 40 and 42). Cur-
rent-transport has been invoked by these authors. How-
ever, Lancelot, Winterer, et al. (1980) interpreted similar
features as laminae deformed by diagenetic creep in the
Paleocene of the eastern Atlantic (Site 415). We inter-
pret the boudinage and deformations of laminae as com-
paction features in a nonhomogeneous medium.

An unusual kind of cross lamination is frequent at
Site 535, particularly in the Neocomian and Albian fine-
grained deposits. The cross laminations are similar to
structures described in Mediterranean Pliocene deposits,
which were interpreted to have been caused by current-
actions (Site 124, Ryan, Hsü, et al., 1973), and to those
observed in the Quaternary of Gulf of California (Soutar
et al., 1982). Much discussion during Leg 77 did not
lead to an agreement about their significance. The advo-
cates of the current-deposition theory emphasized the
presence of cut-and-fill structures, called "pseudorip-
ples" by the others. Again, we prefer a diagenetic origin
for these structures. Indeed, they do not show any trace
of erosion from Cores 34 to 36 at Site 535 (Fig. 10):
when they do (Cores 52 to 75), they are accompanied by
compaction features (Fig. 44), plastic deformations, and
creep-structures. Besides, no sorting or winnowing indi-
cating a current-action were observed in pseudorippled
sediments.

In summary, we interpret the alternating laminae of
Lower Cretaceous sequences at Sites 535 and 540 as varve-
like structures resulting mainly from a vertical supply
of biocalcareous and terrigenous particles. Although it
seems difficult to separate easily deposits by decantation
from low-density distal turbidites (Stanley and Maldo-
nado, 1981). On the other hand, deep currents (al-
though probably weak in Tethyan Ocean) could have
contributed to the deposition of laminated sediments
(Honjo et al., 1982). However, winnowing and rework-
ing generally did not operate beyond the scale of a given
lamina, thus preserving the original microcyclicity of
deposition.

Possible effects of differential dissolution. The sea
bottom was always significantly above the CCD in Vo-
contian Basin and at Sites 535 and 540, where even tests
of originally aragonitic ammonites were found in the
cores. There is no evidence for more intensive dissolu-
tion of calcareous organic structures during deposition
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of marls and black shales as opposed to the limestone
member of the cycles. Indeed, dissolution marks are
very rare on calcareous organic remains and the abso-
lute frequencies of calcareous benthic foraminifers are
nearly the same in limestones and marls. In fact, Dar-
medru (1982) found the most ornated Lenticulina (i.e.,
best-preserved shells) in marls, not in the limestones, of
Vocontian cycles. Thus, we find no evidence that bot-
tom waters were more corrosive during the anoxic peri-
od, as postulated by Berger (1970) and others. Finally,
we think that dissolution of calcareous remains in sea-
water was never important and can probably be ignored.
This would certainly be the case in the modern ocean
above 3000 m average depth (Denis-Clocchiatti, 1982).

Diagenetic dissolution below the seafloor is another
possible cause of marl-limestone differentiation. Accord-
ing to Douglas (1973), planktonic foraminifers are par-
ticularly affected by dissolution during diagenesis; more-
over, the planktonic/benthic ratio may be severely modi-
fied by the differential preservation of benthic and
planktonic forms (Coplen and Schlanger, 1973). How-
ever, in the sequences studied here we found no trace of
dissolution, even in marls where this phenomenon may
be first suspected. In fact, diagenetic dissolution is far
from ineluctable in marls as shown by de Graciansky
and Chenet (1979), who pointed out well-preserved ara-
gonitic shells in black shale-like deposits with low over-
all carbonate content.

Darmedru and others (1982) discussed the dissolu-
tion of radiolarians in Vocontian deposits; they prove
the paleoecologic meaning of the distribution of their
calcitized fillings in cycles, then the absence of signifi-
cant differential dissolution in marls and limestones. These
results may be applied to DSDP sites.

Concerning nannoplankton distribution, results are
more ambiguous. Greater proportions of nannoconids
in limestones and of coccoliths in marls have been ob-
served previously, and our observations by scanning elec-
tron microscopy confirm this distinction. A factor of
preservation may be invoked at first: sensitivity of the
two compounds to dissolution would differ in beds and
interbeds. (See Montadert, Roberts, et al., 1979; Muller,
1979; Dean et al., 1981; Arthur, 1979). We do not rule
out selective dissolution of nannofossils within clayey
deposits; it is puzzling, however, that, at Site 535 the few
examples of slight corrosion affecting coccoliths are sit-
uated in marls as well as in limestones.

In summary, we think that nannofloral abundances
were controlled by paleoecology much as the radiolari-
ans were. The hypothesis of periodic carbonate dissolu-
tion (Broecker, 1971; Berger, 1973; Thunell, 1976; Dean
et al., 1978; Arthur, 1979; Maldonado, 1979; Mélières,
1979; Volat et al., 1980) cannot be applied to the lime-
stone-marl alternations we have studied. More likely, the
changes in faunal or floral assemblages that follow the
variations in CaCO3 content reflect changes in produc-
tivity of surface waters with time.

Cycles and variation of stable isotope ratios. Isotopic
ratios of C and O measured on bulk samples in this
study (as well as in others: Weissert et al., 1979; Cotil-
lon et al., 1980; Moore et al., 1982; de Boer, 1982) gen-

erally show a significant distinction between beds and
interbeds. How much, if any, of this difference reflects
variations in the surface water? How much is caused by
differential diagenesis between limestones and marls?
Differences in CaCO3 contents and in δ 1 8 θ and δ13C
within 50 marl/limestone couplets from Sites 535 and
540 are not correlated (Fig. 45). This argues against dia-
genesis contributing significantly to the distribution of
heavy isotopes in the cycles. On the other hand, diagen-
esis may be responsible for the overall decrease of δ 1 8 θ
with burial (Lawrence, 1973; McKenzie et al., 1978). A
complete evaluation of these factors is beyond the scope
of this paper. We will present it elsewhere. We would like
to summarize, however, by expressing our conviction that
the variations of 13C and 18O contents in the bulk cal-
careous fraction (composed mainly of nannofossils) of
bed-interbed cycles reflect the same variations in surface
water (Létolle et al., 1979).

From this point of view, the differences, noted be-
fore, between on-shore sites (in Vocontian Basin, Lom-
bardian Alps, Umbria) and DSDP sites concerning the
statistical distribution of C and O isotopes in the cycles
may be caused by differences in location within Tethyan
realm (marginal for the first two, more oceanic for the
others). At DSDP sites, the correlation between 13C con-
tents and the sedimentation rate (Fig. 20) indicates that
planktonic productivity, to which these values are linked
(Weissert et al., 1979; Létolle, 1979; Brosse, 1982) was
the most important factor controlling sedimentation rate.

Evidence for Terrestrial and Oceanic
Control of the Cycles

We conclude from the discussion above that overre-
gional rather than local depositional or diagenetic pro-
cesses controlled the cycles. We will attempt to demon-
strate that two kinds of control prevailed, more or less
distinctly according to localities: a continental control,
through exported terrigenous materials, and an oceanic
control acting on the environment.

Oceanic controls. All biological communities, includ-
ing those involved in sediment genesis, show cyclic vari-
ations parallel with lithologic cyclicity. Limestone-marl
alternation is then connected to cyclic variations of the
marine environment. At the three sites, periods of cal-
careous deposition are those of intense planktonic sedi-
mentation, the most important part of which is nanno-
conids. Spherical radiolarians are common, large, but
poorly diversified (Darmedru, 1982). Their abundance
testifies to a high water fertility (Lisitzin, 1971; Vincent,
1974; Leclaire, 1974). Coccoliths are relatively rare. Pe-
riods of marly calcareous deposits represent a maximum
of biological diversity and correspond to most favorable
times for planktonic foraminifers [Cenomanian(?) of Site
535, Albian of Site 540] and for conical radiolarians
(Valanginian of the Vocontian Trough; Darmedru et al.,
1982). Coccoliths and nannoconids are observed in the
same proportions. During periods of marly deposits,
planktonic nannoflora were represented especially by coc-
colithophorids (i.e., organisms multiplying during peri-
ods of low water-productivity) (Olausson, 1981). In the
Vocontian Basin, these periods were also connected with
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low relative densities, sizes, and diversities for organic
communities, both planktonic and benthic (Darmedru,
1982); they corresponded thus to the most unfavorable
environments. In summary, we have observed a succes-
sion of plankton communities during a limestone-marl
cycle. Consequently, the pattern of a passive and con-
tinuous calcareous deposition, reduced from time to
time by terrigenous inputs or by dissolution (Arthur,
1979; Dean et al., 1981) can be ruled out. On the other
hand, biocalcareous influx governed by cyclic environ-
mental modifications is demonstrated, a possibility as-
sumed in previous studies (Thompson, 1977; McCave,
1979; de Boer, 1982).

We assume a control of surface-water productivity, in
phase in the entire Tethys (as demonstrated by cyclo-
gram correlations), through cyclic variations of factors
such as temperature (Ryan, Hsü, et al., 1973; Worsley,
1973); salinity (Ross and Degens, 1974; Kidd and Ryan,
1978; Thompson, 1977); nutrients; and oxygenation.

These fluctuations affected not only the oceanic pho-
tic layer but also bottom waters, as indicated by varia-
tions of oxygen content. We observed (like many others
before) that limestone beds are more intensively bur-
rowed than marly interbeds. Bioturbation is missing

below 0.5 ml O2/liter H2O (Calvert, 1964); thus alterna-
tion of burrowed and nonburrowed layers can be inter-
preted as resulting from cycles of deep-water oxygena-
tion. Higher amounts of pyrite and organic carbon in
marls (Fig. 22) (see also Lancelot et al., 1972; Thier-
stein, 1979; Arthur, 1979; Mélières et al., 1981; Brum-
sack and Lew, 1982), as well as the low hydrogen index
in limestones (Fig. 23) (see also Herbin et al., this vol.),
confirm the same trend. For a discussion of models of in-
termittent anoxia in the deep waters, see Thierstein and
Berger, 1978; Weissert and others, 1979; Arthur, 1979;
and McCave, 1979.

Briefly, the marl-limestone cycle represents a sequence
of two main successive periods. One, corresponding to
limestone, is marked by ventilated and nutrient-rich wa-
ter-body favoring the growth of planktonic life. The other
is marked by more stagnant and stratified waters, oxy-
gen depleted near the bottom, nutrient poor in surface
waters.

Controls by land masses. Various terrigenous materi-
als, clay minerals particularly, as well as chemical ele-
ments of detrital significance generally herald continen-
tal events in marine deposits (Chamley, 1979; Einsele,
1982). Assuming that all clay minerals represented in al-
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Figure 34. Bandlike alternation of Cenomanian(?) deposits at Site 535. A. Over-
view of banding in Core 20. B. Close-up view of banding with homogeneous
units (Sample 535-21-2, 14-21 cm). Thin white skeletal laminae are superim-
posed upon it.
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Figure 35. First-order laminae in a marly limestone examined in thin
section. Each microcycle consists of a clear lamina and a dark one
richer in clay, organic matter, and iron oxide. Evidence of compac-
tion is shown by the deformation of laminae around calcitized de-
bris [Cenomanian<?), Sample 535-42-3, 74-78 cm].

ternating layers of Vocontian Lower Cretaceous are ter-
rigenous, we deduced a cyclicity of continental inputs.
According to this concept, marls relatively enriched in
kaolinite, illite, quartz, feldspars, and micas represent
periods of enhanced continental erosion, compared to
limestones, in which smectites are more abundant. The
lack of such a clay mineral distribution in cycles at DSDP
sites suggests more distant continental sources.

Organic matter is another continental product, par-
ticularly when it contains vitrinite and inert material,

characterized by a high oxygen index. In the cycles that
we have studied, oxygenated organic matter is found in
limestones. That location could indicate enhanced con-
tinental influence during deposition of calcareous muds;
however, this interpretation has been questioned by Ken-
drick (1979). According to Herbin and others (this vol.),
the analyzed organic matter at Site 535 is largely marine
in origin. Terrestrial products are not easily proven be-
cause the samples located in the vicinity of the path of
kerogen type III (Fig. 23) are limestones very poor in or-
ganic carbon. However, two calcareous laminated sam-
ples (535-69-1, 120 cm and 535-75-3, 79 cm, Valangini-
an), which shows a poorly oxygenated environment, con-
tain oxygen-rich organic matter. We conclude that some
quantity of terrestrial organic matter may be present
in calcareous beds. In the Vocontian Basin, Darmedru
(1982) noticed that wood debris is more abundant in
limestones than in marls of Valanginian age. Besides, no
oxygen index higher than 150 has been recorded in lime-
stones of the Hauterivian at Site 535, which may be
correlated with a decrease of burrowing from the Val-
anginian to the Hauterivian (see Sedimentologic Analy-
sis section), indicating a change toward either a less-oxy-
genated whole environment or to a less consumable (and/
or less abundant) organic matter. In summary, conti-
nents may significantly influence cyclic sedimentation
on a bed scale through variations in the flux of clay, or-
ganic matter, and dissolved calcium to the ocean.

A final question in the general topic of terrestrial and
oceanic controls concerns whether the variation of cal-
careous and terrigenous fluxes assumed for the alterna-
tion of beds and interbeds is also applicable to lamina-
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Figure 36. A. First-order lamination examined by scanning electron microscopy, in a marly limestone (74% CaCO3). Nannoconid-bearing
layers alternate with argillaceous ones (upper Valanginian, Sample 535-59-2, 74-79 cm). B. Same sample, close-up view.
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Figure 37. Alignments of calcareous white specks in a laminated marly limestone, corresponding to
crushed coprolith-bearing nannofossils (lower Hauterivian, Sample 535-53-4, 41-44 cm). A. Pol-
ished section. Specks are gathered in second-order and third-order laminae. B. Viewed on bedding
plane.

tion. It seems hazardous to transpose directly this dou-
ble control to the lamina-scale alternations. As noted
above, some very marly sediments appear as white align-
ments of nannofossils coproliths in a matrix of mixed
clay and scattered nannofossils. In this case, periodic in-
puts of lime, although weak and never able to build con-
tinuous calcareous layers, seem evident. The flux of clay
minerals would constitute, possibly, a constant back-
ground. With alternating successions, in nearly the same
proportions, of clayey and nannofossil-rich laminae, two
hypotheses may be proposed. (1) Two fluxes alternate,
one of them corresponding to periodic planktonic blooms.
Donegan and Schrader (1982) use this explanation for
the alternation of dark, terrigenous laminae and light
diatomaceous laminae in Recent hemipelagic sediments

of the central Gulf of California. Dark deposits are re-
lated to wet and warm seasons, the others to dry periods
promoting up welling currents. (2) Either the terrigenous
or calcareous flux occurs intermittently. In relation to
these processes, several sorts of controls have been as-
sumed by authors for the laminated sections of various
ages. Concerning the series studied here, more detailed
investigations would be required before this problem can
be resolved, but the examples we have investigated show
that the distribution of nannofossils and planktonic mi-
cro fossils (foraminifers, radiolarians) in second-order or
third-order laminae depends on the same CaCO3 corre-
lation rule as in bed-scale alternations. Thus, all these
cycles, whatever their thickness, are probably connected
to a common cause.
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Figure 38. Coprolith crowded with coccoliths, examined by scanning

electron microscopy, in a laminated marl (upper Valanginian, Sam-
ple 535-57-4, 39-44 cm).

1 cm

Figure 39. Second-order and third-order laminae in a marly limestone.
Each of the laminae forms an alternation between light-colored
units (most calcareous) and dark ones (richest in clay and organic
matter). Sets of third-order laminae develop a banding (see a light
band in the lower part of the section) (lower Valanginian, Sample
535-67-4, 122-128 cm).

The Orbital Parameter—A Possible Cause of
Limestone-Marl Alternation

The terrestrial and oceanic controls of alternating sed-
imentation, the very large areas for which bed-for-bed
correlations apply, and the periods of bed-scale lime-
stone-marl cycles (4000-26,000 yr.) lead us to seek the
basic cause of limestone/marl alternations among long
climatic cycles. This approach has been already used
(Fischer, 1980; Dean et al., 1981; de Boer, 1982). It is
based on the hypothesis of cyclic variations of terrestrial
solar heat connected to fluctuations of the orbital pa-
rameters of the Earth (Milankovitch, 1930), as well as
to sun-spot cycles. For orbital cycles, periods would be
21,000 yr. (equinox precession); 40,000 yr. (obliquity of
rotational axis), and 97,000 yr. (orbital eccentricity).

Known frequencies of solar cycles are shorter: 11, 22,
556, and 1668 yr.

There is a fairly good correspondence between the or-
bital variations and Quaternary climatic pulsations (Fair-
bridge, 1970; Emiliani and Shackleton, 1974; Mornex,
1974; Hays et al., 1976; Ruddiman, 1971; Imbrie and
Imbrie, 1980), as well as the global variation of CaCO3
content in Pleistocene cores (Arrhenius, 1952; Hays et
al., 1969; Pisias, 1976; Briskin and Harrel, 1980; Moore
et al., 1982) and pre-Pleistocene ones (Kerr, 1981). More-
over, the Quaternary calcareous cycles are widespread
(Kellogg, 1976; Ruddiman and Mclntyre, 1976; Prell
and Hays, 1976; Maldonado, 1979).

The link between orbital cycles, climate, and sedi-
mentary cycles is also suggested by Dean and others (1981)
for Tertiary deposits (Eocene to Miocene) at Site 366
(Sierra Leone Rise, off western Africa) and by Schwarz-
acher and Fischer (1982) for the Cretaceous. We basi-
cally agree with these authors. Considering the steadi-
ness of astronomic data in a closed system like our solar
system, we think that the orbital perturbations may
have had similar effects and periods in the Early Creta-
ceous as in the Tertiary and Quaternary. Further studies
will be necessary to compare curves of terrestrial isola-
tion and variations of calcareous flux through studied
alternating series, assuming these variations are the best
expression of those of the heat flux intensity.

However, a direct comparison between the Early Cre-
taceous and the Neogene-Quaternary causes many diffi-
culties. The positions of land masses and the pattern of
global oceanic circulation were completely different. The
Pacific and Tethyan oceans spanned the entire globe
(Smith and Briden, 1977) (Fig. 46) and were character-
ized by circumequatorial currents (McSotay, 1980). Be-
sides, during the Quaternary, polar ice caps enhanced
and altered the effect of orbital climatic cycles (Moore
et al., 1982; Kerr, 1981). The Cretaceous was probably
largely ice free.

Eustatic fluctuations can also induce climatic and litho-
logic variations. Regressions, by an increase of climate
continentality, cause a reduction of mean temperatures
and precipitation, as well as an increase of carbonate
dissolution (Berger and Vincent, 1981) and a higher sup-
ply of terrigenous material. Conversely, transgressions
would favor calcareous sedimentation and water oxy-
genation (Arthur, 1979) whereby the smectite sedimen-
tation is enhanced (Chamley, 1981). The association of
limestones and smectite is observed in the Vocontian Ba-
sin (see Controls by Land Masses section). Thus, cyclic
transgressions and regressions could theoretically induce
bed-scale carbonate cycles in the pelagic realm. This kind
of control was invoked by Maldonado and Stanley (1976)
and Maldonado (1979) to explain the occurrence of deep
sapropelic deposits in eastern Mediterranean.

The basic cause of laminated, varvelike cycles we ex-
amined in pelagic deposits is not known. The shortest of
them, which seem to be annual (see Lamination sec-
tion), may be related to seasonal cycles like those de-
scribed in the Quaternary of the Gulf of California
(Donegan and Schrader, 1982). The other cycles are
nearly 3 and 13 yr. long; climatic or astronomic cycles
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Figure 40. Second-order and third-order laminae examined in thin sections. A. In a marly lime-
stone (73% CaCO3); second-order alternation between light calcareous layers and dark ones,
thinner, richer in clay and organic matter, deformed by compaction; third-order alternation be-
tween calcareous set of laminae (in the center where second-order laminae are indistinct be-
cause joined) and clayey calcareous ones (on both sides) (Sample 535-42-3, 64-78 cm). B. In a
marly limestone (67% CaCO3); up and down, large second-order calcareous laminae, de-
formed and disrupted by compaction, compose two third-order laminae calcareous on the
whole. In the middle of this section, a third-order lamina, marly on the whole, groups thin sec-
ond-order laminae (Hauterivian, Sample 535-51-4, 94-99 cm). C. In an argillaceous limestone
(83% CaCO3); enlarged portion of calcareous third-order lamination, showing second-order
units, separated by a thin dark clayey film, and deformed as well as disrupted by compaction
[Cenomanian(?), Sample 535-35-4, 82-88 cm].

of such periods are unknown today. We think the cli-
matic hypothesis, because it involves a large range of cy-
cle durations, best explains the superimposition of vari-
ous scales of alternations found in DSDP sites.

CONCLUSIONS

The comparative study of Lower Cretaceous series in
Vocontian Basin (France) and at Sites 534 and 540 em-

phasizes the following points about lithology and cyclic-
ity:

1. A similar cyclicity of deposits characterizes the
three sequences, whose lithologic expression is a bed-
scale limestone-marl alternation, with estimated periods
of 12,000-26,000 yr. (major cycles), or 4000-11,000 yr.
(minor cycles). In addition, the DSDP sites display a
millimetric to inframillimetric alternation of laminae in
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1 mm

Figure 41. Second-order lamination in radiolarian-rich limestone (93%
CaCO3). Alternation between layers with numerous, large, spheri-
cal radiolarians and layers with small, scattered ones (upper Valan-
ginian, Sample 535-64-7, 11-17 cm).

1 cm

Figure 42. Effect of compaction and pressure-solution on a laminated
limestone. The laminae are deformed and constricted or disrupted
into lens-shaped amygdaloid units (see also Fig. 40B) (Albian, Sam-
ple 535-32-1, 93-98 cm).

marly or marly calcareous facies with estimated periods
of 1, 3, and 13 yr. Although characterized by the same
basic pattern (an Eocretaceous megacycle), each sequence
shows some peculiarities, testifying to the occurrence of
local controls on the sedimentation. In spite of resulting
lithologic differences found in the series, correlations
among the sites in France, the Atlantic, and the Gulf of
Mexico are possible on the basis of bed-interbed cyclici-
ty. This correlation supports the theory of global con-
trol of the sedimentary rhythms. We believe this control
acted through continental masses (argillaceous inputs)

and oceanic environments (biocalcareous inputs depend-
ing upon planktonic productivity). Ultimately, we as-
sume a climatic control of the cycles tied to the varia-
tions of the orbital parameters of the Earth. We also as-
sume that short annual or multi-annual cycles could be
responsible for the lamina-scale alternation.

2. An alternation of two climatically contrasted peri-
ods may account for the bed-interbed cyclicity. The one
would be wet, allowing the development of soils and
vegetation on land masses while inducing an enrichment
of terrestrial inputs with dissolved substances and or-
ganic matter. Ventilated, mixed, and nutrient-rich ma-
rine waters favor a calcareous sedimentation through an
intense planktonic activity. The other period would be
dry; terrestrial inputs are reduced and mainly composed
of suspended materials. Oceanic water bodies are mo-
tionless and stratified, and bottom environments are poor-
ly ventilated, improving the preservation of organic mat-
ter. A low surface-water fertility results in a deposition
of marls.

3. Carbonate dissolution does not adequately explain
the limestone-marl sequences forming Cretaceous depos-
its of the Tethys. A good argument, among others, is
supplied by fine correlations established between basins
of different depth, geometry, and detrital input on the
basis of limestone-marl cyclicity.

4. Turbidites rarely obliterate the pelagic limestone-
marl rhythm. In spite of high amounts of redeposited
material, Hauterivian deposits of Site 534 could be cor-
related in detail with coeval sediments of Site 535 be-
cause of limestone-marl alternations. In basic analysis
studies, deposition by gravity processes may generally
be overestimated compared to deposition by "climatic
alternations."
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Figure 43. Planktonic-bearing laminae in Albian deposits. A. Second-order and third-
order laminae forming an alternation between dark units (micrite) and light ones
with micrite and planktonic specimens (radiolarians essentially and foraminifers) in
a limestone (89% CaCO3); possible current-winnowing; deformations by compac-
tion in the lower part of the sample (Albian, Sample 540-41-1, 134-138 cm). B. Sec-
ond-order and third-order lamination in planktonic-rich (foraminifers essentially,
few radiolarians) clayey limestone (84% CaCO3); second-order alternation between
more or less planktonic-rich layers; third-order lamination between sets of laminae,
some rich in planktonic specimens and clay minerals, the others more calcareous
and poor in planktonic specimens (Albian, Sample 540-42-1, 110-114 cm).

Figure 44. Deformation attributed mainly to the compaction in laminated deposits (Cores 535-52 to
535-67). A. Simple reduction of a laminae set. B-C. Same phenomenon with an obliteration (or ex-
treme reduction and coalescence) of laminae. D-F. Reducing, followed by breaking (and retraction?)
of laminae. G. Reduction, coalescence (and retraction?) of laminae. H-L. Exaggeration of the same
phenomenon leading to the formation of a breaking-plane; sliding possible along this plane. M-N.
Possible breaking-plane in transversal view. O-R. Possible truncation by currents (or by creeping sedi-
ment?) Top upward for all figures. Scale: 1/1.
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Figure 45. Differences between δ 1 8 θ and δ 1 3C values in each member of marl-limestone couplets versus differences between CaCO3

contents of deposit (Cretaceous at Sites 535 and 540). δ expressed as ‰ versus PDB standard.
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Figure 46. Tethyan Ocean during the Hauterivian (according to McSotay, 1980).
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APPENDIX A
CaCO 3 Content of Selected Samples, Holes 535 and 540

Core-Section
(interval in cm)

Hole 535

22-3, 35-44
28-4, 35-40
31-5, 54-56
32-1, 76-82

93-98
33-1, 17-23
33-4, 4-16

141-148
33-5, 0-6

125-121
35-4, 82-86

97-103
35-6, 132-139
36-1, 48-52

52-56
39-4, 97-100

103-108
39-6, 87-91
41-6, 44-47

66-67
87-90

42-3, 54-54
67-70
74-78

44-1, 82-85
88-94

46-2, 26-28
67-71

47-1, 6-9
17-20

49-3, 76-79
101-106
137-140

50-4, 25-29
50-4, 45-50
51-1, 32-37

109-114
51-4, 94-99
53-4, 41-44

61-64
54-2, 50-56

68-73
54-4, 60-68
55-5, 95-100

115-120
145-150

55-6, 115-121
132-138

57-4, 30-35
39-44
53-54

58-5, 37-43
59-65

59-2, 39-45
74-79

60-5, 97-103
60-6, 25-32
61-4, 132-137

142-148
61-5, 29-36
62-2, 20-26

42-48
62-4, 141-147
63-2, 46-53

71-78
63-4, 37-44
64-4, 7-14

143-150
64-6, 124-130

CaCθ3
(%)

89.75
74.76
88.53
79.68
90.39
87.25
92.80
82.08
79.41
71.50
81.75
92.75
93.50
91.05
67.25
91.25
70.17
84.35
94.16
62.42
89.50
89.67
84.82
73.04
75.95
91.91
57.25
94.50
95.25
47.00
91.00
85.50
95.50
91.25
56.64
93.69
94.00
66.75
78.25
86.00
67.98
87.50
61.25
59.75
81.50
92.50
78.00
89.50
87.50
60.50
72.44
91.25
68.75
89.50
73.75
73.25
91.25
67.75
79.93
84.61
85.00
62.00
95.00
65.00
67.00
89.50
72.00
91.75
92.25

Core-Section
(interval in cm)

Hole 535 (Cont.)

64-7, 11-17
65-2, 128-132
65-3, 10-13

19-22
66-4, 76-80

109-115
67-4, 122-128

139-146
68-5, 80-87

97-101
69-1, 115-120
71-1, 72-76

110-116
71-3, 122-124
72-4, 57-62

64-66
74-80
87-89
119-124

73-1, 93-98
101-108

73-2, 133-138
74-1, 101-111

127-133
74-2, 33-36
75-3, 64-69

79-84
77-2, 115-119

126-129
79-1, 16-19

30-32

Hole 540

37-1, 40-43
56-60
75-78
110-114

39-1, 1-5
13-17

40-1, 121-126
131-133

41-1, 108-12
130-133
134-148

42-1, 90-94
110-114

42-3, 8-10
43-1, 20-25

109-112
43-2, 1-3

13-18
60-62

45-1, 118-122
140-143

45-2, 64-71
46-2, 14-16
47-1, 51-53

68-71
48-1, 101-104
50-1, 138-142
55-1, 82-87

97-100
113-117

63-1, 26-28
66-3, 3-9

30-34
73-4, 65-69
75-2, 23-27

CaCO 3

(%)

93.00
82.25
74.00
89.25
59.00
93.25
71.50
89.00
93.00
84.50
65.23
96.75
89.25
57.00
88.25
90.00
80.50
62.50
94.75
43.00
89.00
90.25
78.00
91.68
94.00
78.12
94.5
88.98
64.93
83.50
93.00

90.16
91.00
96.00
95.59
98.00
84.25
93.50
98.75
94.50
89.50
88.50
94.00
83.75
90.75
90.00
98.00
96.00
94.25
98.50
98.00
94.00
93.50
87.50
85.25
84.50
82.00
93.00
92.00
94.25
95.00
89.50
93.75
86.43
92.12
79.11

APPENDIX B
Oxygen and Carbon Isotope Composition of Selected Samples,

Holes 535 and 540

Core-Section
(interval in cm) δ O δ 1 3 C

Core-Section
(interval in cm) δ

1 8
θ

Hole 535

32-1, 76-82
32-1, 93-98
33-1, 17-23
33-4, 11-16
33-5, 115-121
35-4, 97-103
35-6, 132-139
36-1, 48-52
36-1, 52-56
39-4, 97-100
39-4, 103-108
41-6, 44-47
41-6, 66-67
41-6, 87-90
42-3, 67-70
42-3, 74-78
46-2, 26-28
46-2, 67-71
49-3, 101-106
49-3, 137-140
50-4, 25-29
50-4, 45-50
51-1, 32-37
51-1, 109-114
51-4, 94-99
53-4, 41-44
53-4, 61-64
54-2, 50-56
54-2, 68-73
55-5, 95-100
55-5, 115-120
55-5, 145-150
56-5, 115-121
56-5, 132-138
57-4, 90-35
57-4, 39-44

58-5, 37-43
58-5, 59-65
59-2, 39-45
59-2, 74-79
60-5, 97-103
60-6, 25-32
61-4, 132-137
61-5, 29-36
62-2, 20-26
62-2, 42-48
62-4, 141-147
63-2, 46-53
63-2, 134-141
64-4, 7-14
64-4, 143-150
64-6, 124-130
64-7, 11-17
65-3, 10-13
65-3, 19-22
66-4, 76-80
66-4, 109-115
67-4, 122-128
67-4, 139-146

-1.7
-2.2
-3.3
-2.3
-3.8
-2.9
-0.9
-3.3
-1.7
-2.3
-2.9
-3.7
-3.5
-2.6
-2.1
-2.0
-2.6
-3.2
-3.2
-2.2
-3.5
-2.4
-3.4
-4.6
-2.6
-4.0
-4.1
-2.3
-3.1
-3.0
-3.1
-3.1
-3.1
-3.0
-3.6
-3.1
-4.3
-4.1
-3.4
-2.9
-3.3
-3.8
-3.4
-2.8
-3.7
-3.5
-3.3
-3.8
-3.9
-3.9
-4.1
-4.8
-4.7
-4.9
-4.6
-3.1
-3.7
-3.7
-4.2

3.1
2.7
2.6
3.9
2.6
2.6
3.6
2.8
3.2
3.5
2.9
1.9
2.1
2.8
2.5
2.2
1.7
1.8
1.1
1.4
1.3
1.2
1.4
0.7
1.3
1.2
0.7
1.5
1.4
1.4
1.6
0.7
1.5
1.7
1.7
1.6
1.7
1.6
1.7
2.1
2.8
2.2
2.3
2.4
2.6
2.6
2.5
2.3
2.2
2.5
2.6
2.1
2.0
2.3
2.4
2.4
2.6
2.2
2.4

δ1 3C

Hole 535 (Cont.)

69-5, 80-87
68-5, 97-101
69-1, 115-120
69-1, 120-126
71-1, 72-76
71-1, 110-116
71-3, 122-124
72-4, 74-80
72-4, 87-89
72-4, 119-124
73-1, 93-98
73-1, 101-108
74-1, 127-133
74-2, 33-36
75-3, 64-69
75-3, 79-84
79-1, 16-19
79-1, 30-32

[ J Λ | Q CAf\

rlOie j4U

37-1, 56-60
37-1, 75-78
37-1, 110-114
39-1, 1-5
39-1, 13-17
40-1, 121-126
40-1, 131-133
42-1, 90-94
42-1, 110-114
42-3, 8-10
43-1, 20-25
43-1, 109-112
45-1, 118-122
45-1, 140-143
46-2, 35-37
48-1, 55-59
48-1, 101-104
52-2, 53-55
52-2, 72-75
55-1, 82-87
55-1, 97-100
55-1, 113-117
56-1, 79-85
56-1, 116-121
58-2, 76-81
58-2, 124-130
63-1, 4-7
63-1, 26-28
66-3, 3-9
66-3, 30-34
67-3, 107-113
67-3, 124-130
78-3, 86-90
78-3, 106-110
79-1, 67-71
79-1, 94-99

-3.7
-3.8
-2.9
-3.5
-4.0
-4.5
-3.7
-4.5
-3.9
-4.5
-3.4
-4.2
-3.9
-3.9
-3.8
-4.3
-4.6
-4.1

-2.6
-1.2
-2.0
-2.3
-2.7
-1.7
-1.3
-2.0
-0.9
-1.7
-2.2
-2.5
-1.4
-1.8
-1.5
-2.0
-1.4
-1.1
-1.4
-1.9
-1.9
-2.4
-3.2
-0.9
-0.3
-1.7
-1.2
-1.1
-1.0
-1.8
-1.6
-1.6
-1.5
-1.5
-1.1
-1.8

1.7
1.8
1.6
1.7
0.8
1.0
0.9
1.0
1.0
0.8
1.2
0.5
0.9
0.9
0.9
1.2
1.0
1.3

3.3
3.1
3.1
3.6
2.7
2.5
2.3
1.8
1.3
1.9
0.8
1.4
1.7
1.3
2.8
2.8
2.9
2.6
2.6
2.5
2.9
2.9
2.3
3.4
3.2
2.6
3.1
2.3
3.1
3.1
3.1
2.2
3.2
3.0
2.8
3.2

Note: δ 1 8 θ and δ 1 3 C values in ‰ versus PDB standard.
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APPENDIX C
Carbonate, Organic Carbon, and Pyrolysis Data for Selected Samples, Hole 535

Core-Section
(depth in

section in cm)

35-4, 82
35-4, 97
39-4, 97
39-4, 103
46-2, 26
46-2, 67
49-3, 101
49-3, 111
49-3, 137
51-1, 32
51-1, 109
51-4, 94
54-2, 50
54-2, 68
55-6, 115
55-6, 132
58-5, 37
58-5, 59
60-5, 97
60-6, 25
62-2, 42
62-4, 141
64-4, 7
64-4, 143
66-4, 76
66-4, 109
68-5, 80
68-5, 97
69-1, 115
69-1, 120
71-1, 72
71-1, 110
71-3, 122
72-4, 87
72-4, 119
73-1, 93
73-1, 101
75-3, 64
75-3, 79

Sub-bottom
depth
(m)

321.32
321.47
359.47
359.53
420.76
421.17
450.01
450.11
450.37
464.32
465.09
469.44
489.00
489.18
505.15
513.32
531.37
531.59
549.97
550.75
562.92
566.91
583.57
584.93
602.26
602.59
617.30
617.47
620.65
620.70
638.20
638.60
641.72
651.87
652.19
656.43
656.51
677.14
677.29

Q •

( % )

9.7
11.8
11.1
11.0
7.4

12.0
7.7

11.1
11.6
11.3
11.5
9.0
8.0

10.0
8.9

10.5
11.0
8.6
8.8

11.1
7.3

11.3
8.5

11.1
7.2

11.0
11.2
9.8
7.1

10.7
11.4
10.8
6.3
8.8

11.2
4.9

11.0
9.1

11.0

CaCO3
J

81
99
93
92
62
99
65
93
97
95
96
75
67
84
75
88
82
72
74
93
61
95
71
93
61
92
93
82
60
90
96
91
53
74
94
41
92
76
92

Organic
C (°7o)

1.53
0.17
0.42
0.24
2.34
0.22
2.49
0.93
0.24
0.20
0.39
1.22
1.65
0.78
2.16
0.28
0.43
1.08
1.37
0.13
1.45
0.15
1.68
0.20
2.45
0.21
0.20
0.65
1.63
0.23
0.08
0.56
1.90
2.35
0.11
2.81
0.35
0.27
0.11

T

427

426
428
427
429
416
415
424
430
426
422
417
417
410
423
423
420
419

425

418
434
417
419
420
427
426
424

429
425
419

428
434
427

HI/CO

413
165 (?)
186
242
380
186
403
387
129
120
197
340
393
390
414
275
367
371
388
100 (?)
383

73
455
185
512
210

75
326
425

43

339
439
304

18
306
160
137
27

OI/CO

103
269
143
267

81
173
78
85

129
145
120
104
88
93
77

175
86

101
85

315
97

187
80

170
70

224
160
140
113
239
325
132
85
78

336
91

146
304
291

mg HC/g
sample

6.80
0.37
0.88
0.63
9.26
0.46

10.45
3.76
0.61
0.24
0.77
4.30
6.79
3.20
9.39
0.88
1.86
4.25
5.66
0.21
5.83
0.24
8.14
0.45

13.28
0.58
0.20
2.25
7.42
0.18
0.29
1.99
8.72
7.49
0.16
8.88
0.62
0.44
0.06

(%)

0.56
0.03
0.07
0.05
0.77
0.03
0.87
0.31
0.05
0.02
0.06
0.35
0.56
0.26
0.78
0.07
0.15
0.35
0.47
0.01
0.48
0.02
0.67
0.03
1.10
0.04
0.01
0.18
0.61
0.01
0.02
0.16
0.72
0.62
0.01
0.74
0.05
0.03
0.00

IPROD

Si
Si + S2 Lithofacies

0.07 '
0.25
0.11
0.08
0.04
0.11
0.04
0.05
0.10
0.00
0.00
0.03
0.04
0.05
0.05
0.12
0.15
0.06
0.06
0.40
0.05
0.54
0.06
0.18
0.06
0.24
0.25
0.06
0.07
0.44
0.18
0.05 .
0.04
0.05
0.87
0.03
0.10 N

0.16
0.50

Limestone

Marl
Limestone
Limestone
Marl

Limestone

Note: Analyses done by G. Deroo and J.-P. Herbin. C m j n e r = mineral carbon; HI = hydrogen index; CO = organic carbon; OI = oxygen
index; Cpyri = carbon extracted by pyrolysis; IPROD = production index (mg HC/g sample).
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